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Abstract

There is a trend to move the frequency band for wirelessinasson to ever higher frequencies
in the radio frequency (RF) spectrum to fulfil the expondlytismmcreasing demand in wireless
communication capacity. Research work has gone into inipgothe spectral efficiency of
wireless communication system to use the scarce and expeesiources in the most efficient
way. However, to make wireless communication future-pritos essential to explore ways
to transmit wirelessly outside the traditional RF spectrufine visible light (VL) spectrum
bandwidth is 1000 times wider than the entire 300 GHz RF specand is, therefore, a viable
alternative. Visible light communication (VLC) enablesstiag lighting infrastructures to pro-
vide not only illumination but also wireless communicatidn conjunction with the concept
of cell densification, a networked VLC system, light fidelitocell (LAC) network, has been
proposed to offer wide coverage and high speed wirelesgmaismission. In this study, many
issues related to the downlink system in LAC networks hawenbevestigated.

When analysing the downlink performance of LAC networksargé number of random chan-
nel samples are required for the empirical calculation shesystem metrics, such as the
signal-to-interference-plus-noise ratio (SINR). Howewssing state-of-the-art approaches to
calculate the non-line-of-sight (NLoS) channel comporieats to significant computational
complexity and prolonged computation time. An analyticatihod has been presented in this
thesis to efficiently calculate the NLoS channel impuls@oese (CIR) in VLC systems. The
results show that the proposed method offers significantatézh in computation time com-
pared to the state-of-the-art approaches.

A comprehensive performance evaluation of the downlinkesysof LAC networks is carried
out in this thesis. Based on the research results in thatiiter in the field of optical wireless
communication (OWC), a system level framework for the damknsystem in LAC networks
is developed. By using this framework, the downlink perfanoe subject to a large number
of parameters is evaluated. Additionally, the effect ofyiray network size, cell deployment
and key system parameters are investigated. The calaulatidownlink SINR statistics, cell
data rate and outage probability are considered and aaly$e results show that the down-
link performance of LAC networks is promising in terms of estable data rate per unit area
compared to other state-of-the-art RF small-cell networks

It is found that co-channel interference (CCI) is a majorreewf signal impairment in the
downlink of LAC network. In order to mitigate the influence ©CI on signal distortion in
LAC networks, widely used interference mitigation teclugg for RF cellular systems are bor-
rowed and extensively investigated. In this study, frawldrequency reuse (FFR) is adapted
to the downlink of LAC networks. The SINR statistics and tipedral efficiency in LAC
downlink system with FFR schemes are evaluated. Results siat the FFR technique can
greatly improve the performance of cell edge users and dsheebverall spectral efficiency.
Further performance improvements can be achieved by incatipg angular diversity trans-
mitters (ADTs) with FFR and coordinated multi-point joinahsmission (JT) techniques.



Lay summary

With the development of mobile communication technology #re emergence of smart de-
vices, the number of mobile users and wireless service deérhawve increased significantly
in the past two decades. The radio frequency (RF) resouoresifeless communication is
over-crowded nowadays, which motivates the developmethteafnobile communication using
other unexplored frequency bands. Visible light commuioca(VLC) is one of such tech-
nologies, which enables daily lighting infrastructuresatso transmit data, and maintains the
lighting functionality at the same time. In order to adaptG/to future mobile communication
network, light fidelity (LiFi) system has been proposed tovyide high speed and reliable wire-
less broadband services with full network functionalityedpite the advancement in VLC, a lot
of questions regarding LiFi network research still remaerm

Efficient method to simulate wireless channels is imporitantany VLC and LiFi studies. Us-

ing conventional ray-tracing methods requires a large arnofitime for computation. Thus,

a novel efficient channel calculation method has been peapos this thesis. The detailed
analyses lead to a number of tractable expressions, whecstraightforward to use in other re-
search. In addition, the calculation accuracy and the ceatipn time of the proposed method
have been evaluated and compared with the state-of-theedhtods.

The current work focuses on the fundamental downlink charestics of LiFi network. A
number of system metrics related to the downlink performeamica LiFi network have been
considered in this thesis, such as the connection qualiyttze download speed. In addition,
the effects of varying several system parameters, sucleaszh of the area that a single access
point (AP) covers, are studied. Furthermore, tractableesgions for calculating the downlink
signal-to-interference-plus-noise ratio (SINR) statsare derived, and an initial performance
evaluation is conducted.

From the analysis and performance evaluation of LiFi netwoit has been found that the co-
channel interference (CCI) between adjacent links posesjartimitation to the performance
of a LiFi network. It is intuitive to adopt interference ngjéition techniques used in RF mobile
communications to LiFi networks to control CCl in a minimuavel. In this thesis, two such
techniques, fractional frequency reuse (FFR) and multigoint transmission (JT), are con-
sidered and studied in LiFi. In this work, the downlink penf@ance of LiFi network with FFR
and JT schemes are evaluated and studied. The results sab®RR and JT techniques can
effectively improve the service quality experienced by eelge users and the overall system
spectral efficiency.
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O-BS optical base station

OFDMA orthogonal frequency division multiple access

O-OFDM Optical-orthogonal frequency division multiplagi
OOK on-off keying
owcC optical wireless communication

PAM-DMT  pulse-amplitude-modulated discrete multi-tonedulation

PAPR peak-to-average power ratio
PD photodiode

PDF probability density function

PFS proportional fairness scheduling
PIN positive-intrinsic-negative

PLC powerline communication

PMF probability mass function
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PoE
PPM
PPP
PSD
RF
SCNR
sFFR
SFR
SINR
SNR
TDMA
TFCR
TFWR
TIA
TWC
TWCR
TWR
TWWR
UE
UFR
VL
VLC
WDMA
WiFi

power-over-ethernet

pulse position modulation

Poisson point process

power spectral density

radio frequency

signal-to-clipping noise ratio

strict fractional frequency reuse

soft frequency reuse
signal-to-interference-plus-noise ratio
signal-to-noise ratio
time-division multiple access
transmitter-to-floor-to-ceiling-to-receiver
transmitter-to-floor-to-wall-to-receiver
transimpedance amplifier
transmitter-to-wall-to-ceiling
transmitter-to-wall-to-ceiling-to-receiver
transmitter-to-wall-to-receiver
transmitter-to-wall-to-wall-to-receiver
user equipment

universal frequency reuse
visible light
visible light communication
wavelength-division multiple access

wireless fidelity
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complex conjugate operator

transpose operator

convolution operator

dot product operator

binomial operator

number of interfering O-BSs in a PPP network

indicator function ofu for a subset/]

maximum horizontal range for the interfering O-BSs

position vector of the pointz, y, 0) on the reflector

position vector of a point on the floor surface in the TFCR ciehn
position vector of the poindy, «v.. on the ceiling plane in the TWCR channel
position vector of a receiving element

position vector of the receiver in TFCR channel

position vector of the receiver in the TWCR channel

position vector of the receiver in TWC channel

position vector of a source element

position vector of the transmitter in TFCR channel

position vector of the transmitter in the TWCR channel

position vector of the transmitter in TWC channel

area of a specified region

receiving element physical area

coverage area of a cell

area of a reflection block in the deterministic NLoS simalatmethod
PD physical area

total combined area of single point transmission regiora fimite LAC net-
work with JT scheme

entire coverage area of a finite LAC network with JT scheme
coefficient for then™ Laguerre polynomial

beta function
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Nomenclature

speed of light

weighted spectral efficiency vector in the PFS Algorithm 2

euclidean distance between a source element and a receleimgnt
shortest propagation distance in the TFCR channel

shortest propagation distance in the TWC channel

shortest propagation distance in the TWCR channel

euclidean distance between the source element and the(pointd) on the
reflector

euclidean distance between the pginty, 0) on the reflector and the receiving
element

propagation distance from the ceiling poifit,., to the receiver

euclidean distance between #& O-BS and the desired UE

euclidean distance between transmitter sodtge andnt™ block element in
the deterministic NLoS simulation method

distance from the receiver to the wall plane

distance from the receiver to thé" wall plane

distance from the transmitter to the wall plane

distance from the transmitter to thé" wall plane

shortest propagation distance via paips., in the TFCR channel

modified distance from the transmitter to the wall plane | TWC CIR ap-
proximation in the TWCR channel

normalised mean square error

statistical expectation

the incident background light irradiance

illuminance or incident luminous flux per unit area

target illuminance level

frequency variable

PDF of the standard normal distribution

PDF function of random variable

PDF function of random variable on condition that: is within the region of
K

a function oft

a function ofr
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Nomenclature

h(t)

higt 7o (1)
hfe(t)
hfs(t)

niy (1)
hE (1)

h‘[ci}/c,yzo (t)
Bl (1)

hil, (t)

a wavelength dependent metric

the average value of the metfic over the used spectrum range

front-end elements frequency characteristic controbfiact

sampling frequency

scaling factor in the CFR CIR approximation in the TFCR clenn

scaling factor in the TWC CIR approximation in the TWCR chann
function defined for the SFR SINR calculation

optical concentrator gain

optical filter loss

path loss function defined in the CCI power term in the simgalifLAC down-
link SINR expression with PPP cell deployment

path loss from the source element via the pginty, 0) on the reflector to the
receiving element

time-domain CIR at time instant

second part CIR in the TWCR channel from the paipt... on the ceiling
plane to the receiver

FCR CIR on condition that = 0 m

CIR due to the effects of front-end elements

CIR due to the free-space light propagation in the consttlgm@oor environ-
ment

CIR due to free-space signal propagation fromitheD-BS

time-domain CIR at time instamtfrom thei** O-BS

second part CIR in the TWCR channel from the paipt;.,. on the floor plane
via the ceiling to the receiver (CFR)

first part CIR in the TWCR channel from the transmitter to tbepa, ¢f., On
the floor plane

CIR due to the second order reflection with TFCR category

first part CIR in the TWCR channel from the transmitter via Wl plane to
the pointd, v, on the ceiling plane (TWC)

TWC CIR on condition thaty = 0 m

CIR due to the second order reflection with TWCR category

CIR due to the first order reflection with TWR category
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Nomenclature

hlil(t, S, R)

Zoe (7o)

T300(r0)

CIR due to the free-space light propagation from source efe&to receiving
elementR undergoing exactly reflections

CIR expression with approximation

the Plancks constant which has a valué 626 x 10734 Js

CIR for the preliminary single reflection channel model

frequency response at frequenty

DC gain of a channel

channel DC gain with LoS component only from #heLED chip in the ADT
of thei'" O-BS to the desired UE

frequency response due to the effects of front-end elenagriitsquencyf
frequency response due to the effects of front-end elenmenssibcarriek
frequency response due to the free-space light propagatimaquencyf
frequency response due to free-space signal propagationtfre;** O-BS on
subcarrierk

free-space signal propagation channel gain with LoS commioonly and a
horizontal separation of

channel frequency response on subcadiéom theit" O-BS

index of an O-BS

index of the order of reflection

input electrical current variable

instantaneous input current at time instant

instantaneous input current at time instafar the:*™* O-BS

maximum forward current after pre-distortion

original maximum forward current within the linear dynamamnge
minimum forward current after pre-distortion

original minimum forward current within the linear dynamange
photocurrent generated by PD

the term corresponds to the power of CCI in the simplified LA®vdlink
SINR expression

a function ofr for the CCI power term in the simplified LAC downlink SINR
expression with a 2-layer HEX network conditioning oé af 0°

a function ofr for the CCI power term in the simplified LAC downlink SINR

expression with a 2-layer HEX network conditioning of af 30°
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Nomenclature

K

Kijto

Knh"z
Kst

the term corresponds to the power of CCl in the case with SRBrse

a term with approximation corresponds to the power of CChagimplified
LAC downlink SINR expression

the imaginary numbey/—1

index of subcarrier in O-OFDM system

total number of subcarriers

number of subcarriers assigned to the cell centre UEs in adeRBme
number of subcarriers assigned to the cell edge UEs in a FHiétree
luminous efficacy

number of subcarriers used for JT in the LAC system with Jguescy plan 1
number of subcarriers in the JT sub-band 1 in the LAC systeth i fre-
qguency plan 2

number of subcarriers in the JT sub-band 2 in the LAC systeth i fre-
qguency plan 2

number of subcarriers in sub-bang in the PFS Algorithm 2

number of subcarriers in sub-bang for then® UE in the PFS Algorithm 2
number of subcarriers used for single point transmissiciménLAC system
with JT

number of subcarriers on which a specified average speffi@ércy of £ is
achieved

variable represents a number of subcarriers defined in tBeARforithm 2
number of symbols carry information bits in O-OFDM system
Boltzmann’s constant with a value 38 x 10723 J/K

matrix of the number of subcarriers within different sumédor different UE
an integer

room length

room width

room height

minimum propagation distance in the single reflection ckeanmodel
horizontal separation between source element and regeelament in the
single reflection channel model

distance between the projections of transmitter and receiw the wall plane
in the TWR channel
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n
n

N9
Nelip ()
Nelip,i (1)

Nmax

N'min

No
NO,shot

NO,thermal
Neiip i (k)

Niter
Ny

distance between receiving element and reflector planesisitigle reflection
channel model

distance between source element and reflector plane in ke sieflection
channel model

euclidean distance between source element and receienteat in the single
reflection channel model

n'® Laguerre polynomial

Lambertian emission mode number

maximum configuration fom based on a specifieth in the case of interfer-
ence limited system

minimum configuration forn in the case of noise limited system

the number of subcarriers in sub-bamndexcluding those for the!" UE and
then! UE in the PFS Algorithm 2

an integer

an integer

an integer

time-domain clipping noise sample at time instant

time-domain clipping noise sample corresponding toith@®-BS

the index of the user achieves the maximum weighted spetfigiency using
the specified subcarrier in the PFS Algorithm 2

the index of the user achieves the minimum weighted spesffiaiency using
the specified subcarrier in the PFS Algorithm 2

time-domain receiver noise samples at time instant

an integer

internal refractive index of the optical concentrator

PSD of the receiver noise

PSD of the shot noise

PSD of the thermal noise

k'™ sample of the frequency-domain clipping noise correspundt thes*"
O-BS

maximum number of iterations

number of bins in the numerical calculation of the integ@aPk) respect to

the variabler
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Nrx(k) k'™ sample of the frequency-domain receiver noise

Ny number of UEs in a LAC system

Nw number of downlink sub-bands in a LAC network with FFR scheme

N, number of bins in the numerical calculation of the integ@aB{) respect to
the variabler

Ny number of bins in the numerical calculation of the integ@aB{) respect to
the variabley

Ny number of bins in the numerical calculation of the integ8a8] respect to the
variabled

N maximum order of Laguerre polynomial included in the expams the SINR

statistics calculation with PPP cell deployment

oh orientation vector of the poirtr, y, 0) on the reflector
Ob tfer orientation vector of the poirt, ¢, on the floor plane in the TFCR channel
O, twer orientation vector of the poiry, 1., on the ceiling plane in the TWCR chan-

nel respect to the coordinates defined in Figure 3.8
Ot twer orientation vector of the poir, 1., on the ceiling plane in the TWCR chan-

nel respect to the coordinates defined in Figure A.1

Oy orientation vector of a receiving element

Or tfor orientation vector of the receiver in TFCR channel

Or twer orientation vector of the receiver in the TWCR channel

O twr orientation vector of the receiver in TWC channel

Os orientation vector of a source element

Os tfor orientation vector of the transmitter in TFCR channel

Os, twer orientation vector of the transmitter in the TWCR channspezt to the coor-

dinates defined in Figure 3.8

0% twer orientation vector of the transmitter in the TWCR channepegt to the coor-
dinates defined in Figure A.1

Os twr orientation vector of the transmitter in TWC channel

Do 0" power control factor in the SFR SINR calculation

1 1*h power control factor in the SFR SINR calculation

D2 2th power control factor in the SFR SINR calculation

D3 3t power control factor in the SFR SINR calculation

Pec electrical signal power
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Nomenclature

Petec,i(k)
Fice(k)
Popt
Popt.e
Popt.a
Popt,n(t)
Popt led
Popt,max

~

P, opt,max

T

Tmax

received signal power from th&' O-BS

received clipping noise power from tti¢ O-BS

output optical power from an optical source

optical power received by cell edge UE whichRsaway from the cell centre
optical power incident to the desired cell coverage area

vector recording the received optical power at time instant

incident optical power to the PD detector from the opticairse at the O-BSs
maximum output optical power from an optical source

original maximum output optical power from an optical sauvethin the lin-
ear dynamic range

original minimum output optical power from an optical saeirgithin the lin-
ear dynamic range

optical power detected by PD

incident optical power to the PD detector at the UE receiver

emitted optical power within a solid angfe

average output optical power from an optical source

variable recording optical power loss in the ray-tracinggeiss of the Monte
Carlo NLoS calculation Algorithm 1

power of the received optical signal with delay less tiham the ray-tracing
process of the Monte Carlo NLoS calculation Algorithm 1

spectral radiant power density function of an optical seurc

the probability that no UE in a specified area

the probability that all of the observed UEs fall into thel ceintre area

the probability that all of the observed UEs fall into thel eglge area

LAC downlink system outage probability

statistical probability

charge of an electron which has a valug @02 x 10~ C

tail probability of the standard normal distribution

radius variable in a polar coordinate system

horizontal separation between te O-BS and the desired UE

the maximum value of the horizontal separation between #siretl O-BS
and the UEry within the regionK
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Nomenclature

T'min

Remto
R;

Ry,
Ryq
Rinin
R

R

RRX

the minimum value of the horizontal separation between #isireld O-BS and
the UEry within the regionK

distance between the projections of paipt;.. and the receiver on the floor
plane in the TFCR channel

the boundary value of for the regionV,(¢) with a specified andé

circular cell radius

radius of a cell central area in a LAC network with FFR scheme
equivalent circular cell radius corresponding to a HEX eéth a radius ofR
in a LAC network with FFR scheme

radius of a femtocell

horizontal separation between t& O-BS and the desired UE

load resistance in the receiver circuit

square cell edge length

thinning radius in a HCPP

HEX cell radius

a receiving element

the PD detector of a receiver

ramp function

average downlink cell data rate in a LAC network

average area data rate

the data rate achieved by th§" UE in the PFS Algorithm 2

vector including the achieved data rate by each user in tigArgorithm 2
averaging user data rate vector in the PFS Algorithm 2

a source element

the light source of a transmitter

time variable

maximum time delay

a SINR threshold

the SINR threshold for the categorisation of cell edge sibit the modified
FFR scheme in a LAC system with ADTs

SINR threshold for the*" level modulation and coding

SINR threshold for the outage probability

absolute temperature
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Nomenclature

u a variable of a function

up a variable of a function

Ug a variable of a function

U (u) unit step function

v a variable

Vv a random variable of a function

V() luminosity function against wavelength

V(u) signal clipping function

w distance between projections of transmitter and receivén® edge shared by

the floor plane and the wall plane
W distance between projections of transmitter and receivén® edge shared by

the floor plane and the'" wall plane

Wee bandwidth of a subcarrier

1174 distance between projections of transmitter and receinehe floor plane

Wo(t) region on the reflector plane leads to the received signal @atay less than

W, entire area of the ceiling plane

Wk entire area of the floor plane

x One of the horizontal direction variable in a Cartesian do@te system

Ty x coordinate of a receiving element orientation vector

T z coordinate of a source element orientation vector

x’ One of the horizontal direction variable in a rotated Caaresoordinate sys-
tem

Ty x coordinate of a receiver position vector

Ts x coordinate of a transmitter position vector

T modified distance from the poiat, ... on the ceiling plane to the wall plane
in the TWC CIR approximation in the TWCR channel

x(t) transmitted time-domain OFDM symbol at time instant

X (k) k™™ symbol of the transmitted O-OFDM frame

X (k) k*® symbol of the transmitted O-OFDM frame from tiié O-BS

X coded QAM symbols with unity average symbol energy

X transmitted O-OFDM frame QAM symbol vector with power sogli

X the term corresponds to the desired signal power in the BiethLAC down-

link SINR expression
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Nomenclature

Qpfs

Qe

v(k)

YADT

C

C

71

C

Y2

C

V3

e

One of the horizontal direction variable in a Cartesian doate system

y coordinate of a receiving element orientation vector

y coordinate of a source element orientation vector

One of the horizontal direction variable in a rotated Céaresoordinate sys-
tem

y coordinate of a receiver position vector

y coordinate of a transmitter position vector

received time-domain OFDM symbol at time instant

k'™ symbol of the received O-OFDM frame

the vertical direction variable in a Cartesian coordingtem

z coordinate of a receiving element orientation vector

z coordinate of a source element orientation vector

z coordinate of a receiver position vector

z coordinate of a transmitter position vector

the vertical direction variable in a rotated Cartesian do@te system
distance from the receiver to the floor plane

distance from the transmitter to the floor plane

the term corresponds to the receiver noise power in the giethLAC down-
link SINR expression

the mean and variance of the Laguerre polynomial base famcti

user data rate forgetting factor in the PFS Algorithm 2

ratio of Dy t0 Dy twe

a scaling factor to ensure that the mean and the variance sttded random
variable are the same

signal-to-interference-plus-noise ratio on subcartier

downlink SINR in a LAC system with ADTs

downlink SINR on a subcarrier in a common sub-band in a LAQo#t with
sFFR scheme

condition 1 SFR SINR achieved by cell centre UEs

condition 2 SFR SINR achieved by cell centre UEs

condition 3 SFR SINR achieved by cell centre UEs

downlink SINR on a subcarrier in a protected sub-band in a ha@vork with

sFFR scheme
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Nomenclature

e

71
V3
“Velip

YUFR

DS I %

€DC
€max
€min

5(77 ﬁrf)

€n

€ni,no

(T)Cg (O}

i)

condition 1 SFR SINR achieved by cell edge UEs

condition 2 SFR SINR achieved by cell edge UEs

signal-to-clipping noise ratio

downlink SINR on a subcarrier in a LAC network with UFR scheme

a value of downlink SINR

a value of downlink SINR that is randomly selected from theesawith a
number of conditions in the SFR average spectral efficieatgutation
upper incomplete Gamma function

Dirac delta function

effective signal amplitude range

time delay resolution

vertical separation between the transmitter of the O-B84laamreceiver
normalised DC-bias level

normalised top clipping level

normalised bottom clipping level

spectral efficiency with a SINR of and a reuse factor ef,; calculated using
Shannon Hartley formula

spectral efficiency of the'" level modulation and coding using an AMC
scheme

spectral efficiency achieved on a subcarrier in sub-banfbr the n{" UE in
the PFS Algorithm 2

average spectral efficiency calculated using Shannondyddirmula
average spectral efficiency calculated using Shannondyaktmula for the
UEs in the cell centre area

average spectral efficiency calculated using Shannondyaktmula for the
UEs in the cell edge area

achievable average spectral efficiency correspondinget&tNR~{ in a LAC
system with SFR scheme

achievable average spectral efficiency correspondinget&tNR~{ in a LAC
system with SFR scheme

achievable average spectral efficiency correspondinget&tNR~5 in a LAC

system with SFR scheme
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Nomenclature

ESFFR

<§sFFR,nor

ESFR

o
€SFR

<§SFR,nor
EUFR
o
E€UFR

¢

QC

Tlclip

achievable average spectral efficiency correspondinget&INR~S in a LAC
system with SFR scheme

achievable average spectral efficiency correspondingetSINR~5 in a LAC
system with SFR scheme

average spectral efficiency in a LAC network with sFFR scheoresidering
low user density issue

average spectral efficiency in a LAC network with sFFR schémsenormal
condition

average spectral efficiency in a LAC network with SFR scheorssidering
low user density issue

average spectral efficiency for the UEs in the cell edge aidaS¥R scheme
average spectral efficiency in a LAC network with SFR schema normal
condition

average spectral efficiency in a LAC network with UFR scheme

average spectral efficiency for the UEs in the cell edge artaW-R scheme
averaging weight in the average spectral efficiency calicuian a LAC net-
work with FFR schemes

averaging weight for the cell centre UEs that achieve anaasespectral effi-
ciency ofz° in a LAC network with sFFR scheme

SFR average spectral efficiency calculation averaginghvtéighe cell centre
on condition 1

SFR average spectral efficiency calculation averagingvtéighe cell centre
on condition 2

averaging weight for the cell edge UEs that achieve an aeespgctral effi-
ciency ofz° in a LAC network with sFFR scheme

SFR average spectral efficiency calculation averaging wemgthe cell edge
on condition 1

SFR average spectral efficiency calculation averaging hiéigthe cell edge
on condition 2

SFR average spectral efficiency calculation averaging hiéigthe cell edge
on condition 3

clipping attenuation factor
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Nomenclature

Med

Uclip

op

2
ORx

2
Oshot

2
O thermal
Ox

S

P
Tc

¢

conversion coefficient from the input current to the optmatiput power which
includes the electrical signal amplification and the LEDmjuen efficiency
PD responsivity

qguantum efficiency of a PD

polar angle variable in a polar coordinate system

polar angle corresponds to tif& O-BS

n'™® cumulant of random variablg

wavelength variable

maximum used wavelength

minimum used wavelength

O-BS deployment density

initial PPP density in a HCPP

n*™ raw moment of random variablé

O-OFDM symbol power scaling factor

the objective function of the PFS Algorithm 2

reflectance of a surface

reflectance of the ceiling

reflectance of the floor

reflectance of the walls

ratio of the central area radiug. to the equivalent circular cell radiug, in a
LAC system with a FFR scheme

variance of the clipping noise

optical power drop for cell edge UE which 8 away from the cell centre
relative to the optical power received by cell centre UE Whgright beneath
the O-BS

variance of the receiver noise

variance of the shot noise

variance of the thermal noise

electrical signal amplification factor

power control factor in SFR scheme

variable recording transmission time

LED response time constant

radiant angle from an optical source
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Nomenclature

b1
b2
Pn

<I>V,Q
ov(w)

(1
(L5
¢FOV

Un

radiant angle from the source element to the pint, 0) on the reflector
radiant angle from the poirt:, , 0) on the reflector to the receiving element
radiant angle from transmitter sour&g to n'" block element in the deter-
ministic NLoS simulation method

luminous flux

emitted luminous flux within a solid angle

the characteristic function df

user density in a specified area

incident angle to a receiving element

incident angle from the source element to the p¢inty, 0) on the reflector
incident angle from the poirit:, y, 0) on the reflector to the receiving element
FoV of a receiver

incident angle from transmitter souréa, to n'" block element in the deter-
ministic NLoS simulation method

variable of a characteristic function

Cartesian coordinates rotation angle

solid angle variable

the set of indices of O-BSs causing CCI

O-BS group A in a 2-layer HEX LAC network with FFR schemes

O-BS group B in a 2-layer HEX LAC network with FFR schemes

O-BS group C in a 2-layer HEX LAC network with FFR schemes

a valid region for a random variable

a set including the indices of the LED chip 8f O-BS that is transmitting

using the considered transmission resources
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Chapter 1
Introduction

1.1 Motivation

With the increasing popularity of ‘smart devices’, mobilaeta service become an important
part of everyone’s daily life [1]. It has been estimated thatglobal mobile data traffic would
be 30.6 exabytes per month by 2020 [1]. In parallel, curradiar frequency (RF) spectrum
resource from 300 kHz to 30 GHz is becoming saturated. As altre§ these conflicting
trends, existing wireless communication systems basedrosp@ctrum are not able to fulfil
the demands for mobile data traffic in the future. In orderealdvith this looming spectrum
shortage, mobile operators have been expanding the cipatfitheir 4'"-generation (4G)
networks and building more wireless fidelity (WiFi) - hotspto offload wireless traffic [1]. In
addition, researchers consider various innovative teolgies to improve the spectral efficiency
of existing RF wireless networks, such as multiple-inputtiple-output (MIMO) techniques.
However, on the account of the continuing increase of wieteaffic, it can be anticipated that
the current RF spectrum resource will no longer fulfil thaifetwireless data traffic demand in

spite of the efforts on further developments in RF wirelegsmunication technology.

Therefore research has been focused on higher frequenclylspeesources. In particular, the
millimetre-wave (mmWave) communication and optical wessd communication (OWC) [2]
are two of the most popular research areas. In mmWave coneatiomn, the spectrum in the
range from 30 GHz to 300 GHz has been considered for high dpeedband services [3]. A
considerable amount of spectrum resources are expectedreddased for wireless communi-
cation. In mmWave links, signal propagation experiencgnificant atmospheric loss due to
the absorption by water vapour and oxygen [3]. Furthermaceprding to the Friis transmis-
sion equation, the wireless transmission path loss inesgpoportionally to the square of the
signal frequency. For these reasons, the mmWave systeynairéihe-of-sight (LoS) channels
in most of the cases, and have a relatively small coverage dreorder to compensate for
the weak signal strength caused by high path loss, multipkrable and directional antennas
with beam-forming techniques are required in mmWave systefrhis characteristic makes

mmWave communication complex in system design and sigoakssing.
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Figure 1.1: The electromagnetic spectrum [6].

The optical spectrum for OWC includes the infrared (IR) arsible light (VL) [4]. Figure 1.1

shows that the total frequency bandwidth of optical spectiziseveral hundred THz, which is
much wider than any RF spectrum [5, 6]. With further develepimin coherent transmission
and detection techniques in OWC, the huge capacity withilde spectrum bandwidth is pos-
sible to be achieved in the future. The main advantages of @QWAE RF communication can
be concluded as follows [4]: i) the optical signal does negrifere with any RF-based wire-
less systems; ii) OWC can be used in any radio radiationictstrarea, such as intrinsically
safe environments; iii) and the optical spectrum resouscenlicensed. In particular, OWC
using VL, namely visible light communication (VLC), has thetential to be densely deployed
using the existing lighting infrastructures, which is esieel to be cost-effective. In addition,
transmission directionality is obtained by beam-formiaghniques with multiple antennas in
RF-based communication systems, while VL sources and tdeseprovide directionality in

nature with cost-effective optics. Therefore, VLC is a pising technology for future wireless

communication systems.

In the development of RF wireless communication technglegyious techniques have been
explored to improve the data capacity of the wireless neéks/pt], such as developing advanced
modulation schemes, coding schemes, equalisation tea®)idgMIMO techniques and ‘cell
densification’ approaches. Among these techniques, the¢ effestive approach is expected
to be ‘cell densification’. ‘Cell densification’ refers tofleying more access points (APS) in
a certain area so that the spectrum resource can be shared) anfewer number of mobile
users [8]. With ‘cell densification’, a significant gain inexpral efficiency per unit area is

expected [9]. During the early stage of cellular wirelesswownication, macro cells covered

2
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Cell type Macro Micro Pico Femto
Typical cell radius| > 1km | 250 m-1km | 100m-300m | 10 m-50 m

Table 1.1: Typical cell radius of cellular networks [11].

an area of several blocks in a city. In the latest cellulael@gs communication systems, the
smallest cells, femtocells [10], are designed and depla@gs@ring one or more rooms in an
indoor environment. Table 1.1 shows the typical cell radildifferent cellular networks [11].
This trend of high spatial reuse is expected to continue éndibsign of mmWave and VLC

systems, where a cell radius of a few metres are expected.

Combining the concept of small-cell network and VLC teclueis, a fully networked VLC
system can be established, and this is termed light-fid@lify) attocell (LAC) network [12].

In addition to the characteristics of a VLC system, a LAC ratnis able to achieve bi-direction
transmission, serve multiple users with a single AP, angpaupmobility [12]. In other words,
roaming and smooth handover functions are required. In emrobmoderate size, multiple
lighting infrastructures are typically available, whicarcbe used as VLC APs. Additionally,
due to the directionality of the light source, co-chann&tiference (CCI) is expected to be low
compared with other RF cellular systems with the same dpatiae strategy. Therefore, LAC
networks have similar characteristics of a small-cellaysbased on mmWave communication,
but the cell size is even smaller, which means LAC systemsachieve a much higher data
capacity per unit area [6]. Deploying LAC networks as analdyer in a future heterogeneous
network is a very promising solution to offload the greatlgreased mobile data traffic in the

future wireless communication networks.

Since LAC network is a newly proposed concept, many questrefated to this networked
VLC system still remain open. In order to understand the attaristics of LAC networks,
comprehensive theoretical studies are required. ThigstHesuses on the analysis of LAC
downlink performance, which is motivated by the followingnsiderations. On the one hand,
promising downlink performance could validate the effesrtiess of applying LAC networks for
off-loading wireless data traffic. On the other hand, theelarge body of research on physical
layer techniques for point-to-point VLC transmission sys$, which can be incorporated into
the network downlink performance analyses of this work tiemmore, a successful downlink
analysis of LAC networks in physical layer could be used aasashof future network layer or

other higher layer studies on LAC networks.
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In the downlink performance analysis, a system metric magvaduated for a massive number
of times with different random user positions. The differein transmission geometry for each
evaluation leads to different channel state informatio8I§Qf the effect of light propagation in
indoor environment is taken into account, using the stétheart methods to generate the CSI
would lead to significantly long simulation time as thesehmods are primarily based on ray-
tracing techniques. Therefore, an analytical approacbrisidered in this research to efficiently
calculate the channel impulse response (CIR), which givasagghtforward indication of the
CSI. A significant reduction in non-line-of-sight (NLoS)arimel simulation time is expected by
using the proposed method. In addition, the proposed metbooimposes the CIR into multiple
components with unique characteristics, which aids théysiseof VLC channel characteristics

in future research.

Among a number of system metrics for the downlink perforneaoicLAC systems, signal-to-
interference-plus-noise ratio (SINR) offers a straigiwfard indication of the downlink quality
in LAC systems. In addition, a number of other important mesirsuch as cell data rate, can be
estimated based on SINR. Furthermore, SINR can be used agasyetric to determine the
impact of a number system factors, such as cell size, ligitceadbeamwidth, cell deployment.
Knowing the effects of varying these system factors helgmtbthe optimal system configura-
tion for LAC networks. For these reasons, a series of thisatettudies related to the downlink

SINR in LAC networks are conducted in this research.

CCI poses a major limiting factor to the system performamctée LAC downlink. It is intu-
itive to adopt existing interference mitigation technigwsed in RF cellular systems to achieve
an improved downlink performance especially for cell edgers. Fractional frequency reuse
(FFR) technique offers a reasonable balance between critypdand performance in inter-
ference mitigation. Additionally, the size of receiver pitiode (PD) detector is significantly
large compared to the wavelength of the light signal, whittoduces spatial diversity and pre-
vents the effect of ‘multi-path (MP) fading’ in an intensityodulation (IM) / direct detection
(DD) system [13]. For the same reason, it is unnecessaryrsider the issue of destructive
combination of multiple signals from different sources.isTtharacteristic makes coordinated
multi-point joint transmission (JT) a good candidate foe ihterference mitigation in LAC
networks. Therefore, these two techniques have been @adidind investigated in current

research.
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1.2 Contribution

This thesis focuses on investigating the characteristidhieo LAC downlink systems. In a

systematic approach | aim at addressing the following thesearch objectives:

e Establishing a system model for LAC downlink systems.
e Evaluating the downlink performance of LAC networks.

¢ Improving the downlink performance of LAC networks.

By following these objectives, several contributions hbeen established.

With regard to the first objective, suitable models have ieand in the existing research pub-
lications for each component in the LAC downlink system g@tder the efficient model for
NLoS channel. As the first contribution of this thesis, anlgiwal method for the calculation
of VLC NLoS CIR is proposed. In this proposed channel caliatemethod, the overall NLoS
channel is decomposed into multiple components accorditigetnumber of undergoing reflec-
tions and light propagation categories. The analyticatesgions for the CIR with a number
of categories that dominate the NLoS channel are develdpach expression includes one or
two 1-dimensional (1-D) integrals, which can be solved &ffitty by using standard numerical
methods. An expression for the overall NLoS CIR is obtaingadmbining the CIR results
for each propagation category. The results of the propossitiod are compared with those
of the state-of-the-art method in terms of CIR, frequenspomse and computation time. The
derivation of the proposed analytical CIR calculation roethas led to the publication of [14]

and the submitted paper [15].

Following the second research objective leads to the sezmmtdbution of this thesis: the com-
prehensive performance evaluation of the downlink in LAGuwweks for the first time. A major
concern in the performance of a LAC system is whether the ©iarisof NLoS channel causes
significant error in the estimation of the downlink performoa. This issue is investigated in a
case study simulation. In addition, the effects of varyinquenber of factors, such as network
size, cell deployment, reuse factor and other importarteayparameters, are considered. In
the performance evaluation, SINR, cell data rate, outagbkafility, and area data rate are cal-
culated. In particular, the analytical expression for tHéfSstatistics in the LAC networks with

hexagonal (HEX) and Poisson point process (PPP) cell deygayare obtained. Furthermore,
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the downlink performance of LAC networks are compared witieostate-of-the-art small-cell
systems in terms of area data rate. The work conducted onatlvalidk SINR calculation
expression and the downlink performance analysis in LA@/agks has led to the publication
of [16-18].

Regarding the third objective, CCl is found to be a majoreésgsiuthe LAC downlink with dense
spatial reuse. Therefore, interference mitigation tegqies used in RF systems are considered
to be adopted in the LAC downlink. This leads to the third dbation of this thesis: adopting
FFR and JT schemes into the LAC downlink. In the study of u$ti€R, unique character-
istics in LAC downlink, such as low user density issue, aresaered. Tractable analytical
tools have been developed to efficiently calculate the diowrINR statistics and spectral
efficiency with FFR. In contrast to the case with universahfrency reuse (UFR), the LAC
system with FFR offers cell edge users with improved signallity and higher data rate. In
contrast to the case with traditional resource partitigrinnsidered in [19], the LAC system
with FFR offers an improved overall spectral efficiency. Totlier improve the effectiveness
of FFR, the combination of the FFR technique and angularrsityetransmitters (ADTS) is
investigated using computer simulations. The researcHumied on the adaptation of FFR in
LAC networks has led to the publication of [20, 21]. In thedstwf using JT in conjunction
with ADTSs, appropriate hardware configuration and freqygrians have been proposed. The
performance improvement is evaluated by using computarlations. The research conducted
on the adaptation of JT in LAC networks has led to the pubbcadf [22].

1.3 Thesis Layout

The remainder of this thesis is organised as follows. In @ap, the concept of LAC sys-
tem and the functionalities of LAC systems are briefly introgld. For the modelling of the
downlink transmission of LAC network, the characteristiéseveral system components and
a number of basic concepts are provided. In each individeztian, the knowledge of LiFi or
LAC network technology, the characteristics of the frontt@lements, channel, sources of re-
ceiver noise, optical-orthogonal frequency division npléixing (O-OFDM) transmission, cell
deployment and spatial reuse, signal clipping and the dowi8INR in a LAC network are

presented.
In Chapter 3, the issue of computational complexity in theoNlchannel calculation is intro-
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duced. The description of the methodology of the proposéliizion approach is presented.
Motivated by the result in [23], an extended analytical esgion for the calculation of the
CIR with a single diffuse reflection is derived. Based on #iigle reflection CIR model, the
calculation of CIRs resulted from tHé' and a fraction of the order reflections are derived.
By combining the derived CIR results, an expression to edgBrthe overall NLoS VLC CIR is

obtained. The proposed method is compared with the stateeedrt methods both in accuracy

and computation time.

In Chapter 4, the downlink performance evaluation of LACwurks is considered. Firstly,

the effects of NLoS signal propagation and the effects ofimgrnetwork size are evaluated.
Furthermore, the critical effects of varying cell radiusddmalf-power semi-angle of the VL

source are analysed. Next, the network performance witbrdiit cell deployments are as-
sessed. Furthermore, the statistics of the downlink SINRA® networks are analysed. The
cases with HEX / PPP cell deployments in an infinite netwoek@msidered in this analysis
of SINR statistics. In addition, the cell data rate and thage probability based on the SINR
statistics are analysed and evaluated. Finally, The dalmplerformance of LAC networks are
compared with those achieved by other state-of-the-artl-siihsystems in terms of area data

rate.

In Chapter 5, interference mitigation techniques for thevlmk of LAC networks are con-
sidered. The basic concept of FFR and JT are introduced.hEatudy of using FFR in LAC
networks, the downlink SINR statistics and spectral efficiein a LAC network with FFR
schemes are analysed. The numerical results are presantkthis exposed a low user den-
sity issue. The addition of a modified proportional fairneskeduling (PFS) method to the
system is proposed to compensate for this issue. As an @term ADT is considered in
combination with FFR scheme. For the study of using JT in LAGuorks, The system setup
for the deployment of JT algorithms is presented. The sitimlaesults in terms of the SINR
distribution, user throughput and cell throughout are w®red. The results overwhelmingly

demonstrate the achievable performance gain by using difitgees in LAC systems.

Chapter 6 summarises key findings of this thesis. Additigntie limitations of the research

presented in this thesis and future research directionalsoediscussed.



Introduction

1.4 Summary

The combination of VLC technology and the deployment of $iglls is a promising solution

to deal with the looming crisis in “spectrum shortage” in elass communication. Despite
the research efforts spent on many aspects in the field of VLOWC using analysis and
experiments, very limited research has been conducted epdiformance evaluation of a
networked VLC system — a LiFi system or a LAC network. The aesie presented in this thesis
provides a comprehensive downlink performance analyss lOAC network in the physical

layer. The motivation and the main contributions, togethéh the layout of the thesis are

presented in this chapter.



Chapter 2
Background

2.1 Introduction

Optical communication is defined as any information traission between two distant loca-
tions using electromagnetic radiation in optical spectruine earliest examples of optical
communications can be traced back to the period before thieinge when the fire beacons
were used by ancient Greeks and Romans for signalling pespg@s¢]. In ancient China, the
Great Wall was built to protect against the enemies from trehn A smoke signalling relay
was used with a series of beacon towers to transmit the mwvasessages efficiently. In 1880,
the Scottish-born inventor Alexander Graham Bell inverdagaghotophone [25], which can be
considered as the first official record of using optical sigrier wireless communication pur-
pose. The voice signal was transmitted with a distance afita®@0 m via sunlight. In the late
19*" century, the British Navy started to use signal lamps to camioate using light. These

early methods have been significantly improved, and widsgditoday.

The high speed optical communications were achieved wihattvance in optoelectronics,
such as light-emitting diode (LED), laser diode (LD), anatadiode (PD), which can support
efficient conversion between optical signal and electréigihal with sufficient wide modula-
tion bandwidth [24]. For the applications of optical comnuations, free-space point-to-point
long distance transmissions were first considered, whikhasvn as free-space optical (FSO)
communication [24]. A number of FSO links have been sucadigsiemonstrated in 1960s
and 1970s. FSO technologies have also been consideredlf@rynise because of its secu-
rity characteristics. The optical wireless communicati@¥C) technologies for short-range
indoor applications are pioneered by the early work of @fedind Bapst, which demonstrated
that a diffused infrared (IR) radiation communication systcan achieve a data rate of around
100 kbps [26]. With the development of IR-based technoldlg, infrared data association
(IrDA) founded in 1993 formulated a set of protocols for iéigs IR communications between
electronic devices [27]. With the emergence of energyefitcwhite-LED, solid state lighting
(SSL) is gaining popularity in the lighting industry [28}.i$ expected that LED-based lighting
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infrastructures will replace all conventional lightindgriastructures, such as fluorescent lamps,
in the coming decades. This trend provides an opportunityidgyback the wireless com-
munication functionality on to the future lighting netwsrkwhich is known as visible light
communication (VLC) [29]. With significant research efrlinks with multi-Gbps data rate
have been experimentally demonstrated [30,31]. In 20Kiitle of Electrical and Electronics

Engineers (IEEE) published a set of standard for shortedAgC applications [32].

A cellular system is an infrastructure-based wireless agkW7]. The coverage area of a cel-
lular system is divided into many non-overlapping cells. @sé station (BS) or access point
(AP) is typically located in the centre of each cell, and ssrmobile user equipments (UES)
in the cell where the BS is located. In addition, BSs are cotmtketo the backhaul network,
which allows the UEs connected to the wired network. Congbaoea single AP wireless
system, cellular system provides a much larger coverageard allows multiple UEs to be
connected simultaneously [33]. Additionally, the areactia efficiency (ASE) of a cellular
system is higher as the available transmission resourgedeaeused as long as the links
are spatially separated. Compared to a wireless netwotouittinfrastructure (no backhaul
connections) such as ad-hoc network, cellular systemspeated with a centralised control
mechanism [7]. Thus, the implementation of adaptive resoaflocation, power control, han-
dover and many other system functions is possible with akotntrol in a cellular system.
Therefore, cellular systems achieve better communicateniormance and more flexibility
than non-infrastructure-based systems. Because of tleesdits, today’s cellular systems are
widely deployed in the world. Furthermore, research on owjmg the performance of cellular
networks shows that network densification is one of the mifesttve methods to improve the
capacity of cellular system [34]. With the development afimas advanced wireless commu-
nication technologies, more APs are densely deployed t&r eser increasing wireless data

traffic demands. This leads to modern heterogeneous nefvaok small-cell systems [35].

2.2 LiFi Attocell Networks

Although VLC systems offer a number of advantages over radiguency (RF) wireless sys-
tems, a typical point-to-point VLC link has a very limitedversage range, which is undesired
from mobility and flexibility perspective. An intuitive saion to this issue is to connect the
multiple VLC infrastructures as a networked system, ligtelity (LiFi) attocell (LAC) net-
work [6,12]. Figure 2.1 illustrates the concept of a LAC netikv Each VLC infrastructure
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Figure 2.1: Concept of LiFi attocell network.

serves a number of UEs within its local coverage area, whienaies as an optical base station
(O-BS). The size of the combined coverage area is expected &5 large as that provided
by any WiFi or femtocell systems, as lighting infrastruetsiare everywhere in modern indoor
environments. This cellular design not only alleviates ¢beerage constraint, it also agrees
with the trend of network densification. As a cellular netiovLC technology offers two
more benefits. Unlike omnidirectional antennas radiatifigsiRjnal to all directions, a light
source typically radiates optical power to a specified dimecwith a specified beam-width.
Therefore, the radiation of the visible light (VL) signalnche confined within a limited region,
typically the area underneath the light source. In contridgt small-cell network such as a
millimetre-wave (mmWave) system requires complicatedrbéarming techniques to achieve
the same objective. Secondly, LAC networks can be impleeteby modifying existing light-
ing networks. However, building a RF small-cell networkiwihe same AP density, the cost
for hardware is much higher. In addition, a LAC network cob&ldesigned as an extra layer
of heterogeneous networks, and this new layer of accessrietauses and receives zero in-
terference to and from existing RF access networks. Thisbamation of using unlicensed
spectrum and cell densification is desired from spectratieffcy perspective, which makes

LAC network a promising future wireless access networkgtesi

A LAC network is expected to have the full functionality of ellalar system [12]. Therefore,
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Figure 2.2: Key components in a LAC downlink transmission system.

many important research problems related to LAC networkaremopen for further studies,
such as the issues pertaining to downlink / uplink transimisdnterference mitigation tech-
nigues, multiple access techniques, mobility supportdbaear schemes and backhaul connec-

tion.

2.2.1 Downlink Transmission

In cellular systems, downlink connection is defined as tha ttansmission from a BS to a UE
[7]. In LAC networks, it refers to a forward link from an O-B8 & LiFi UE. Intuitively, LAC
system downlink is achieved by using a VLC connection. Adastup for a LAC downlink
system is shown in Figure 2.2. This study will focus on the diivk system of LAC networks

in physical layer for the following reasons. Promising dénkperformance is one of the most
important motivations of using LAC networks in the futura@less communication system. In
addition, the research of other higher layer issues likelbagr has to be conducted based on
the physical layer characteristics. Furthermore, a loeséarch resources in the field of single

link VLC are available to support the LAC downlink study.

The downlink system in a LAC network is largely similar to tha a RF cellular network
except for the front-end elements. In RF cellular systemsjodulated electrical signal is
converted to a RF electromagnetic wave signal via a RF-chaira LAC downlink system,
a modulated electrical signal is converted to a light sidnatransmitter front-end elements,
and the transmitted light signal is converted back to theutatdd electrical signal via receiver
front-end elements as shown in Figure 2.2 [36]. Most of thet-effective incoherent LiFi

front-ends determine that using intensity modulation (ith direct detection (DD) is appro-
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priate in the downlink transmission. The use of IM/DD tecjuds partially determines the
characteristics of downlink transmission channel. A nundfeandidate modulation schemes
include on-off keying (OOK), pulse position modulation (RR pulse-amplitude-modulated
discrete multi-tone modulation (PAM-DMT) and optical asgjonal frequency-division multi-
plexing (O-OFDM) [4, 37]. Since the downlink connection cAC networks is expected to
provide high data rate transmission, spectral efficientED® are considered in this study.
In addition, different spatial cell deployments in a LAC ®m are considered in the downlink

analysis.

2.2.2 Uplink Transmission

In a cellular system, uplink connection refers to a revensie from an UE to one or more
nearby BSs. In order to achieve a full-duplex communicatigstem in a LAC network, an
uplink is also essential. Wireless IR link is considered ¢éodme of the options for uplink
communication of LAC networks. Since IR signal has a differeptical spectrum, it causes
zero interference to the downlink transmission as long gsogypiate optical filters are used
at the receivers. The uplink signal output power should ket ke a low level due to the
optical radiation safety constraint and limited power @iyeaof the UE. For this reason, energy-
efficient modulation schemes, such as ACO-OFDM, are seaitihlIR uplink transmission. In
order to improve the spectral efficiency, an enhanced uaigoFDM (eU-OFDM) can be used
[38]. A real-time full-duplex VLC system has been designad manufactured by pureLiFY
limited [39]. Another viable uplink solution is using comt@nal RF transmission. In some
applications, such as downloading large size files, theimeaent for downlink capacity is
typically much higher than that for the uplink. In this cagesmall proportion of RF spectrum
can be borrowed for a reliable uplink connection, while hise-free VL spectrum is used to
offload crowded downlink traffic. Studies show that a systeith WLC downlink only can

off-load a considerable wireless traffic from the existirig fetworks [40].

2.2.3 Interference Mitigation

In cellular networks, dense spatial reuse is used for highectral efficiency. Consequently,
the links using the same channel in adjacent cells interféteeach other, which is known as
co-channel interference (CCI) [7]. The light radiationtpat of a VL source with strong di-

rectionality makes the majority of the radiated optical powonfined within the coverage area
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of the O-BS. Thus, as long as adjacent cells use differensitnégssion resources, a LAC net-
work would experience negligible CCI. However, in order taximise the spectral efficiency
in a LAC system, it is unavoidable to reuse the same chanragjacent cells. Therefore, CCI

poses major challenges to the downlink connections in LAGokks with dense spatial reuse.

To address this CCl issue, studies of interference mitigagchniques in networked OWC sys-
tems have been conducted. In [41], an interference codrdimacheme based on busy-burst
signalling has been proposed to be used in an OWC network @iremaft cabin. Furthermore,
angular diversity can be explored to achieve interferenanagement [42]. In this thesis, frac-
tional frequency reuse (FFR) and joint transmission (JTQanjunction with angular diversity

transmitter for LAC networks are analysed and evaluated.

2.2.4 Multiple Access

In a cellular network, multiple UEs are likely to be locatedtlze same cell. In this case,
the AP should be able to serve multiple UEs at the same timehwh known as multiple

access. A number of multiple access techniques have beetoged in cellular systems such
as time-division multiple access (TDMA), code-division Itipie access (CDMA) [7] and more

advanced orthogonal frequency division multiple accesa®A) [43].

One of the solutions to the suitable multiple access schameliAC network is to adopt the
multiple access techniques used in RF cellular systems. nAbieu of studies have been car-
ried out to investigate the multiple access techniques twarded OWC systems [19, 44]. In
TDMA, each UE is given a time slot for transmission. This sokecan be directly used in an
IM/DD-based LAC system. In CDMA, the signal for each UE isigsed a unique orthogonal
code, and the desired signal can be retrieved by using tignasiscode. A number of designs
of orthogonal code are available to accommodate CDMA in a lo&Gvork, such as optical
orthogonal code, unipolar m-sequences and Walsh-Hadarodes. In O-OFDM-based LAC
system, it is also viable to use OFDMA by distributing diffat groups of orthogonal sub-
carriers to multiple UEs. In addition, wavelength-divisimultiple access (WDMA) can also
be considered, if the corresponding front-end elementpa@tigplitting signals with different

colours [4].

The selection of multiple access scheme in LAC networkslshtale the unique characteristics

of LAC system into account, such as the low pass effects dftime-end elements, indoor free-
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space transmission channel and low user density per cellex@mple, in thei'® generation
(4G) RF cellular system, OFDMA is widely used as it is ablexplere the multi-user diversity
gain. However, the multi-user diversity in a LAC system has lmeen studied. Therefore,
whether OFDMA is worth using in a LAC system requires furtiestigation. In [44], it has
been found that OFDMA outperforms CDMA in a multi-user VLG&®m, but OFDMA does

not show any superiority compared to TDMA.

2.2.5 Handover

Handover is defined as the process of transferring the dtyttafran ongoing wireless trans-
mission session from the current AP to another AP [33]. Haadds normally required in the
case that a UE is moving out of the coverage area of an AP andvihminto the coverage
area of an adjacent AP. In some cases, handover is alsoedaqsrthe transmission channel
is severely degraded due to fading / interference or theeotigell is fully loaded. Handover
occurs in these two scenarios is usually classified as hiakbandover as it happens between
APs in the same network [45]. There is another case happémiadieterogeneous network
with multiple tiers. Different tiers means different typefsaccess nodes in a heterogeneous
network. For example, a heterogeneous network may inclutighatier macro cell network
and multiple low tier femtocell networks. If a UE is coveredalow tier AP when it is moving
along the edge of the low tier AP coverage area, frequentdwamdnay occur, which causes
loss in throughput and low user service quality. Thereftine, UE should be transferred to
a higher tier AP which has a larger coverage to avoid unnacgssandover. This handover
between APs of different systems are categorised as Venécalover [45]. Generally, there
are two types of handover schemes — hard handover and safovem In a hard handover
process, the UE is disconnected from the current AP befa@nihects to the next AP, which is
simpler to implement and has lower hardware requiremerit [38wever, the service will be
interrupted with hard handover scheme. In a soft handowergss, the UE remains its connec-
tion to the current AP until successful connection to thet WéXis established. Soft handover
offers better user experience with more handover overheathermore, cooperation between

APs and extra hardware are required.

With a decrease of cell size, handover frequency is expdotattrease for moving UEs. In-
creased number of handover sessions causes losses in sygtaghput and degraded quality

of service. In a LAC network, this handover issue is moreazitas LAC can be considered as
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the smallest cell compared to other types of small-cellsvél@r, O-BSs are physically closed
to each other, which implies that the backhaul constraimtséntralised control and cooper-
ation among O-BSs are easier to fulfil relative to the casekrc8llular systems. Since the
handover frequency in LAC networks is high, soft handoveusthbe preferred for better qual-
ity of service. The quality of service refers to the overalhumunication performance that the
LAC users experienced. Novel handover decision algoritorrLAC networks is expected to
be designed to decrease the number of handover sessionamddhe ping-pong effect [45].
Another solution to the issue of handover and mobility supato operate a LAC network in
conjunction with other RF wireless networks that has laogserage. Static UEs are served by
the LAC system to offload the wireless traffic as long as theyirathe coverage of one of the
O-BSs. On the other hand, moving UEs are assigned to RF s&&lP to reduce the number
of handover process. In such heterogeneous system, nothenhorizontal handover between
a pair O-BSs should be considered, but also the verticaldwemdetween an O-BS and a RF
AP should be considered. A study of dynamic load-balancatgmes with handover in such

hybrid system is presented in [46].

2.2.6 Backhaul Connection

Backhaul connection can be defined as the connection betosdeitar AP and radio con-
troller [47]. Generally, backhaul connections are able ovjgle reliable high speed low la-
tency transmission to accommodate the busy wireless tfedficthe APs. If high speed access
networks are densely deployed in the future, the requiréwfdrackhaul capacity will increase
significantly [48]. A straightforward solution to the baekhl issue is to increase the deploy-
ment of optical fibre, which offers excellent performancétefative backhaul solutions based

on ethernet and powerline communication (PLC) have also bessidered [49, 50].

As the smallest cellular system, a LAC network faces the lhackissue to a larger extent.
Furthermore, there are multiple APs in a single room, whigkes the construction of back-
haul connection more complicated. A LAC network is expedtele a cost-effective system.
Thus, expensive and complex backhaul design should beedoitherefore, optical fibre and
ethernet backhaul could be a promising solutions. With th@acement in optical fibre man-
ufacturing techniques, the cost of the optical fibre has kmgnificantly reduced. Ethernet
infrastructure is easy to install and is convenient for rreiance, while the latest ethernet con-

nection could provide a data rate of multiple Gbps [49]. Iditidn, it is possible to implement
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power-over-ethernet (PoE) to supply the electrical powerifghting and communication to
each O-BS. Moreover, cost-effective backhaul designsdoas@©WC are also under investiga-
tion [51].

2.3 Front-end Elements

Currently, a major limiting factor to the performance of aWkystem is the front-end elements.
The key front-end element at the transmitter side is thet lsgturce that converts electrical
signal to light signal. Additionally, optics are used to gbdhe radiation pattern of the light
source. Light sensing device is the key front-end elemefiteateceiver side. Furthermore,
optical filter and concentrator are used to improve the cotmme quality. In this section, the
characteristics of the key front-ends elements at the ndtes and receiver side in the LAC

downlink system are briefly introduced.

2.3.1 Transmitter Front-end

At the transmitter side, commonly used front-end elememtnvert electrical signal to opti-
cal signal include LED and LD. A typical LED is made of semidaotor with ap-n junction.
Here the p’ and ‘n’ refer to thep-type semiconductor ang-type semiconductor, which con-
tain an excess of electron holes and electrons, respactiVvéhen a LED is excited by elec-
trons, incoherent photons are generated by spontaneoiasiond24]. Generally, a LED has
a diffused radiation profile. A radiation profile defines thaical power output in a specified
radiation direction. With decades of research and devedmpnhigh efficiency VL LED has
been developed, which has massively propelled the uptaké& @EDs in the modern lighting
industry. A LD is composed of an optical cavity which can boeithe photons back and forth
to cause a stimulated radiation [24]. Compared to LEDs, L&ysaperate under a higher level
of driving current. Moreover, LDs have a higher electrittalptical conversion efficiency and
a wider modulation bandwidth, which is very promising imterof communication capability.
However, LDs are currently more expensive than LEDs. IntamdiLDs have a very focused
radiation pattern, which is undesired in terms of eye-gd&#]. For indoor communication and
lighting applications, appropriate optics are necessagohvert the LD output into a diffused
radiation pattern. Some research shows that it is possilderivert LDs as communication and

lighting sources for indoor application [53,54]. Howeverther research and development are
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required to reduce the cost of such source. LEDs are widelgmed as a suitable candidate
for indoor VLC techniques and considered in most of relatadiss [55, 56]. Therefore, LEDs
are considered as the default optical source in this th&sme a LED is a type of incoherent
source, it is impossible to control the phase of the outpettedbmagnetic wave. Therefore,
IM in conjunction with DD is considered in this thesis. Thigams the signal amplitude is
proportional to the power of the optical signal. A number a$ioc characteristics of LED will

be briefly introduced in this subsections.

2.3.1.1 Lambertian Radiation Pattern

The light emission from a LED can be modelled by a radiatiaepa defined by a generalised
Lambertian law [26]. Relative to a given source location aridntation, the received optical

power with a radiant angle ef and a radiant solid angle can be calculated as [26]:

(m+1)

Popt,Q = Q]DoptT

cos™ ¢, (2.2)

whereF, is the total optical output of the LED source, amddenotes the Lambertian emis-
sion order, which is determined by the half-power semi-@rglm = —1/log2(cos ¢ 2).

In the case of naked LED source, the half-power semi-anglg is = 60°. In other cases,
appropriate optics can be applied to the LED source to shapeatliation pattern with nar-
rower beamwidth¢, , < 60°) according to the application specifications. This chanstic

is found to be very important to the CCI level in the downlinkLAAC network. The two
dimensional (2-D) and three dimensional (3-D) radiatiottgras of three LED sources with
¢1/2 = 60°,40°,20° are shown in Figure 2.3.

2.3.1.2 LED Optical Output

The output of the installed LED lamp should fulfil the indoBumination standard and pho-
tobiological safety standard [52,57]. In practice, maniaded metrics should be considered,
such as colour appearance, unified glare rating, illumiadexel, uniformity, retinal blue light

hazard exposure limit, retinal thermal exposure limit atwd &he value of these metrics have
to be kept within the permitted range. In this study, it is @cessary to consider all of these
metrics as they are not the major interest in a communicatystem. One of the most impor-

tant metrics in @ communication perspective is the opticahat of the lamp as it determines
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il

(a)

Figure 2.3: 2-D and 3-D views of LED source radiation patterns. {g), = 60°. (b) ¢/ =
400. (C) §b1/2 — 200.

the maximum strength of the transmitted signal. Theref=mple method is used to estimate

the light output that the lamp can provide.

According to [57], the required average illuminance in thasktare& for working place, typ-
ically 0.75 m above the floor, should not be less than 500 llUmminance is defined as the
incident luminous flux per unit area [58], and is denotedvas The illumination performance
of a single lamp is evaluated. Equation (2.1) implies thatmitted optical power per steradian
2 reaches the maximum when= 0° as long asn > 13. In a LAC system, this case corre-
sponds to the location that is straight below the lamp. Se #ssumed that the illuminance
in the task area right below the lamp equals the minimum redwalue specified in [57].
Firstly, the luminous output flux of the source can be catedaby ¢, = P, K./, Where

K,/ denotes the luminous efficacy which can be calculated as [58]

683 [ V(\) Popt (A)dA
[ Pope(N)dX

Koy = (2.2)

whereV () is the luminosity function against wavelengthand P, (\) is the spectral radiant

power density function of the lamp. With a given luminousputflux @.,, the radiant luminous

1The area where illumination is required [57].
2unit of solid angle
3This configuration is preferred to reduce CCI, which will bedduced in Section 4.3.1 in Chapter 4.
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flux to a solid angle of2 can be calculated based on (2.1) as:

(m+1) .
2

O, 0 =0, os™ ¢. (2.3)

Thus, the illuminance right below the luminary with a distarof =z can be calculated as:

A (m+1)

E _ o m+1 __ (m + 1)(I)V
M VoorA,

(cos0°) = (2.4)

22 2722

wherez is the vertical separation between light source and théhhefghe task area, and, is
the physical area of the receiving element. Therefore, theage optical radiant output power
should be: .
o,  27E,2?

POpt N Ke/v a (m + 1)Ke/v' (25)

With this configuration for the total optical power that tlzenp outputs, the resulting average
iluminance would be typically lower than the required \&aluSo it is assumed that the area
where illuminance level is not sufficient is complementedther lamps which have no com-
munication functionality. Considering a room height3om, with a¢, , of 20° to 45°, the
required luminous flux for a minimum illuminance of 500 luximsthe range ofil300 lumen

to 5300 lumen. This amount of power agrees with the specificatioroairoercially available
LED downlighters and LED panels for lighting in offices andfc areas [59, 60]. This high
optical power output of the LED sources ensures sufficigmadistrength for reliable commu-
nication. Note that the rated power of LED lamp for residantiome is typically lower than
this level (< 1000 lumen). In the case of low optical power output, a number adhods can be

used to guarantee enough signal strength, such as usirgyefficient modulation schemes.

A typical LED chip offers an optical power of about several ;mmtich is far lower than the
value that is required for standard lighting function. Ider to build a lamp with several
thousands of lumens, multiple small LED chips should begirstted to form a LED array,
which is equivalent to a single high power light source. Mafdhe high power LED products
are implemented with this method [59, 60]. Therefore, itdsuamed that the low output of a

single LED chip does not limit the performance of the LAC déink system.
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Figure 2.4: A typical relationship between driving current and outpptiocal power of a LED.
The red curve shows a typical non-linear relationship befthe driving current
and the optical output power. The blue curve shows an ideablised conversion
after pre-distortion.

2.3.1.3 LED Non-linearity

In the process of IM with LED source, there is a non-lineaatiehship between the input sig-
nal and the output signal [61]. A number of sources could ipbsgead to this non-linearity
characteristic. Firstly, the LED device has a limited dyimarange. In addition, the conversion
from forward voltage to forward current and the conversiamf forward current to light power
have a non-linear transfer relationship. Furthermore trdresition between digital signal and
analogue signal has a quantisation effect, which alsodatres non-linearity. Figure 2.4 shows
the relationship between input current and output optioalgr of a typical LED device. When
the input current is in the range ﬁfmin,fmax], the LED linearly convert the forward current
into the optical power within the range {)Popnmin, Popumax]. In order to maximise the out-
put electrical signal power per unit optical output, prstalition techniques can be used [61].
For the convenience of the following analysis in this thegiss assumed that by using pre-
distortion technigue, an idealised linear relationshipMeen input current and optical output
can be established as [24]:

I 10 < T < Iyax
P =4 S (2.6)

opt,max i > Inax

wherel denotes the input current to the LED, aigh denotes the conversion coefficient from
the input current to the optical output power, which inclsidee electrical signal amplification

and the LED quantum efficiency. An idealised linear relatlip between input current and
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output optical power is assumed on the condition that I,... The optical output power
is saturated at a fixed level @, max ON the condition thaf > I,,.«. Therefore, in order
to avoid signal being saturated, the input current has fd ful< 7(¢t) < Iax, Wherel(t)
represents the instantaneous input current at time in&tdrtus, the relationship between the

input current and the average optical output power can Engig:

Popt = nledEt[I(t)]- (27)

The electrical signal power conveyed in the light wave capdignated based on the relation-
ship in (2.7) with a specified dynamic range of LED and a spetifilipping configuration for
O-OFDM.

2.3.1.4 LED Modulation Bandwidth

The output frequency response of a LED typically shows apass characteristic. This is
because of the long carrier lifetime in the device activear@nd the large capacitance of the
LED device [62]. In order to characterise the LED low pasg|fiency response, a number of
expressions are used as approximations. For example, thealied magnitude response is

approximated by the following expression in several ssIfia]:

Hf) = 2.8)
1+ (27Tf7’c)2

where f represents the frequency, represents the response time constant, which is related to
the diode capacitance of the LED device and the carrieirtifetn the device active region. The
optical output waveform using LEDs transmitting a periostitiare-wave signal with different
response time constant is shown in Figure 2.5 (a). It imghes the raise and falling time of
the output signal determines the modulation speed of the. 0BDs, The magnitude response
results corresponding to Figure 2.5 (a) is shown in Figube(B). These figures show that a
LED with shorter response time constant has a shorter raddadl time, thereby achieving
wider modulation bandwidth. Commercially available LECs1@achieve a 3-dB bandwidth
of 2 to 20 MHz. As a result of significant research efforts owedigping high speed LEDs, a
number of advanced LED sources emerge [56, 63, 64]. Fomiostahe micro-LED achieves a
3-dB bandwidth of 60 MHz [30].
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Figure 2.5: (a) A typical LED low-pass response in time-domain. (b) AcgiLED low-pass
response in terms of normalised magnitude response.

2.3.2 Receiver Front-end

In order to achieve high speed transmission in LAC systemsgiving front-end elements
with high sensitivity and wide bandwidth are required. @utly, a PD is the most promising
front-end element in the receiver to fulfil these requireteeA PD is a type of optoelectronic
semiconductor that is able to produce a photocurrent thattoigortional to the power of the

detected optical electromagnetic wave [24], which is flédor the DD scheme.

2.3.2.1 Photodiode Characteristics

In most of the indoor VLC applications, only a very small tian of the emitted optical power
can be detected by a PD. Therefore, a PD with high sensitigityght signal is required to

achieve desired performance. To quantify the light to eurcenversion efficiency, the amount
of generated photocurrent per unit incident optical powedefined as PD responsivity,,

which can be calculated as [24]:
o )‘qnpd,qe (29)

whereg = 1.602 x 10~? C is the charge of an electrom,q . refers to the quantum efficiency
of the PD,h = 6.626 x 1073 Js denotes the Planck’s constant, anefers to the speed of
light. Thus, the generated photocurrent can be calcula@ef,@., = 1pdFPopt,r» WhereFPyp

denotes the optical power that is collected by the PD datecto

The selection of semiconductor materials leads to diffel@rels of responsivity at different
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ranges of wavelengths. Similar to the characteristics dEB/a PD is a capacitive electronic
device. Hence, a receiver with PD detector also exhibitswadass characteristic. In the
conversion from light to electrical signal via PD, the irend light excites free carriers. The
transit time of these carriers also leads to the low-pagores of the PD [24]. High response
speed of the PD is essential to accommodate high data rasmiission. Furthermore, the PD

design should be robust to temperature variation and cau#tl@noise as possible.

The optical power collected by a PD detector from the indidght is proportional to the
physical area of the PD. Therefore, in order to get a stroetgatrical signal, a large PD is
preferred. However, the capacitance of the PD is propatitmits physical area. Thus, in the
communication speed perspective, the size of the PD shaultslsmall as possible to ensure
a sufficient wide modulation bandwidth. Consequently, ddraff between the sensitivity of
the PD and the modulation bandwidth has to be considerecidehkign of the PDs. A viable
solution to this trade-off is to operate multiple PDs at thms time. In this way, the equivalent
physical area is the combined area of each PD, while the mespspeed remains the same as
that of an individual PD.

2.3.2.2 Types of Photodiodes

In general, there are two types of PDs. The first one is calbsitipe-intrinsic-negative (PIN)
PD. A PIN diode is constructed hytype andn-type semiconductor materials [24]. Between
these two parts, an intrinsic region with a ligittype dope inserted. For normal operation of
PIN diode, a large reverse biased voltage is applied adned®D, which results in the depletion
of free charges in the intrinsic region. The collected phstare concentrated on the intrinsic
region. The energy of the incident photons excite electrole- pairs. Under the electrical
field caused by the voltage across the PD, the flow of the fretrehs and holes leads to the
generation of the photocurrent. In VL spectrum region, itl@eved responsivity of a PIN PD
is in the range 00.2 to 0.4 A/W [24]. Responsivities of more than6 A/W can be achieved
in the IR spectrum range. The achievable 3-dB bandwdith df PD ranges from several
hundreds MHz to more than 100 GHz.

The other type of PD is called avalanche photodiode (APD), j@hich operates with a much
higher reverse bias voltage than PIN PD. It triggers an imagsation effect, which offers
a significant internal gain in the range of 50-300 [24]. Caopmmatly, APD can have a much

higher responsivity. However, this ‘avalanche’ effectoallsads to excessive noise and extra
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sensitivity to temperature change. Due to the internalecurgain, the resulting responsivity is

typically greater than unity.

2.3.2.3 Optical Concentrator and Optical Filter

In addition to the PD, an optical concentrator is normallglided in the receiver. The concen-
trator can be used to trade field of view (FoV) for extra siggaih [13]. The concentrator gain

is defined as:

112

ge = =5 Ly<ipey (V) (2.10)
c SIH2 wFOV Y<trov
wheren denotes the internal refractive index s the incident angle to the receiver, ang.y

is the FoV of the receiver. The indicator functidr (v) is defined as:

iy =4 b (2.11)
0 :ug¢gll

Although the PD is able to detect the desired optical sighatay also detect some unwanted
signal such as the excessive background optical noisee Bpectrum of this unwanted signal
is different from that of the desired signal, an optical filteade of glass or plastic can be used
to remove the undesired signal [13]. This process causesanrd of power loss due to filter
reflection or absorption. A filter loss factgr is defined to account for the power loss due to
the addition of optical filter. Therefore, for an amount oficgl power P, ¢, incident on the
receiver, the optical power that is collected by the PD deted,,; ., can be calculated as

follows:

Popt,r = Lopt,Q9fYc- (212)

2.4 Channel

In the considered LAC downlink system in this study, O-OFDdvuised for higher spectral

efficiency. In order to maximise the achievable data raféerdint numbers of bits are assigned
to each subcarrier [30]. The maximum permitted number of tépends on the channel gain
at the frequency associated with the subcarrier. Thergfdseessential to have the knowledge

of the frequency response of the LAC downlink channel.

As mentioned in Section 2.3.1.4 and Section 2.3.2.1, th&-fad elements, LED and PD, in-
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troduce low-pass responses. In addition, due to the reféeictiioor environment, the downlink
receiver collects signal from multiple paths. The effecdofnlink channel is equivalent to
a number of filters connected in series, which include therfdbrresponding to the effect of
front-end elements, the effect of free-space propagatiohother factors. Here the properties

of this channel filter can be characterised by its impulspaese as:
h(t) = hee(t) @ hs(t), (2.13)

wherehg(t) denotes the channel impulse response (CIR) due to thefieese $ight propagation
in the considered indoor environment, ald(¢) denotes the CIR due to the effects of front-
end elements. With the knowledge of CHRt), the corresponding frequency response can be

calculated by using Fourier transform as follows:

Hi - | Bt exp (—j2m o) dt = Hio(f) Hi(f). (2.14)

2.4.1 Channel of Front-end Elements

The net-effects of multiple front-end elements at both Hamdmitter side and the receiver
side lead to a channel with low-pass characteristics whicbonsidered in this subsection.
The front-end low-pass characteristics can be estimated & number of experimental results
[30,56, 65, 66]. In the considered experimental resultgeadf-sight (LoS) point-to-point link
was considered. Consequently, the free-space light patipagin these experiments causes
a scalar attenuation to the received signal. Thereforepras &s the frequency response is
normalised with respect to the gain at direct-current (DKy),effect of free-space propagation
and other gain or attenuation effects can be removed. FRjGrshows the normalised channel
gains against frequency, in the aforementioned experimental results. The 3-dB Wwadtt of
these systems are in the range from 10 MHz to 60 MHz. Sinceigfest sampling frequency
considered in this study is about 1 GHz, this low-pass eff@titsignificantly decrease the
signal strength when high modulation bandwidth are useceréfbre, the low-pass effect of

the front-end elements is crucial to the downlink perforoeaaf a LAC system.

In this subsection, a simple function is adopted to appraknthe normalised channel gain due

to the effects of the front-end elements respect to frequaag56]:

|Hee(f)” = exp <——> , (2.15)
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Figure 2.6: Normalised channel gain caused by the effects of front-é&rdents. The channel
gain information of ‘FE 1','FE 2','FE 3’ and ‘FE 4’ is extraptated from [56],
[66], [65] and [30], respectively.

whereFj, controls the frequency characteristics of the front-eedneints. The higher the value
of F}., the wider the modulation bandwidth. As shown in Figure thé,approximations offer

a good estimation of the low-pass characteristics measutbeé experiments. The property of
each front-end element may vary with different specificaior even with different copies of
the same specification. Therefore, it is trivial to chamsiethe exact property of the front-end

elements.

2.4.2 Channel of Indoor Free-space Light Propagation

In this subsection, the major components of the free-spaapgagation channel are introduced.
Primarily, if there is no obstruction between the transenitind the receiver, a line-of-sight
(LoS) channel exists. Secondly, there is a NLoS channelaltiestreflections by room internal

surfaces and other objects. For the convenience of chasicteLoS and NLoS channels,

the basic principle of the channel DC gain from a source efgérteea receiving element is

introduced first [13].
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Figure 2.7: Channel DC gain geometry.

2.4.2.1 Channel DC Gain

As shown in Figure 2.7, an optical sourcg, with a location vector ofis, a direction vector
of 0; and an emission mode numberis defined. In addition, a receiving elemeR, with a
location vector ofi,, a direction vector of;., a FoV ofyr,yv and a physical area of; is defined.
Considering the source as origin, the emitted power withiergain solid angle will incident
on to the receiving element. Since this solid angle is exttgramall, it can be approximated
as:

A, cos
Q= 2 [s1].

(2.16)

whereD denotes the euclidean distance betweeibtaadR. Since it is known that the emitted
power with a solid angle df? and a radiant angle af at a source can be calculated by (2.1).

Then the collected power by the receiving elem@htcan be calculated as:

Hpc = (mj;ﬁ cos™ ¢ cos YLyp<ipp,y (V) (2.17)

where the quantitie®, ¢ and« can be calculated as [67]:

D = g, — @, (2.18)
cos ¢ = ds - (ay — ds) /D, (2.19)
cos ) = dy - (ds — dy) /D. (2.20)

where the operatorrepresents the dot product operation.
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Figure 2.8: lllustration of LoS propagation channel and NLoS propagatchannel.

2.4.2.2 Line-of-Sight Channel Impulse Response

The setup for LoS channel is illustrated in Figure 2.8. Th&IGIR can be directly calculated
based on (2.12) and (2.17) with a specified transmitgrand receivefRr as [67]:

(m+1)

h[O} (t7STX7RRX) = W

D
Apagege cos™ ¢ cos Ply<yp, (V)0 (t — ?> ) (2.21)

whered(u) represents the Dirac delta function andg, refers to the physical area of the PD.
Note that the resulted CIR should be scaled by the opticatl filissg; and optical concentrator

gaing. at the receiver side as introduced in Section 2.3.2.3.

2.4.2.3 Diffused Channel Impulse Response

A number of studies have been carried out to evaluate the MhaSnel due to the reflections
by the indoor internal surfaces [23,67—-70]. Generally, lzoaliroom is defined with a certain
size and internal surfaces with fixed reflectance, as shoviAigire 2.8. Typical room inter-
nal surface such as plaster wall causes a diffused refleclibe specular reflections caused
by mirror or windows are considered as rare and special cd$esefore, the research in this
study focuses on the channel caused by diffused reflectitms NLoS channel due to human
body and other objects are difficult to predict and model. d)@gving more comprehensive
channel models including these extra NLoS components nesyflirther investigation. Thus,

the effects of human body and other objects are not considarthis study. There are two
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popular methods based on ray-tracing technique to caécthatNLoS CIR due to the internal
surface reflections. The first approach uses a determinigtibod to calculate the NLoS chan-
nel [67], while the other approach is based on a Monte Carkbhate[68]. For the convenience
of description, these two methods are termed as determimsthod and Monte Carlo method,

respectively.

2.4.2.4 Deterministic NLoS CIR Calculation Method

In the deterministic method, the CIR is decomposed of meltimmponents due to different

orders of reflections as [67]:

his (t, Stx, RRx) = i R (£, Sty, Rie) (2.22)
i=0

wherehl! (t,S,R) is the CIR fromS to receiving elemernk undergoing exactly reflections.
In the case of = 0, it refers to the LoS CIR. To accommodate the numerical edrin of CIR,
the entire internal surface is divide inf@. blocks. The location vector and orientation vector
of each block are denoted &s anda,,, respectively. These blocks operate in both transmitting
mode and receiving mode in the considered NLoS channel.eltréimsmitting mode, thet®
block is treated as a source eleme$y, with a radiation mode number af In the receiving
mode, then'" block is treated as a receiving elemeRt,. The maximum incident angle can be
as large as/2 (vYr,v = 7/2), and the receiving block has a physical are@wf. In addition,
the received power should be scaled by the reflectivity oftlloek p,,. The CIR component
experiencingi reflections can be calculated based on the CIR componentiernp@egi — 1

reflections as [67]:

Ne
WU (t, S, Rie) = D 1l (£, S1y, R) @ BT (8,8, R
n=1

N,

m+ 1 <= pn cos™ ¢, cos iy, o D, ..,

= o Z D2 11/1n§ﬂ'/2(¢)h[1 1 t_Tv{amOml}vRRX AA?
=1 n

(2.23)

where D,,, ¢,, andy,, refers to the quantities betweefy, and R,,. The accuracy of this
method increases d¥. increases or equivalentix A decreases. However, the calculation of
an accurate CIR result requires a high computational cotitpléhereby taking a very long

time to generate a single CIR.
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Algorithm 1 : CIR simulation with Monte Carlo method

1: Initialise Py p(t) = 0forallt € (0, tmax)-
2: for niter = 1,2, -+, Nier dO
3:  Start to trace a light ray with a unity power and a random divec7 = 0, Popy = 1

4:  while 7 < tyax dO

5: Propagate the light ray until it reach any obstacle with aeifang distance ofD,
P=F+ L

6: Attenuate the power of the light ray with the reflectance efsbrfacePOpt = pPOpt.

7 Calculate the CIR contribution to the receiver using (2.24)

8: Generate a new direction for the following propagation eflight ray.

9: end while
10: end for
11: Normalise the result CIR WithViie, aShis(t) = Popt,n(t)/Niter-

2.4.2.5 Monte Carlo NLoS CIR Calculation Method

In the Monte Carlo method, a random propagation path isdraceach Monte Carlo iteration
[68]. By repeating the tracing process for a large numbemoés, a stable CIR result can be
generated. The Monte Carlo method is summarised in Algarith In step 1 of Algorithm 1,
an empty vector,, ,(t) recording the received optical power at time instaig initialised
with a maximum delay of,,.«. In step 3,150pt is defined to record the optical power loss in the
propagation, and it is initialised with a value ngt = 1. 7 is defined to record the time that
the ray has experienced, and it is initialised with a valueesb. As long as the transmission
time has not reachefy,.., the propagation continues. For each transmission fronpoirg to
another, the propagation distanfeis calculated. Based ob, the experienced transmission
time 7 can be updated. In addition, the output power for the nextggation will be attenuated
by the reflectivity of the contacted surfape Furthermore, the power contribution to the CIR
optical power vector from the current point is updated ugrt. For the next propagation, a
new random direction should be generated. In step 3 and sieplgorithm 1, the probability
of each possible direction is proportional to the radiafiiensity along that direction. With
a large number of iterations of the same tracing proces#Vigr times, the final CIR can be
calculated by normalising,,; »(t) with the number of iterationsVi..,. The details of the
Monte Carlo method are provided in [68]. As long &s.; is large enough, an accurate CIR
with low noise can be obtained. This method requires lespatational complexity. However,

due to the randomness in the calculation, minor simulatroor és inevitable.

P, opt Apd

P0pt,h(7A') = P0pt7h(%) + D2

Ly<z/2 (1) cos ¢ cos . (2.24)
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2.4.3 Wavelength Dependency

In an OWC system, a number of quantities vary with wavelengtuch as the LED electrical

to optical conversion efficiencyy.q, PD responsivityy,q, receiver optical filter lossg;, and
room internal surface reflectange,In wireless IR communication, the spectrum range used is
typically narrow. Therefore, the variance of these paransewith wavelength is negligible. In
some cases, VLC systems are also using narrow spectrum famgexample, the white LED-
based VLC system using blue light component [71] and RGB lEBed VLC system [31]
belong to this category. Since the used wavelength rangarisw, the assumptions used in
IR system still hold. In another case, the VL signal includesider optical spectrum range.

Consequently, the analysed result should be integratedtioeeised spectrum as [72]:

Amax
f= A f (ea () 7ipa(A), g (M), (X)) X, (2.25)

wheref, represents a metric that is a function of the listed parameléote that the limit,.x

and iy are typically determined by the passband of the optical filtee dependency of the
system parameters on wavelength is complex and not tractidadluding it in the analysis of a
LAC system significantly increases the computational cexipl. Therefore, an approximation

is used in the remainder of this thesis for the system usinlg wptical spectrum as [72]:

Fa & (Theds Tlpd, Gt P) » (2.26)

which calculates the metrig, using the averaged parameters over the spectrum rangeenf int
est. Heregz refers to the average value of parametaver the considered spectrum range. In
the remainder of this thesis, any parameter that vary witteleagth refers to the value that is

averaged over the spectrum of interest.

2.5 Sources of Receiver Noise

In the point-to-point VLC link, noise at the receiver sideusas impairment to the system
performance. The effects of receiver noise also exist in L4Gtems. In this subsection,
different sources of receiver noise are introduced. Addilly, the calculation of receiver noise
power spectral density (PSDVY, is considered. Thorough studies on the components and their

characteristics were presented in the literature [24,B5lvever, current study focuses on the
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effect of CCI. Thus, the major source of receiver noise wisimaplified model is considered.

2.5.1 Shot Noise

One of the considered receiver noise is the so-called ‘shise’. Shot noise is resulted from
the particle characteristic of photon [24]. For an incidiegtit with constant power, the number
of incoming photons per unit time fluctuates with a Poissatridiution. This randomness in
number of arriving photons leads to the shot noise. If thelremof photons that the PD detector
received per unit time is large enough, the shot noise candmeled as an additive white
Gaussian noise (AWGN). The variance of the shot noise isqutigmal to the instantaneous
optical power received by the PD detector. However, theivedeoptical power is dominated
by the constant background light and the DC component ofifr@bk Therefore, the varying
of the shot noise variance is negligible, and the shot naisessumed to follow a Gaussian
distribution with zero mean and a varianceoﬁﬁOt = NoshotFs. The parameteF; represents
the modulation bandwidth. The terivy ¢ iS the corresponding shot noise PSD which can be

calculated as:
NO,shot = quopt,Rxnpda (227)

whereF,,; rx denotes the incident optical power to the PD detector atdbeiver. The source
of the incident light power,; rx includes the light from the transmitters and the light from
the background, such as the skylight from the window. Tloeegfthe incident optical power
can be estimated as:

Popt,Rx = Popt,led + ErpgApd (2.28)

whereP, 1.a @accounts for the power from the transmitters, which can beutzed based on
the method introduced in Section 24, ,,, represents the incident background light irradiance,
which can be obtained from existing data or experimentalsmnesment. Note that the effect
of ambient light in practice will be smaller as only the lighith the signal spectrum causes
distortion as long as an appropriate optical filter is usacaddition, APD is more sensitive to

the shot noise due to its Avalanche amplification effect.

2.5.2 Thermal Noise

Another receiver noise is termed as thermal noise. Therwigkris mainly due to the tem-

perature fluctuation caused by the resistive units in theivec circuit [24]. In most of the
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Figure 2.9: LiFi attocell downlink system configuration.

optical receiver, a transimpedance amplifier (TIA) is ingd to amplify the received signal.

The resistance of the TIA is a major source of thermal noidee fhermal noise can also be
modelled as an AWGN with a variance of, ., = No thermalFs, Where the thermal noise
PSD Ny thermal C@N be calculated as [24]:

4KsT
NO,therma.l = RP; ) (229)

wherep denotes the Boltzmann’s constant with a valud 88 x 10~23 J/K; 7 denotes the
absolute temperature; ari®y, denotes the load resistance in the receiver circuit. Bintie

total receiver noise PSD can be concluded as:

4KsT
NO = 2(] (Popt,led + Er,bgApd) Tpd + RP; . (230)

2.6 O-OFDM-based Downlink Transmission

The downlink connection involves the transmitter of an OaB8 the receiver of an UE. In order
to take the effect of downlink CClI into account, multiple G Bansmitters are defined. In the

vertical dimension, these transmitters are typically athbight of the ceiling. In addition, the
downlink transmitters are directed to the floor. The desiesgtiver is defined with a specified
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height, typically at the desktop level. In the horizontadsp, the location of the receiver is
randomly distributed in the room. In the downlink transnuss the desired receiver interacts
with multiple O-BSs. To distinguish the signals from di#fet transmitters, an index =
0,1,2,--- is added to mark different O-BS transmitters. Generallg, @BS offering the
strongest downlink is selected as the serving O-BS. Thinfithis ‘tagged’ O-BS is defined
asi = 0. For the remaining O-BSs, if thé" O-BS is transmitting using the resources that is
used in the transmission for the desired receiver, the dolwsignal from theit! transmitter
causes CCI to the desired receiver, which is indicated Byl1. Here,1 denotes the set of
the O-BSs using the same transmission resource. Otheltviseises zero interference to the

desired UE. This downlink system is illustrated in Figur@. 2.

2.6.1 O-OFDM Transmission

As mention in Section 2.2.1, to ensure the high spectralieffdy in the LAC downlink, O-
OFDM modulation is expected to be used. In this subsecti@downlink transmission with
O-OFDM is analysed in link level. Figure 2.10 illustrate® tkey elements of an O-OFDM
communication system. At the beginning of the transmisstbe bit stream is coded and
mapped to QAM symbol& with unity average symbol energy. Then, evéfyQAM symbols

are grouped and converted to a parallel sequence which famn@DM frameX as [73]:

whereX (k) is thek™ QAM symbol in the OFDM frameX . According to the introduction in
Section 2.3.1, the limiting factor at the transmitter siléhie output power and limited dynamic
range of the light source. The electrical to optical corieerss carried out in time domain,

and the time domain signal strength associated with a spédifiht source configuration is

CCI & receiver noise

A add CP LED
Bit stream ! [Modulation] X [O-OFDM frame| X (k) T z(t)|add DC-bias|{(t) [D/A _» free-space é
& coding mapping & S/P - E/O|; "|optical channel

—
~
=

clipping
P/S

Recovered
QAM 5
Bit sink : [Demodulation|Y™P0lS  [0-OFDM frame | |Simple tap Y (k) S/p ol JE|

& decoding demapping & P /S| |equalizer FFT < remove CP . i
remove DC-bias D

Figure 2.10: O-OFDM transmission block diagram.
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Figure 2.11: An example of OFDM signal conversion from time domain touesgy domain
with Hermitian symmetry. (a) Frequency-domain OFDM fram#é @AM sym-
bols before IFFT. (b) Time-domain OFDM signal after IFFT.

important to the subsequent calculation. Therefore, the-tlomain OFDM symbol should be
normalised. In order to make the time-domain OFDM symbokhawnity power after inverse
fast Fourier transform (IFFT) operation, each QAM symboaisplified by a factor ot as

X = £X [74]. The value of the amplification coefficieitan be determined by the following

relationship:

¢ K—-1
=2 Xk =1 (2.32)
k=0

In an IM/DD-based O-OFDM system, the time-domain signal toabe a real and positive
signal. Consequently, in the formation of the OFDM framerrhigan symmetry should be
satisfied as:X(0) = X(§) = 0 and X(K — k) = X*(k) for k = 1,2,--- , & — 1,
where[-]* denotes the complex conjugate operation. An example of ORdal conver-
sion with Hermitian symmetry is illustrated in Figure 2.1There are two types of basic O-
OFDM schemes, namely direct-current-biased optical gahal frequency division multiplex-
ing (DCO-OFDM) and asymmetrically clipped optical orthogb frequency division multi-
plexing (ACO-OFDM) [73]. DCO-OFDM and ACO-OFDM use differeframe structures and
methods to avoid negative samples in time-domain. In DC@#&frame, K = %—1 symbols
are mapped t&X with k = 1,2,--- , K. Thus, the scaling factaf = /K /(K — 2). In ACO-
OFDM frame, K = & symbols are mapped t& with odd subcarrien{k =1,3,5,--- ,f().
This leads t¢ = /2. All QAM symbols in the OFDM frame are associated with theiique
subcarriers. The combination of the QAM symbols on carfienns the discrete time-domain

OFDM signal. This operation can be simply realised by goint IFFT operation as:

K-1 .
(t) = LK S X (k) exp (32;]“> . (2.33)
k=0

36



Background

Through this operation, the bi-polar discrete time-don@#DM signal can be obtained. Next,
a cyclic-prefix (CP) is added to the beginning of evérysamples of the discrete time-domain
OFDM signal, which allows the impairment of dispersive amarto be removed by a single-
tap equalisation at the receiver. Before the conversiom fetectrical signal to optical signal
with IM, the bi-polar time-domain signal should be convdrte a unipolar signal with limited
amplitude range via clipping and biasing. This process camldscribed by the following
equation:
I(t) = ox (V ((t)) + epc) (2.34)

whereepc denotes a normalised DC-bias level, denotes a sighal amplification factor that
makes the forward current fit the dynamic range of the LEDtfemd element, ant(u) rep-

resents the signal clipping function which is defined as:

€max DU 2 €max
V(u) = u ! €max > U > €min > (235)
€min 2 U < €min

whereen.x anden;, are the normalised top and bottom clipping levels, respelgt{74]. The
realisation of unipolar signal is achieved differently e ttwo considered O-OFDM schemes.
An example of the bi-polar discrete time-domain signalrafie IFFT in DCO-OFDM is shown
in Figure 2.12 (a). The basic concept of DCO-OFDM is addingsitive DC-bias to make the
majority of the negative samples to be positive as showngnut€i 2.12 (b), and the remaining
negative samples are clipped to zeros. Therefore, in DCOMDFepc is configured with

a positive value. An example of the bi-polar discrete tinoeadin signal after the IFFT in

%T(L%“TT&T% 2 ﬁ?ﬁﬂﬁ{ To = ”léT“éﬁ?:“T?J,”wé ng‘f‘LT?%

o

x(t)
o

x(t) + epc

o H4H | |

1 2 1

0 5 10 15 0 10 15 0 5 10 15 0 5 10 15
t t t t

(@) (b) (© (d)

Figure 2.12: lllustration of unipolar signal conversion in DCO-OFDM ar&CO-OFDM. (a)
Time-domain OFDM signal after IFFT operation in DCO-OFDM) (Time-
domain OFDM signal with DC-bias in DCO-OFDM. (c) Time-doma&aFDM
signal after IFFT operation in ACO-OFDM. (d) Time-domain DM signal with
negative samples clipped in ACO-OFDM.
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ACO-OFDM is shown in Figure 2.12 (c). It shows that the firsif samples are the opposite
numbers of the second half samplest + K/2) = —z(t)). Therefore, after the clipping of
all negative samples (Figure 2.12 (d)), the information lbamples can be recovered based
on this relationship. With a linear dynamic range/@f/,,.x|, DC-bias is zero in ACO-OFDM
(epc = 0). Then the electrical signal with unity power is amplified byaator of o, and
converted to optical signal by the LED front-end elementmvii¥l. The output optical signal

can be calculated as%,, (t) = Medl(t).

According to the Bussgang theorem, the non-linear clippguols can be modelled as follows
[74]:
V(‘T(t)) = nclipx(t) + nclip(t)a (236)

wherer.;, is a signal attenuation factor due to the clipping operaéiodn.;,(t) is the time-
domain clipping noise sample which follows a Gaussian ihigtion with zero mean and a

variance obfhp according to the Bussgang theorem.

2.6.2 Received Signal

A full buffer traffic model is assumed in the LAC downlink sgst. Thus, each O-BS is trans-
mitting signal concurrently. Therefore, the desired UEeiees the signals from th@" O-BS

and the O-BSs withi € 1. The received signal sample at time instaoan be written as:

y(t) = Npa <771ed10(t) @ ho(t) + > meali(t) @ hi(t)> + nRx(t), (2.37)
ien
wherengy(t) represents the time-domain noise samples at the receiasedBon the noise
characteristics introduced in Section 2.5, this receiv@sercan be modelled as an AWGN.
In conjunction with the clipping process modelling in (2.3the frequency domain received
signal sample on sub-carriérafter the fast Fourier transform (FFT) operation can betamit

as:

K-1

Y0 = S ulte (-2

t=0

= NpdMedTx (NetipXo (k) + Neiip,o(k)) Ho(k)

+ Mpamieads Y (MetipXi(k) + Natip,i (k) Hi(k) + Nux(k), (2.38)
ien
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where H; (k) is the frequency response of the VLC channel on/iﬁbsubcarrier;Nchp,i(k:)
represents the FFT af,ip, ;(t). Thus,Nqip ; (k) follows a Gaussian distribution with zero mean

and a variance of?

Clip» 8S well; andNgy (k) represents the frequency domain receiver noise,

which is modelled as an AWGN with zero mean and a variance?of The receiver noise

PSD, Ny, can be estimated by (2.30) introduced in Section 2.5. Wislarapling frequency

NoFs
£
Note that for the transmission of each OFDM frame, cil.rﬂy2 of the total K subcarriers carries

(modulation bandwidth) of-, the receiver noise variance can be calculatedf@ts:

information symbols and the corresponding symbols for Higeimsymmetry. Consequently,
the variance of the noise should be scaled by a factbf . After a single-tap equalisation, the
desired signal can be recovered to the original QAM symbB@|&:) with distortion, while the
summation of CCI from different interfering O-BSs is assdr@be converted into a Gaussian
noise. The Gaussian CCl assumption is based on the centittheorem (CLT) and because

of the fact that the interfering signal is not synchronisethwhe desired UE.

2.7 Signal Clipping

In O-OFDM transmission, the time-domain signal has beervexted to an approximated
Gaussian waveform, which has a very high peak-to-averagesmpmtio (PAPR). However,
the LED has a limited dynamic range as described in Sect®i.3. Consequently, to reach a
compromise between signal power and signal distortionsémeples with high amplitude are
clipped to make sure the signal varies within the permitegdye. This non-linear distortion is
expected to cause minor impairment to the transmissioneagrbability of generating signal
samples with high amplitude is typically low. A number ofdites have been carried out to

investigate the effects of this clipping process [37, 74].

In this study, the results in [74] are used to calculate thectf caused by the signal clipping
process. It is assumed that the ideal OFDM follows a Gaugdistribution. As shown in
Figure 2.13, a top clipping level,.«, a bottom clipping levet,,,;, and a DC-bias levelp are

defined. The configuration of these parameters should faéifallowing relationship:

UX(GDC + 6max) = Imax; (239)
ox(epc + €min) = Imin, (2.40)

where I,,.x and I, denote the maximum and minimum forward current for the LEBe T
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Figure 2.13: (a) A clipped bi-polar signal with unity power. (b) A clippaignal after the
addition of DC-bias and signal amplification to match the LEyhamic range.

assumption made in Section 2.3.1.3 that, = 0 leads tOenin = —epc andepax = Lmax _

Ox

€DC-

2.7.1 Optical Power Requirement

One of the important issues in the LAC downlink is how muchagtoutput power is required
to transmit a signal with certain strength and clippingatison. According to (2.7) and (2.34),

the output optical power can be calculated as:

Fopt = mealt[ox (V (2(t)) + enc)] = meaox (Ee[V (z(£))] + epc) , (2.41)

whereE,[V (x(t))] can be calculated based on the characteristics of trunGaedsian distri-
bution as [74]:

EV(x(t)] = emaxP[z > €max] + eminP[z < €min] + / " @)

€min

= €min (1 - Q(Emin)) + 6maxQ(Gmax) + fN(Emin) - f/\f(emax) (242)

whereQ(u) = \/%7 [ exp (—%) dv represents the Q-function; arfg (u) = \/%7 exp (—%)
is the probability density function (PDF) of the standardmal distribution. Note that in
the calculation off [V(x(¢))] with ACO-OFDM, €pin = epc = 0. A parameter denoted as
Ac is defined to evaluate the effective signal amplitude rangethe case of DCO-OFDM,
A€ = emax — €min- 1IN the case of ACO-OFDM, despite the clipping of negativeigles, the

missing samples can be recovered at the receiver side. foreréhe effective signal range
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Figure 2.14: Normalised optical output power varies witke.

should beAe = 2¢,.. ConsiderAe as given parameters, the required normalised optical
output powermf:“T{jx is calculated and the results are shown in Figure 2.14. lWwshbat with

the increase ofA¢, the required output optical power increases. For the s@gnalsamplitude
range, DCO-OFDM requires a much higher optical output paelative to the case of ACO-
OFDM. Furthermore, with the increase of DC-bias lexgl, the required output optical power
increases in DCO-OFDM system.

2.7.2 Clipping Distortion

As introduced in Section 2.6.1, the time-domain clippedhaigan be modelled as (2.36). The

attenuation factor can be derived as [37]:

netip = Elz()V(x(t))] = / N w()V(x(t)) far (z(t))dz(t) = Qemin) — émax)-  (2.43)
The clipping noise variance in the frequency domain can britzded as [37]:

oip = Elndip (6)] — E*[neiip(t)] (2.44)
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Figure 2.15: Signal-to-clipping noise ratio varies withe.

whereE[n2, ()] = EV*(2(1))] — n%;, Ele®(t)] andE[naip ()] = E[V(x(£))]. With further

eguation expansion, the clipping noise variance can bé¢enrés:

Uglip = f?nin (1 — Q(emin)) + 612naxQ(6maX) + €min A (€min) — €max S (€max) — nglip

+ Q(Gmin) - Q(Gmax) - (Emin (1 - Q(Gmin)) + 6maxQ(Gmax) + f/\f(emin) - .]‘;./\/’(Gmax))2 .
(2.45)

In the calculation ofy;;, and afhp with ACO-OFDM, the recovered signal at the receiver
side is considered. Therefore€,;, = —emax 1S USed in the calculation. In order to evaluate
the clipping distortion with different clipping configurahs, the signal-to-clipping noise ratio
(SCNR) is defined asyci, = % Figure 2.15 shows the results of SCNR varies with

It shows that in order to avoidCISl};gnificant clipping distortj Ae has to be sufficiently large.
It also shows that to achieve the same SCNR, ACO-OFDM regjlggsAe than the case of
DCO-OFDM. In the cases of DCO-OFDM, with the samye, a DC-bias ofepc = 0.5A¢

offers the lowest clipping distortion.

The results shown in Figure 2.14 implies that with a limitedoaint of average optical output
Pyt the output signal strength gets weaker with the increas&eofOn the other hand, the
results shown in Figure 2.15 implies that less clippingatigin can be achieved with a higher

value of Ae. Therefore, there is a trade-off between signal strengthclpping distortion with
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the configuration of forward electrical signal.

2.8 Cell Deployments and Spatial Reuse

In Section 2.4.2, it is noted that the characteristics obordfree-space channel depends on
positions / orientations of the transmitters and the rexsivTherefore, the channel frequency
responsef; (k) and the performance of the LAC downlink system are stronglyetident on
the spatial layout of the O-BSs. The significance of CCl is e most important factors to
the downlink performance, and the significance of CCl is meitged directly by the distance
from the closest source of the CCl to the desired receives diktance is closely related to the
cell deployment and the spatial reuse plan in the networkhvaie introduced in the following

subsections.

2.8.1 Different Cell Deployments

In RF cellular studies, a number of cellular models have bmmrsidered. Wyner model is
an one-dimensional (1-D) model, which defines the BS on atiagray [75]. It offers good
tractability for cellular study. However, the over-sinfation causes considerable accuracy
issue. Wyner model is suitable for studying the network éx&&nds in one dimension, such as
cellular systems along highway or railway. The most commaised model in cellular study
is the grid-based model [7]. In the grid-based model, BSpkreed on a 2-D hexagonal or
square grid. Grid-based model offers ideal 2-D BS layout, iarwidely used in system level
cellular Monte-Carlo simulations. However, due to the ratof the model, the position of
each BS is highly correlated and leads to intractabilityh® @nalysis based on this model. In
practice, the placement of BSs has a number of extra comnistrauch as geometric limitation,
population density, and output power. Therefore, non-lgeneous layout of BSs has been
proposed [76], and tools in stochastic geometry can be usdigei analysis to get tractable
result. Homogeneous Poisson Point Process (PPP) has lmgased in [77] to model the cell
deployment as a pessimistic estimation. However, the tegdwo BSs are placed closely is
not very likely in practice. To compensate the drawback ahbgeneous PPP cell deployment,
point processes offer better approximation to cellulawoet, such as hard-core point process
(HCPP), have been considered [78].

In a LAC network, the cell deployments used in RF cellularteyscan be adopted. In this
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Figure 2.16: Different cell deployments considered in LAC networksHE@X cell deployment.
(b) Homogeneous PPP cell deployment. (c) Square cell demoy (d) HCPP
cell deployment.

study, two grid-based models and two point process-basetklsibave been considered. The
grid-based model includes the Hexagonal (HEX) and squdtedeployments as shown in
Figure 2.16 (a) and (c). Square cell deployment is the sisbpgbgiout, which is perfectly
compatible to a cuboid room. It has been used in many OWCesguald practical lighting
networks. HEX cell deployment is less common in lightingwwak, but it is a desired layout
for LAC network as a hexagon shape offers a best approximatia circle. An optimised
performance is expected with a HEX cell deployment, but iy megquire extra engineering
work to redesign the lighting infrastructure in a room. Gosed network is expected to offer

good modelling to a well-designed LAC network with dedich@-BS layout.

The considered point process-based models include thedeamous PPP cell deployment and
the Matrn type Il HCPP cell deployment as shown in Figure 2.16 (b) @dThe spatial dis-

tribution of points in a homogeneous PPP is uniformly disiied, and the number of points
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per unit area follows a Poisson distribution. A HCPP is samib a PPP except an extra con-
straint that any pair of two points have a separation no leas & specified threshold. The
irregular placement of luminaries is mainly motivated bg fbllowing considerations: firstly,
the placement of a luminary may be limited by the wiring stuue in the room. Secondly, in
some cases, non-uniform illumination is required, whictangethat the lighting is enhanced in
certain parts of the room, but not in other parts. Also, ewerafuniform cell deployment, a
user may be absent in some cells. In that case, the downéinkrtrission can be switched off,
which results in a non-uniform cell deployment. Similar e tcases in RF cellular systems,
the point process-based models are expected to offer pgessigstimation. The case with PPP
cell deployment is expected to offer the worst case perfaon@aand in the case with HCPP
cell deployment, the consideration that two lamps are Ikslylto be co-located is included. In
the LAC network cell deployment modelling, it should be mbtkat LAC network is bounded

by the room edges.

2.8.2 Spatial Reuse Plan

The other critical factor to the reuse distance is the spadisgse plan of the transmission re-
sources. In order to avoid CCI in a cellular network, a commmathod is to divide the entire
network into multiple cell clusters [7]. Figure 2.17 showsBX cellular network as an exam-
ple. In the clusterk,s cells are deployed close together. The different colouthefcells in
the cluster show that the UEs in each cell use different ingsson resources. The network is
formed by tessellation with the cell cluster. This resowaitecation method leads to a decrease

in the number of neighbouring cells using the same trangomsgsource as shown in Fig-

cell cluster

Figure 2.17: An example of spatial reuse plan.
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ure 2.17. On the one hand, the CCI level is reduced. On the b#rel, the spectral efficiency
(available transmission resource per cell) is decreasdiis Method is also known as static
resource partitioning. The number of cells in a cell clusigris defined as the spatial reuse
factor, which is a key parameter to the performance of aleelletwork. Note that the case
of k.t = 1 is also known as universal frequency reuse (UFR). Since $pgiatral efficiency is

considered as the main objective in this study, only thexagh ~,; < 3 are considered.

2.9 Downlink SINR in LiFi Attocell Networks

In order to evaluate the downlink performance in a LAC nelkyiris essential to determine the
downlink signal-to-interference-plus-noise ratio (SINR number of other important down-
link system metrics, such as cell data rate, SINR statjstacpuire the SINR calculation for a
specified link setup as the basis. In a LAC downlink system,3WNR on subcarriek can be
defined as:

Peiec,0(k)

1(k) = T = (.46)
> icu Petec,i(k) + Pelles,o(k) + Ry

whereFe o (k) denotes the received desired signal powe,. ;(k) denotes the received in-

terfering signal power from thi&h O-BS;PQESO(/{) denotes the power of the received clipping

noise. According to (2.38)cc.0(k) can be calculated as:
_ 20 .2 2 2. 2 2 2
Pelec,O(k) =E |:|npdnled0xnclipX0(k)HO(k)| ] - npdnledaxnclipf |H0(k)| . (247)

Note thatE [|X0(/-c)|2} = 2. Similarly, the received interfering signal power on subiea &

from O-BS: can be calculated as:

Poec,i(k) = E [|77pd771ed0x (MetipXi (k) + Netip,i (k)) Hi(k)|2:|
= Mpalieacs (Wip + 0cp) | Hi(k)[* (2.48)
In the calculation of (2.48), it is worth noting thEt[|Xi(k:)\2] = 1. This is because of the

assumption that the CCl is converted to a complex GausgigalsiThe power of the received

clipping noise componentg8<'?

elec,0

(k) can be calculated as:
Pgégo(k) =E ‘UpdnledeNclip,z‘(k)HO(k)‘2} = ngdnidaiafnp | Ho(K)J?. (2.49)
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By inserting (2.47), (2.48) and (2.49) into (2.46), the SIBM¥pression can be expanded as:

2
a2 aip | Ho (k)| €2

v(k) =
2 2
Ofx + MaTiea 0 Ho(R)|” o2y, + 034703 (nzlip + Uzlip) >ien [Hi(k)|
-1 —1
2
16 [ Ho(k)| O 3ip

N 2 2 2 od - 0 €2 ’ (2.50)

(nclip + Uclip) %:/1 |Hi (k)" + gl clip

2
where the terngCLz2 is the reciprocal of SCNR. According to (2.14), the chanrehgn
clip

subcarrierk can be written as:
\H(k)|” = |He(k)|* | Hys (k)| (2.51)

According to the approximation function (2.15}:(k)|* can be calculated as:

kF;,
Hi (k)| = - 2.52
Hu = (- ). 252
fork =1,2,--- , K. In addition, the noise variance can be writtem§§ = Ngfs. Therefore,
the SINR can be rewritten as:
-1 -1
77311;,52 ‘Hfs,O(k)|2 Uglip
v(k) = — +52 1 , (253
2 2 ) S | Hy (k)2 NOFSQXP(KF;) Mips
Metip T Patp ) 2o i)+~ e

The configuration of)2,02 is related to the characteristics of the LED. If the limitifagtor
is the available average optical output power, the valugigf2 can be calculated based on
(2.41) as:
2 2 pc?pt
Medx = . (2.54)
‘ (Ee[V (x(1))] + enc)”

If the limiting factor is the linear dynamic range with a mexim optical output power of

Pyt max, the value ofy? ;2 can be calculated based on (2.6) and (2.39) as:

P2 "
2 2 opt,max
g0l = —optmax (2.55)
¢ (eDC + 6max)2
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2.10 Summary

In this chapter, the basic concept of a LAC network systembleas introduced. The essential
technologies to establish a complete LAC network have besmsksed. The characteristics of
the front-end elements for the LAC network downlink haverbegroduced. The downlink

channel components have been analysed, and the relatedettsmulation methods have
been briefly introduced. The O-OFDM transmission schemie thi¢ presence of CCl has been
introduced. The major source of receiver noise has beeemiexs The effects of adding signal
clipping have been introduced and evaluated. Finally, tventink SINR expression in a LAC

network has been derived.
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Chapter 3
Analytical Calculation of

Non-line-of-sight Channel Impulse
Response in Visible Light
Communication

3.1 Introduction

In order to accurately estimate the performance of a dowrdomnection in a light fidelity
attocell (LAC) network, the characterisation of downlinkannel is important. However, the
light propagation in an indoor environment is a complex pes; which leads to the difficulties
in modelling of the visible light communication (VLC) chaglnh The primary component of a
VLC channel is the line-of-sight (LoS) link which can be ately characterised by a simple
function [55]. In addition, the non-line-of-sight (NLoShannel components caused by the in-
door surface reflection leads to a major effects on the fregueesponse of the VLC channel.
A number of methods have been developed to characterisdiffisised channel [67-69]. How-
ever, most of these methods can only provides numericaltsesith a long computation time.
It is difficult to achieve a reasonable compromise betwegetability and modelling accuracy.
Furthermore, reflection and blockage caused by other ahjeath as human body, furnitures,
are rarely considered in the literatures. Thus, their &ffaad significance remains unknown.

Therefore, further research efforts are required for thveld@ment of VLC channel modelling.

In the LAC network downlink study, the LoS channel and the Blatannel due to the indoor
internal surface reflections are considered. Other fadtotbe free-space light propagation
channel is not considered due to the lack of available mddeixlude these factors. Wireless
infrared (IR) communication and VLC are similar in many agpe Firstly, low-cost light-
emitting diodes (LEDs) and photodiodes (PDs) are used. rigothe signal propagation
characteristics in wireless IR and VLC systems are simidvah systems use adjacent optical
spectrum. Consequently, a number of methods developednfoitaging wireless IR commu-

nication channel can be used for VLC studies [55, 79]. A wideded deterministic NLoS
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channel impulse response (CIR) calculation method has fregosed in [67]. In this method,
a cuboid room with internal surfaces causing diffusing rtites is considered. The internal
surfaces are divided into large number of small reflectiegneints. With a given locations and
orientations of transmitter and receiver, accurate CIRItean be obtained by calculating the
interaction between each pair of elements. The main drawdiietbis approach is its extremely
high computational complexity. A significant time in the mégde of days are required to
calculate a CIR result of a small room considering up'tborder reflections with a moderate
time resolution. In order to reduce the computation timegriosred methods based on DUSTIN
algorithm [69] and Monte Carlo simulation [68] have beengmsed. Both methods reduce
the computation time significantly. Especially for Monterl@anethod, an accurate CIR result
can be obtained within a period of several minutes. A physiwadel of the IR channel us-

ing a sphere model has been proposed in [70] to approximatiduency response of NLoS
channels. With respect to VLC channels, few studies hava beeducted in the geometric
channel modelling. It has been pointed out in [72] that sithee visible light spectrum in-

clude a wide range of optical spectrum, the methods developeireless IR communications
cannot be directly used in VLC channel calculation. The dédpacy on light wavelength is
considered in the deterministic CIR calculation methodlierCIR calculation in VLC [72]. A

method calculating NLoS channels in frequency domain has peoposed in [80]. Despite the
significantly computational complexity introduced by timgarsion operation of an extremely
large matrix, it has been shown that this complexity can geificantly reduced by using nu-
merical methods. User mobility is taken into account in [8¢].C channel characterisations
based on a commercial optical design software Zéiaxconsidered in [82]. A number of
the aforementioned studies of VLC channel modelling ofigmerical results for a number of

configurations, where generalisations are not straightfoa.

In the analysis of a LAC network downlink, some importanttegs metrics, such as SINR
statistics, average cell data rate, need to be evaluataslevéo, the evaluation of these metrics
requires large number of SINR samples, and each SINR saragigres the information of
multiple free-space channels between each downlink tréiesrand the considered downlink
receiver. If the deterministic or Monte Carlo method is uegenerate the channel with NLoS
components, a considerable amount of time would be requiBdhilar issues also exist in
many other VLC studies which require to calculate the majetrim of the study that takes the
effects of NLoS channel into account. For example, in a sthdy evaluate the performance

of a multiple-input multiple-output (MIMO) VLC system at &aus positions in a room with

50



Analytical Calculation of Non-line-of-sight Channel Imipa Response in Visible Light
Communication

the consideration of NLoS channel [83], the calculation ¢drge number of channels based
on wall reflections is required. Therefore, there is a denafnefficient method to calculate
the NLoS VLC channel, which motivates the research predentthis chapter. An analytical
closed-form expression of the LoS CIR with a ceiling-bounwedel in a diffused IR link has
been derived in [23]. Motivated by this approach, in thisdgtuve extend the work in [23]
and propose an analytical model to generate the NLoS CIR & Nhks. Firstly, we decom-
pose the complicated NLoS channel into a number of compenitlh less-complicated light
propagation categories. These propagation categoriedefireed according to the number of
reflections and the reflective surfaces that the light unmkesg Secondly, the analysis of the
channel with each category is carried out, and the CIR analyxpressions are obtained for
each category. Finally, the overall CIR is approximated asperposition of these CIRs for
each category. It is shown in this chapter that this methogtiges an efficient tight approxi-

mation for NLoS VLC CIRs considering up &3¢ order reflections.

The remainder of this chapter is arranged as follows. Thdysisamethodology presented
in this study is introduced in Section 3.2. A preliminarygreflection CIR calculation is
introduced in Section 3.3. The detailed analysis of the aomept NLoS CIRs and the cor-
responding analytical results are presented in SectionThé final approximated NLoS CIR
calculation is presented in Section 3.5. In addition, tHeutation accuracy and computation
time is evaluated and compared with the state-of-the-athoden this section. This chapter is

summarised in Section 3.6.

3.2 Non-line-of-sight Channel Analysis Methodology

In this section, the methodology of the proposed approacimadyse the NLoS channel in typ-
ical indoor environments such as cuboid rooms is presemedindoor environment in this

study is presented. Multi-path reflections caused by ialesurfaces inflicts major NLoS chan-
nel components. It is assumed that the room internal swgfeaaese diffused reflections with
fixed reflectance. In addition, a transmitter and a receixedafined with specified locations.
The considered orientation of the light source in this stisdgwards the floor as this is the most
common light deployment in practice. The considered oaigm of the PD detector is towards
the ceiling. The reason for this is two-fold. Firstly, theoposed method aims at providing
efficient CIR calculation for other VLC research, and a PDed&lr orientation of directing

upwards is used in many VLC studies. In addition, this cométian leads to CIR results with
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reasonable complexity, which is one of the research obfedf this study. In practice, the
fixed direction of PD detector can be achieved by using a mechladesign or by installing

multiple PD detectors with different orientations on thesiger.

For the convenience of analysis, the entire NLoS CIR can berdposed into multiple com-

ponents with respect to the number of reflections occurred as

[ee]
hNLoS(t) = Z h[l] (t)? (31)
i=1
wherehl! (t) represents the component CIR with light undergoing exact§lections. Despite
the decomposition according to the number of reflections cthmplexity of each component
is still too high for conducting a mathematically tractablelysis. In order to further decrease
the analytical complexity, each component Chliii(t) is further decomposed according to the

light propagation category. A number of major light propiéma categories are considered in

this study.
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Figure 3.1: (a) Light propagation in the case of transmitter-to-waihteceiver. (b) Light prop-
agation in the case of transmitter-to-floor-to-ceilingtteceiver. (c) Light propa-
gation in the case of transmitter-to-wall-to-ceiling-teeeiver. (d) Light propaga-
tion in the case of transmitter-to-wall-to-wall-to-reger. (e) Light propagation in
the case of transmitter-to-floor-to-wall-to-receiver) The notations of important
geometric parameters
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In the case oh!!(¢), there is only one category that the light propagate fromtriwesmitter,
reflected by one of the four walls, and incident to the regea® shown in Figure 3.1 (a). This
light propagation category is termed as transmitter-td-twareceiver (TWR). For the channel
of this category, the signal only interacts with a singlefatg. Consequently, the relation-
ship between the geometric characteristics and the tirmey ddlaracteristics of the channel
is tractable for analysis as demonstrated in [23]. In the cds:? (t), light propagation be-
tween different surfaces exists. The different combimetiof these propagations between dif-
ferent surfaces lead to four light propagation categorgeshteown in Figure 3.1 (b), (c), (d)
and (e). For example, in one of the categories, the emittgd from the transmitter propa-
gates via the floor and ceiling surfaces and incidents todheiver. For short, this category
is termed as transmitter-to-floor-to-ceiling-to-recei{€FCR). Similarly, the other three cat-
egories are the transmitter-to-wall-to-ceiling-to-igee (TWCR), the transmitter-to-wall-to-
wall-to-receiver (TWWR) and the transmitter-to-floors@ll-to-receiver (TFWR) categories.
The analytical complexity of these categories is highenttiat of TWR as the CIR calcu-
lation of these categories requires two two-dimensiondD)2ntegrations over two surfaces.
However, it is demonstrated that via appropriate approtiona and simplifications, analytical
CIR expressions can be obtained for several dominant adsg®ften these expressions have
one or two one-dimensional (1-D) integrations with finitailis. The channel categories due
to higher order reflections can also be defined in a similarnaarbut omitted due to the ex-
ponential growth of analytical complexity as the order dfeetions increases. Fortunately, it
is shown in the final results that the omission of these highder reflection CIR components

causes acceptable loss in accuracy.

Ideally, the entire NLoS CIR should be the superpositionhef IR components considering
all propagation categories. However, because of the uasidiy of the expressions for the
channel with some of the categories and the complexity cainst the superposition of the
CIRs with part of the categories that dominate the NLoS chhisnused to approximate the
overall NLoS CIR. In this chapter, the expressions for thR @ith TWR, TFCR and TWCR

categories are derived and used to estimate the NLoS CIRcHdmnels with TFWR, TWWR

categories and the categories corresponding to higher afiections are omitted in this study.
The reason is two-fold: the expressions for the CIR witheéhestegories cannot be simplified
and contains three or more unsolvable integrals. Theselvaide integrals would lead to
a significant increase in numerical calculation complexityaddition, the simulation results

show that the omission of these CIRs causes minor error ilNtteS CIR estimation in the
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cases with lower average room internal surface reflectimitwith room with medium / large
size. The analysis of reflection and obstruction caused lr@paque objects, such as human
bodies or furnitures, is complicated, and the generic méatethese effects have not been
developed yet. Therefore, it is assumed that the randonetshijethe room cause minor effects

on the channel.

3.3 Preliminary

In the following CIR analysis, the same method is used in phgach CIR calculation with
TWR, TFCR and TWCR. In this common method, a link from a lightice element via a
single diffused reflection by an infinite plane to a receiveigment is considered. A closed-
form expression for calculating the impulse response aflthk in a special case is presented
in [23]. However, the CIR result for the general case has eenlpresented in detail. For the
convenience of presenting the NLoS CIR results with TWR, RRDd TWCR, we extend the

work in [23] and present the expression for the general cateeifollowing subsection.

Ly,

Figure 3.2: The deployment of a single reflection light propagation ctedn

Figure 3.2 shows the setup for a single reflection channelig® source with a Lambertian
emission order ofn and an orientation of, = [z ys 25 iS Ls away from the plane. A receiving
element with a physical area of; and an orientation of, = [z, ¥ 2| IS L, away from the

plane. Both the light source and the receiving element Hagtojection points on the plane.
The distance between the two projection pointé s The effective reflectivity of the surface

is p. The CIR for this single reflection link is concluded in thdldaing proposition.

Proposition 1 With specified values fon, A, p, Ls, L;, Ly, 05 and d;, the impulse response
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for a single reflection channel can be calculated as:
p(m + 1)Ly L AU (t — =2) (27 dryg(t
Bt o) () = LA [T, 0" Das
T 0 dt
(3.2)
where
f(r,0) =
R™ (7“ (g cos 0 + yg sin ) 4 LeLbes 4 T o ) R (7“ 2y cos 0 + ypsin ) — Lelver 4 T )
8 LetLr r r Lo+L: rér
+ 9y
2LsLy,r cos 0 2L, Lyr cos 0 LgLQ 2
(7’2+7L§4Lr +L2+(L5+L ) <r2 SHRTER +L3+<LS+;;)2)
(3.3)
ctr/co(t) — (?t? — L3) (Ls — L,) Ly, cos 6
2 (c?t? — L cos? 0) (Lg + Ly)
drg(t)  2¢°tLy cos O (Ls — Ly) (L cos® 0 — Lg) — ¢ (c*t* + L cos® 0) \/cq(t)
de 2(Ls + L) (c2t? — LE cos? 0)2
A2 (2LeLy (26342 — L3 — LEcos?0) + (Ly — L) (2 — 13) )
n , 35
(Ls 4+ Ly) (c?t? — L cos? 0) /cq(t) (3:5)

Lo = /L3 + (Ls + L), (3.6)
¢o(t) = 4Ly L, (P12 — L} cos® 0) (P12 — L2) + (Ls — L) (42 — 13). (3.7)

In Proposition 1¢ represents the speed of light,(«) is the the unit step function, ard (u)
is the the ramp function which is defined &8:(u) = % (u + |u|). The expression off(r, )
is proportional to the power loss of the transmission thiotlge path via the poingr, §) on
the plane. All of the photons reflected by the pointgwatt), §) reach the receiving element

with a delay oft. Formula®(®)

simply denotes the first derivative ef(t) respect tat. The
detailed proof of Proposition 1 is given in Appendix A. Nadtat the orientation vectois and
o, are defined based on the Cartesian coordinate system shdviguire A.1 in Appendix A.
Figure 3.3 shows three example CIRs simulated using Montie @eethod and that using (3.2).
In the simulation of these CIR results, a receiving eleméwysizal area ofd, = 1 cm? and a
effective reflectance g = 0.74 are defined. The configurations for different setups aredist
in Table 3.1. The agreement between the curves generategl (3s2) and that simulated using
Monte Carlo method proved the calculation accuracy of tp@sed method with various link

configurations. The impulse response in a continuous tireesyis considered in this study.

55



Analytical Calculation of Non-line-of-sight Channel Imipa Response in Visible Light
Communication

450

1

Monte Carlo method

400 —o— Proposed method, setup 1
350 - b | —4— Proposed method, setup 2
% | —=— Proposed method, setup 3
300 |
w L
= 250
@ 200
(@]
150 r
100 r
50 r
5 10 15 20 25 30

Delay [ns]

Figure 3.3: Single reflection CIR simulation results calculated ugi®@)and the Monte Carlo
method. A receiving element physical areayf = 1 cn? and a effective re-
flectance opp = 0.74 are defined. The configurations for different setups aredist
in Table 3.1.

Note that the unit of the impulse response is ‘1/s’. The ougb@a continuous time system can
be written ag/(t) = h(t) ® z(t), wherex(t) refers to the input signal. In order to make sure the
input signal and output signal have the same unit, the iatggh(¢)d¢ has to be dimensionless.
Since the variable time is in the unit of ‘second’, the impulssponse function should use the

unit of ‘1/s’.

Parameten ¢1/o | Ls | Ly | Ly Os Oy
Setupl | 60° [3m|2m|1m|[001]| [001]
Setup2 | 40° |[Im|1m|1m|[001]]| [010]
Setup3 | 60° | 2m|1m|3m|[100]|[-100]

Table 3.1: Single reflection CIR simulation parameters

3.4 Detailed Analysis of Component Non-line-of-sight Chamel Im-

pulse Response

In this section, the CIR analysis for the channel with TWRCRrand TWCR categories are
presented. A cuboid room with a size Qf x [, x [, is defined. For the convenience of
description, a number of parameters related to the positbthe transmitter and the receiver
are defined. As shown in Figure 3.1 (f), the ceiling, the flowd ane of the walls are used as
referencesz, denotes the distance from the transmitter (ceiling) to therfplane;z, denotes

the distance from the receiver to the floor plafig;denotes the distance from the transmitter to
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the wall plane;D, denotes the distance from the receiver to the wall planetrémsmitter and
the receiver have projections on the line where the floorgolard the wall plane intersect, and
the distance between these two projection points is derag&d; considering the projections
of the transmitter and the receiver on the floor plane, thudég between these two projection

points are denoted d4§. These parameters are also illustrated in Figure 3.1 (f).

3.4.1 Transmitter-to-Wall-to-Receiver Channel Impulse Response

The CIR of TWR can be readily calculated using (3.2) with &eseof specified parameters. The
configuration of these parameters in (3.2) for TWR categemlosely related to the positions
of the transmitter and receiver in the defined room. FigudesBows the TWR geometry

associated with a Cartesian Coordinate system. From thmefep shown in this figure, the

configuration to (3.2) in the TWR CIR calculation can be foasd

Biie () = o a5 Do e e e} () (3:8)
where
Ly twr = \/ W2+ (2 — 2)7, (3.9)
Gtz = <2Lb_th %o) , (3.10)
o <— ZLb_tWZ - thfwr , 0> . (3.11)
D, Goom

Figure 3.4: Light propagation geometry in TWR category.
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600 r Monte Carlo method
500 r TWR setup 1
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é 400 —8— TWR setup 3
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Figure 3.5: NLoS CIR results with TWR category calculated ugiBi@) and the Monte Carlo
method. The configurations for different setups are listetable 3.2.

Figure 3.5 shows a number of CIRs in TWR category with diffiéreetups calculated using
(3.8). The corresponding CIR results generated using thetéGarlo method are also pre-
sented in Figure 3.5. The configuration of these setupstésllis Table 3.2. The configuration
of the remaining common parameters are listed in Table 318. agreement between the CIR

results generated by different methods validates the Cl&ulegion expression in TWR cate-
gory (3.8).

Parametell ¢1/,9 | Ds D, w Zr
Setupl | 60° |I1m | 1m | 1m|0.75m
Setup2 | 60° |[2m | 1.5m | 1m | 0.75m
Setup3 | 60° |[Im| Im | 2m | 0.75m
Setup4 | 40° [Im| Im |1m| 1.5m

Table 3.2: Setup configuration for the CIR with TWR category.

Parameter Symbol | Value

PD area/receiving area| Apq/ A, | 1 cm?
Wall effective reflectance Pw 0.74
Ceiling effective reflectance  p 0.38
Floor effective reflectance Pt 0.61
Room height 25 3m

Time delay step At 0.1 ns

Table 3.3: Default system parameters in the simulation of the NLoS Clpad of the NLoS
CIR.

3.4.2 Transmitter-to-Floor-to-Ceiling-to-Receiver Channel Impulse Response

In the TFCR channel category, the light undergoes two rédlestrounced by an infinite ceiling

and an infinite floor, respectively. Therefore, the CIR cltan is decomposed into two parts.
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Figure 3.6: Light propagation geometry in TFCR channel.

The first part of the CIR is a line-of-sight (LoS) propagatioom the transmitter to a point
ay, e ON the floor as shown in Figure 3.6. The CIR of the first part ef¢channel is denoted as
hgf(t). The second part of the channel can be treated as a singleticeflénk from the point
an e DOUNCed by the ceiling to the receiver. The correspondirig i€ldenoted aﬁg(zﬁ),
which can be calculated using the single reflection CIR modiéle overall CIR with TFCR
category can be obtained by integrating the convolutionfdyhgf(t) andhgl(t) over the floor

plane as:
i) = [ mane e e (3.12)
f

where® denotes the convolution operation, ang denotes the area over an infinite floor. For
the convenience of converting the 2-D integral into two 1regrals, the whole space is de-
fined by a three-dimensional (3-D) Cartesian coordinateeays-y-z and a cylinder coordinate
systemr-6-z. Both coordinate systems are shown in Figure 3.6. The origdefined at the
point right below the transmitter on the floor. Thus, in thet€sian coordinate system, the
coordinates of the poiny, 1., can be defined ag-cos ¢, rsin#,0). In conjunction with the
source position ofis +t., = (0, 0, 25), the CIR calculus of the first part channel can be calculated
as [26]:

t m+3 c

m+1 21 .2
dh%]f(t) _ (m+1)z] rdrd&(s . Vri4ag ’ (3.13)
2 (r2 +22) 2

whered(u) represents the Dirac delta function. The CIR of the secomdgbahannel can be

calculated using (3.2) as:

B2

fcr(t) - h{17Apd7p07zs7Zsfzr77:75b,tfcr76r,tfcr}(t)’ (314)
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where the floor has a mode number = 1; p. denotes the reflectance of the ceiling; both
the orientations of the floor and the receiver are upward tdsvthe ceilingoy, ifer = 0 tfer =

(0,0, 1); and can be calculated using the law of Cosine as:

7= \/7“2 + W2 — 2rW cosf. (3.15)

In order to reduce the computational complexity of the CIRwation, the following approxi-

mation toh[ ]

fer

(t) is used to eliminate the unsolvable integral in (3.14).

C

2 ~
2 Apapes? (s — ) Fratd (1 - V=TT

hi (t) ~ - , (3.16)
wcbt7 (1 — 7#(2551;%)2)
where the scaling functiof., is defined as:
0.107z 72
Fier = ( - j + o.o2179> % 1 (3.17)

The derivation of (3.16) and its accuracy are presented peAgdix B. Next, (3.13) and (3.16)
can be inserted into (3.12), and the 2-D integral in (3.1R)&converted into two 1-D integrals
as:

h[g / / L2 ( 7*2 + z2> pe(m + 1)z lrdrde
tfcr fer m-+3
- ¢ 2 <\/T‘2+Z§)

oo T

26Apdcpfpc(m + I)Z;nJrg (25 — Zr)2 rField (t - %)

m—+3 7 )
0 =7 2 (W) (ct—\/W) R €
(ctfy/r2+z3)

_dfdr,  (3.18)

where the termDy¢., denotes the shortest propagation path via p@int.. in the TFCR chan-

nel. Its value can be calculated as:

Diter = /72 + 23 + \/(2,25 — )2 4+ 72 + W2 — 2rW cos . (3.19)
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The term with unit step function in (3.18) indicates that a1zero value oﬁ@r(t) requires

ct > Disr, Which can be expanded as:

<02t2 — W2 cos? 9) r? — (02152 — W2 — (22— 2)* + ZSQ> W cos Or
1 A 2
+ Pt222 — 1 (02t2 — W2 — (22 — ) + 252) <0. (3.20)
With the satisfaction of (3.20), the integration range irl8 should be changed to a limited

region, and the unit step function in (3.18) can be modifieted/ (t — Dy ts../c), Where
Dy tfer = \/(3zs — zr)2 + W2. Thus, (3.18) can be further modified as:

2 9 27CApdppr(m + 1) 3 (2 — zr)2 7 Frald (t - %) dodr

3
m+3 7 2 2
w0 2(. /2 2 _ /3 2 o 22(22—2)
T ( T +Zs) (Ct T +Zs> <]- (Ct— —T2+ZS2>4>

higs () = (3.21)

Note that in the modification (3.21), the expression is mléd by a factor of2, and the
lower limit of the integral withy is change t@. This is because expression (3.18) is reflection
symmetric respect to the-axis. The integration limits; andt; in (3.21) can be calculated
by solving the inequality (3.20) with as the unknown variable. The solutionwgfandr, are

found as:

w (CQtQ — C%fch) + cteiter,2
2 (@)

vy = , (3.22)

ir( 2.2 2
w (c tt — thcr,l) — CtCifer 2

2 (22— 1i7?)

=N , (3.23)

2
2 _ 2 2 2 2 — 242 2 2 242 172
whereci, | = W=+ (225 — 2)" — 25 and ¢y, = (c t° — ctfcr,l) — 422 (ct - W )
To ensure the existence of real valuesofindr,, the terme? , have to be greater than zero,

which leads to the solution of the limitas:

ALCCOS QCt‘/TQJFZg’AC?t?*cgfcr,l > ctqfcrygfﬁ/(c?tffcffcr’l)
2rww 2(02t2*W2)
V= (242 2 ’ (324)
thtfcr’in(C ¢ 7Etfcr,1)
" 2(c2t2-W2)

A further simplification to (3.21) can be carried out by sotyithe integral respect th There-

fore, the final CIR expression for the TFCR category can b#ewrin a form with a 1-D integral
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as:
7 (%0 1 0.02179) (12 4 T2 — 200 2 ) gy (3 — Potir )y

)

27cApapspe(m+1)(zs—2) 22010 (ctﬂ/r2+z§ ’

i () =

tfer

(3.25)

Monte Carlo method
— — — TFCR, setup 1
————— TFCR, setup 2
““““““““ TFCR, setup 3
“““““““““ TFCR, setup 4

CIR [1/s]
&

20 25 30 35 40 45 50 55 60
Delay [ns]

Figure 3.7: NLoS CIR results with TFCR category calculated ugBg@5)and the Monte Carlo
method. The configurations for different setups are listetable 3.4.

Figure 3.7 shows a number of CIRs in TFCR category with diffiérsetups calculated using
(3.25). In addition, the corresponding CIR results gemeratsing the Monte Carlo method
are also presented in Figure 3.7. The configuration of theags are listed in Table 3.4.
The configuration of the remaining common parameters aellis Table 3.3. The agreement
between the CIR results generated by different methodgatalithe CIR calculation expression
in TFCR category (3.25).

Parametel] ¢, | W o
Setupl | 60° | Om | 0.75m
Setup2 | 60° | 3m | 0.75m
Setup3 | 40° | Om | 0.75m
Setup4 | 60° |Om | 1.5m

Table 3.4: Setup configuration for the CIR with TFCR category.

3.4.3 Transmitter-to-Wall-to-Ceiling-to-Receiver Chamel Impulse Response

In the TWCR category, a half infinite ceiling and a half infenvall are considered as shown in
Figure 3.8. The bound of the ceiling and wall planes is the ththeir intersection, and these

two planes extend infinitely to any other directions. Simitathe case in TFCR category, the
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Figure 3.8: Light propagation geometry in TWCR channel.

TWCR channel is divided into two parts. The first part of tharafel is from the transmitter
reflected by the wall to a pointy, ¢y, on the ceiling. The corresponding CIR is denoted as
hgic( t), which can be calculated using the single reflection CIRe&sgion (3.2). The second
part of the channel is a LoS propagation from the ceiling p@in... to the receiver which is
denoted a&m .(t). The overall TWCR CIR can be obtained by integrating the otrtion of
pedh2 (1) andn (¢

c2r

(t) over the ceiling plane as:

twcr // pcdhti]/c ® h£22]r( ) (326)

whereW, denotes the entire area of the ceiling plane. Similar to éise of TFCR category, a 3-

D Cartesian coordinate systerry-z used to define the space as shown in Figure 3.8. The origin
is defined at the projection point of the transmitter on thél plane. Thus, in the Cartesian
coordinate system, the coordinates of the ceiling p@int... can be written agx,y,0). In
conjunction with the source position @f (.. = (Ds,0,0) and the wall plane: = 0, the CIR

calculus of the first part channel can be calculated usir®) €&:

2
dht[:“]lc( ) = ﬁ{mvdAva7D87$7|y"6:,twcr76{;,twcr} (t) ’ (327)

where p,, denotes the reflectance of the wall. Note that the oriemtatectorso; =

s,twer
O wwer = (0,1,0) are based on the Cartesian coordinate system defined in App&nThey
are converted frond twer = b twer = (0,0, —1) which are based on the Cartesian coordi-
nate system defined in Figure 3.8. Similar to the case in TH@&Rmel, an approximation to
dp (4

twe

(t) is used to reduce the computational complexity. The apprateéd expression is given

63



Analytical Calculation of Non-line-of-sight Channel Imipa Response in Visible Light
Communication

as:
N m Do twe
o pulm e+ DB (2, m2) ol (1) Focld (8 — 22 ) dA
ARy (t) & — - — . (3.28)
5 DQ—;iQ)
n2t (14 22%5) (ﬁ_(s >
ttwc(t) 4 4c2t2
where B(uy,us) is the 3-function that is defined asBB(uy,us) f v (1 — v)¥2 " dw;

DS denotes the modified distance from the transmitter to thésusflace;z denotes the mod-
ified distance from thej, (.. t0 the wall surface; the shortest propagation distance tiwnm

transmitter via the wall plane @, v, is denoted a®)g twe = 1/ (Ds + x)2 + y2; and

2
2,2 D2 — 3? 3
9 c“t ( ) D +z
twe() =+ e (3.29)
In (3.28) and (3.29), the modified distand®s and: can be calculated as:
- D¢ Dy tw
D, = 50 twe , (3.30)
V(Do 2)? + 4y (mooss — 1)
= Dotwe | 1 — Ds . (3.31)
\/(DS + ) + 4y (m0045 — 1)
In the approximated CIR (3.28), the scaling facty,. can be calculated as:
Fwe = 2+ PoweDe (3.32)
\/(arJrﬁtwc O+ —1—08125%

where Sy = 0.8088 exp(—0.6878m) + 0.5304 exp(—0.007006m). The derivation of (3.28)
and the evaluation of its accuracy is presented in AppendiXt& second part of the TWCR
CIR K2 (¢

c2r

(t) can be calculated as:

C

(t) = M(g <t _ %) ’ (3.33)

c2r

where the propagation distance from paipt... to the receiveiD., is calculated as:

Der = \/ (5 — 2)” + (@ = D)2 + (y — W)~ (3.34)

64



Analytical Calculation of Non-line-of-sight Channel Imipa Response in Visible Light
Communication

Thus, by inserting (3.28) and (3.33) into (3.26), the ouérsWCR CIR can be calculated as:

2] peA - z)’ 2] Deor
h‘twcr / / 7TD§2r dh‘twc <t - %)

70 OopprApsti‘B (m;—Q’ m;—?) 2 (t _ %) thwcu (t _ M) dxdy
0

[

m—1

7T3D§2r (t_%) 1 + ﬁf ’ (Ct*DCQr)Q _ (Dg_ﬁt2)2 3
2™ (m+1)(z5—2r) 2 (t— D—Q) 4 4(ct—Dear)”
(3.35)

where the unit step function indicates that a non-zero vvaitléwCr t) requiresct > Do tywe +

Do, which can be expanded as:

(02152 - W2) yr - W <c2t2 +2(Ds+ D)z — (2 — z)* —W2—D? + DS) Yy

1 2
+ (D + ) - 5 (02t2 +2(Dy+Dy)x — (25 — 2)2 — W2 — D2 + D§> > 0. (3.36)

With the satisfaction of (3.36), the integration range ir88 should be changed to a limited
region, and the term with unit step function in (3.35) can loelifled ad/ (t — DO%) , Where

2
Dy twer = \/VV2 + (DS + \/(zs — zr)2 + Dr2> denotes the shortest propagation path in the
TWCR channel. Thus, (3.35) can be further modified as:

n2

Y Daar) Fooeld (# = 22250 ) dady

twcr

m—1

pb o won () (0 o\ (wipgp a2\
2™ (m+1)(zs— Zr)2 2 (t—@) 4 4(Ct*D62r)2

Twe

jﬂwpc paDsiB (32, 22) . (1 —
0

(3.37)

The integration limits); andys in (3.37) can be calculated by solving the inequality (3\86h

y as the unknown variable. The solutionspgfandy, can be found as:

w (C2t2 — C%WCLl + 2 (Ds + Dr) :C) + thtwcr,Q

D2 = 2 (22 — W2) ’ (3.38)
_ w (C2t2 — c%wcr,l + 2 (Ds + Dr) 13) - thtwcr,Q 3.39

wherec, ., = (7 — )+ W2+ D2 —DZandc?, . , = (¢ — &,y +2(Ds + D) z)’ -

4 (*t* = W?) (Ds + 2)?. To ensure the existence of the real-value solutiom; tandy,, the
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termc?, . o have to be greater than zero, which leads to the solutioretintegration limit:

VAT =T - D.) — (s — 2)? - D?
( ) |

= (3.40)
P (\/02152 —W?_ D, — Dr)
30
Monte Carlo method
251 — — —TWCR, setup 1
I [ . R I SE e TWCR, setup 2
720 S PP TWCR, setup 3
= 15 3 A TWCR, setup 4
\_) lO -
5 -
0 L N = e . -
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Delay [ns]
Figure 3.9: NLoS CIR results with TWCR category calculated ugi@dg7) and the Monte
Carlo method. The configurations for different setups ated in Table 3.4..
Figure 3.9 shows a number of CIRs in TFCR category with diffiérsetups calculated using
(3.37). In addition, the corresponding CIR results gemeratsing the Monte Carlo method
are also presented in Figure 3.9. The configuration of theags are listed in Table 3.5.
The configuration of the remaining common parameters aellis Table 3.3. The agreement
between the CIR results generated by different methoddatalithe CIR calculation expression
in TWCR category (3.37).

Parameter ¢,/ Dy D, w Zr
Setupl | 60° | 0.5m | 0.5m | 05m| 0.75m
Setup 2 | 60° 2m Im | 05m | 0.75m
Setup3 | 40° | 05m | 05m | 05m | 1.5m
Setup4 | 60° |05mM | 05m| 2m | 0.75m

Table 3.5: Setup configuration for the CIR with TWCR category.

3.5 Overall Non-line-of-sight Channel Impulse Response

In conjunction with analytical results for component ClRdifferent light propagation cate-
gories, the overall CIR can be accurately approximatedtlizithe geometric parameters with
respect to each wall, such &, D,, W, W, should be calculated as what follows. The defined

cuboid room with a size df, x [, x I, is shown in Figure 3.10. The space in the room is defined
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by a 3-D Cartesian coordinate system. The transmitteritutad defined atis = (s, Js, 2s)

and the receiver location is defined@&t= (., 9, 2:). Each wall is marked with a number
n = 1,2,3,4. The case witm = 1 andn = 2 correspond to the wall with = 0 andy = [y,
respectively. The case with = 3 andn = 4 correspond to the wall with = 0 andx = I,
respectively. Thus, the calculation of the geometric pa&tens can be found as the expressions
listed in Table 3.6. Then, the overall NLoS CIR can be caltedas:

twr twer tfer

4 4 R
hnwos(t) & Y higi Do P Wt ) 4 5 A Pe ProsWnd () 4 p BRIV 4y (3.42)
n=1 n=1

wherep |- (PemDrn Wk (1), B2 AP Do Wn} (t) andh[Q}’{W}(t) can be calculated using (3.8),

twr twer tfer

(3.25) and (3.37), respectively.

D%
(k) Dia Drg D s
ay y
Dr/ 2c
W
............................... Wi (W2) b

/z: ly

Figure 3.10: A cuboid room of siz&, x [, x [, with transmitter and receiver location af and
dy, respectively.

n | Din Dim W, W

T T

2 ly - gs ly - gr s g A A \2 ~ ~\2

3 3 3 (!Ts xr) + (ys - yr)
s r N N

4 Iy — & I, — &, ‘ys yr|

Table 3.6: Expressions for the geometric parameters in the proposedSNCIR calculation
method.
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3.5.1 Calculation Accuracy Evaluation

Figure 3.11 shows the NLoS CIR results based on (3.41) in eoisgn to the results of using
Monte Carlo method. The setups of the analytical calculatiand corresponding simulations

are listed in Table 3.7. In Setup 1 and setup 2, a small sqoare and a longer rectangular

3 ) Monte Carlo, any order
140 25 — — — Monte Carlo, 1** & 2! order
120 t ot L= Proposed
. 100 —
= 80 =157
=N S0t
5 3 10
40
20t >
0 0
0 100 0
Delay [ns]
15 4r
3 F
=10 w
~ ~
- =2
O 5t O
1 F
0 ., Y ——S g |

0O 20 40 60 80 100 120 140
Delay [ns]
(d)

Figure 3.11: NLoS CIR results with different configurations. The suli-@®, (b), (c) and (d)
correspond to the link setup 1, 2, 3 and 4, respectively. bfitemh to the results
generated using the proposed method, those generated tngniglonte Carlo
method considering all reflections and consideririand 2°¢ order reflections

are also presented.

room are considered, respectively. In setup 3 and setup d¢ch larger room is considered with
various transmitter / receiver positions. In setup 1, thadmitter and the receiver are close to
each other, and due to the small size of the room, the linkosecto the walls. Consequently,
the overall magnitude of the NLoS CIR is relatively higherdahe responses due 1& order
reflections dominate the NLoS CIR, especially for the responith short delays. In setup 2,
the increased indoor space and the increased transmitieivee separation leads to a NLoS
CIR with a decreased magnitude. In setup 3 and setup 4, tledeved transmitter / receiver
positions are further away from the walls. As expected, thgmitude of the CIRs due to*
order reflections decreases significantly. Compared todbke of setup 3, the distance between

the transmitter and the receiver in setup 4 is longer, anddfaen width of the transmitter is
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narrower. Therefore, the resulting NLoS CIR has a very Ispoase magnitude.

The accuracy of the approximation using the proposed methnds with the time delay. For
the responses with short delays (roughly the first 10 ns)ptbposed method offers excellent
accuracy. For the responses with medium delay (roughlyhandtO ns after the short delay),
the proposed method underestimate the CIR due to the omis$ithe response caused by
part of the2"d reflections with TWWR, TFWR categories and higher order ogifb@s. For the
responses with long delay, the proposed method over-dstitina CIR compared to the results
generated using the Monte Carlo method considering thand2"d order reflections. This is
because the proposed CIR calculation method with each gatipa category omits the effects
of the boundary of the surfaces, which introduces extraoresgs with long delay. However,
this over-estimation is lower than the responses causedgbghorder reflections. In another

point of view, it slightly compensates the omission of thgheir order reflections.

. Transmitter Receiver Half-power
Parameters Room size : . .
coordinate coordinate semi-angle
Setup 1 S5mx5mx3m (2.5,2.5,3) (21.50.75) 60°
Setup 2 5mx8mx3m (2,2,3) (2.5,6,0.75) 60°
Setup3 | 10mx10mx3m (4,4,3) (5,7,0.75) 60°
Setup4 | 1I0mx10mx3m (2,3,3) (8,7,0.75) 40°

Table 3.7: Link configurations correspond to the NLoS CIR results shiomFigure 3.11.

Figure 3.12 shows the corresponding magnitude respondeedltoS channels. It can be
observed that with the presence of LoS path between thertiiesand the receiver, the accu-
racy of the approximation using the proposed method varigsfrequency. For the magnitude
response with extremely low frequency (6 MHz), the proposed method underestimate the
response relative to the case with the Monte Carlo methosidering any order of reflections,
but roughly the same as the case with the Monte Carlo methosidering thels® and 274
order reflections. For the magnitude response with low aqy 6— 50 MHz), the trend of the
three curves is similar with a slight mismatch. For the magla response with high frequency

(> 50 MHz), the three curves are virtually identical.

3.5.2 Computational Time Evaluation

The calculation of (3.8), (3.25) and (3.37) requires sa@vonly one or two 1-D numerical

integrals. Therefore, the computational complexity ofi{3.is quite modest. In this section,
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Figure 3.12: NLoS magnitude response results correspond to the foupsetihown in Fig-
ure 3.11.

the computation time of the proposed method is evaluateghaoed with that of the state-of-
the-art methods. In this study, the numerical integration@.41) are implemented based on
the Trapezoidal rule, and the interval for each definitegrakis divided intoN bins. The
more number of the bins, the more accurate the calculatedt.r&nced is the variable in the
integral (3.8), the number of bins in the integral (3.8) ified asNy. Similarly, the numbers
of bins in the calculation of (3.25) and (3.37) are definedvasand N,, (V,)), respectively. It
has been empirically identified thafy = 50 , N, = 50 and N, = N, = 30 offer reasonably

accurate NLoS CIR results with short computation time.

The impulse response of a channel is in a form of a continuigusls In the actual CIR calcu-
lation, the result with a fixed time resolution is produced. iBcreasing the time resolution, a
more clear view of the CIR can be obtained to characterisetthanel with a wider frequency
range. Two link setups are simulated to test the computditioa of using different methods.
The indoor environment configuration is listed in Table 3.Be defined half-power semi-angle
is ¢1/2 = 60°, and the remaining parameters are the same as those listetle3.3. The first
link considers a small room with closely located transmiéted receiver in the room centre.

The second link considers a larger room with a distant séparbetween the transmitter and
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the receiver. Figure 3.13 shows the required computatioe th Matlab varies with the time

resolutionAt.

Parameters Room size Transmitter coordinate | Receiver coordinate
Setup 1 S5mx5mx3m (2.5,2.5,3) (2.5,2.5,0.75)
Setup2 | 10mx10mx3m (2.5,2.5,3) (7.5,7.5,0.75)

Table 3.8: Setup configurations in the computation time evaluation.

The considered calculation methods include the detertiinisethod proposed in [67], the
Monte Carlo method proposed in [68] and the proposed methtiid study. To ensure the fair-
ness of the comparison, up 8¢ order reflections are considered in the deterministic ntetho
and the Monte Carlo method. In the case of deterministic atkttihe block size is configured
based on the time resolution ds = 2c>At? [69]. In the case of Monte Carlo method, the ray-
tracing process is repeated until the normalised mean sgureosr (NMSE) of the CIR result
is less thar.5 x 10~3. Calculating low time resolution CIRXt > 0.7 ns), the deterministic
and Monte Carlo methods are able to calculate the resultsagbmputation time in the range
from a few seconds to aboud0 s. With the same time resolution, the proposed method is
able to finish the calculation with a computation time of l#sn0.1 s. With the decrease of
At, the required computation time for all three methods inseea The required time for the
deterministic method increases significantly. In the cds&to= 0.1 ns, the computation time
for the deterministic method is in the range from severakfitm more than three days. This is
because the increased time resolution leads to a signifidanteased number of blocks with
smaller size. Since the deterministic method considengoaisible propagation paths between
blocks and their combinations, the increased number okbleignificantly increases the com-
putational complexity. In addition, increasing the roomesiequires more number of blocks to
fill the larger internal surface area. Therefore, for theedwatnistic method, the computation
time also increases significantly with the increase of tlemrsize. In the case of the Monte
Carlo method, the increase of computation time with theebsz ofAt is not as significant as
that of the deterministic method. Witht = 0.1 ns, several minutes are required for obtaining
an accurate CIR result. This increase in computation tinteecause the time bin width gets
narrower with higher time resolution. A narrower bin widdquires more samples to average
out the noise caused by the random process. In setup 2, thigeess further away from the
transmitter. Consequently, the traced ray has a lower pilifyato reach the region close to
the receiver. Therefore, more computation time is requioedhe Monte Carlo method if the

separation between the transmitter and receiver incredsesontrast, the computation time
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for the proposed method increases slightly with the deereas\t. With a At = 0.1 ns, the
computation time for the proposed method is still less theaend. Furthermore, the required

computation time varies slightly for different link setups

—o— Proposed, setup 1
— © — Proposed, setup 2

10 5 \\ —8— Monte Carlo, setup 1
AN — & — Monte Carlo, setup 2
10 4 \(\ T —>— Deterministic, setup 1
L — % — Deterministic, setup 2
£ 10%
£ 102
3
=1
Z 10t
S
10°
10"
102 .
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1
At [ns]

Figure 3.13: NLoS CIR computation time with different calculation melho

3.6 Summary

In this chapter, a computationally efficient analytical huet was proposed to calculate the
NLoS CIR in typical indoor VLC deployments. In the proposedthod, the NLoS channel are
decomposed into multiple components with different catiego The categorisation is based on
the terminals and surfaces that the light undergoes. Basadimgle reflection CIR expression,
the CIR calculations for TWR, TFCR and TWCR propagation gaties are presented. In
order to reduce the computational complexity, suitable@gmation functions are used in the
calculation. By combining the CIR calculation for diffetggropagation categories, the final
NLoS CIR calculation scheme is proposed. The CIR resultsutated using the proposed
method are compared with those generated by using the Mante @ethod proposed in [68]
and the deterministic ray-tracing method proposed in [G¥Fomparison with the benchmark
methods, the proposed method can provide accurate CIRgésuNLoS channels with up to
2nd order reflections. Furthermore, the required time for thgppsed method is significantly
shorter than the benchmarks (typically less than a secoBétause of this computational
efficiency, the proposed method will be used in Chapter 4 &uexe the effects of the NLoS

light propagation on the downlink performance of LAC netigor
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Chapter 4
Downlink Performance of LiFi Attocell
Networks

4.1 Introduction

With the recent great advancements in research of opticaless communication (OWC) tech-
nologies and the demand of wide coverage OWC service, a fafieston the subject of net-
worked OWC have been conducted by other researchers. Thersuaif [19] have proposed a
cellular OWC scheme with traditional resource partitignio mitigate co-channel interference
(CCl) using a larger spatial reuse distance in an indooaieft (IR) wireless communication
system. In [84], the performance of optical wireless hatspeas compared to that achieved by
a radio frequency (RF) system. That study also investigdtedelationship between signal-to-
noise ratio (SNR) and the horizontal distance of a user egenp (UE) from the cell centre. A
visible light communication (VLC) system adopting cellutdaracteristics using a light shap-
ing diffuser was proposed in [85]. As one of the networked O8y&ems, a light fidelity (LiFi)
attocell (LAC) network not only provides high data transsioe and wide coverage, but also
offers a number of more advanced features as introducedapt€h2. Since a LAC network is

a newly proposed concept, many related research questitbmsraain open.

In this study, a number of fundamental issues related todlaltink performance of LAC net-
works are investigated using the downlink framework basedmtical-orthogonal frequency
division multiplexing (O-OFDM) introduced in Chapter 2.rgtly, a LAC network is deployed
within a single room surrounded by walls, ceiling, floor artkler objects. Thus, the effects of
non-line-of-sight (NL0oS) channel and network size are stigated by conducting simulations
using the proposed method in Chapter 3. In addition, thetsffef varying a number of key
system parameters, such as cell radius and light sourcaticatdpattern, are considered. This
is particularly important when piggy-backing the LAC netlwon existing lighting infrastruc-
tures which leaves little possibilities to optimise thewmrtk for communication. Furthermore,
the downlink performance with different cell deploymentsgulated or randomly distributed)

are evaluated. A series of downlink system metrics, suchgaslsto-interference-plus-noise
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ratio (SINR) statistics, cell data rate, are analysed amduated. Analytical expressions are
derived to efficiently calculate the values of these metsitBout using time consuming simu-
lations. Finally, the performance of LAC networks are conegawith that of other small-cell

networks to demonstrate the potential of LAC networks.

The remainder of this chapter is arranged as what follows:sthdies of the effects of NLoS
channel and network size are presented in Section 4.2. lio8et 3, the effects of varying
key system parameters and their configurations are analsgdiscussed. The downlink
performance of the LAC networks with various cell deploytsesre evaluated in Section 4.4.
The analysis of the SINR statistics with hexagonal (HEX) &uisson point process (PPP)
cell deployments are presented in Section 4.5. The anadydlse average cell data rate and
outage probability with O-OFDM and bit-loading is presehiie Section 4.6. The comparison
between the downlink performance of LAC networks and thathefother small-cell systems is
presented in Section 4.7. In the following LAC downlink siation or calculation results in this
chapter, the case with direct-current-biased opticalogitinal frequency division multiplexing
(DCO-OFDM) scheme is used as an example, and the system gtarartisted in Table 4.1 are
used if they are not specified. The orientations of the traters and the receivers are directed
downwards and directed upwards, respectively. The justifio is the same as that introduced
in Chapter 3 Section 3.2.

Parameters Symbol Values
Transmitter height Zs 3 [m]
Receiver height 2y 0.75 [m]
Receiver field of view Ymax 90°
Modulation bandwidth F 360 [MHZz]
Front-end device bandwidth factar  Fj, 31.7 [MHZz]
DC-bias level €DC 0.5A¢
Signal amplitude range Ae 6.4
PD responsivity Mpd 0.4 [A/W]
PD physical area Apg 1 [cm?]
Number of subcarriers K 512
Cell centre illuminance from O-B$ FE, 500 [lux]
Background illuminance E, be 100 [lux]
Absolute temperature T 300 [K]
Receiver load resistance Ry, 500 [€2]

Table 4.1: Default LAC downlink system parameters.
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Figure 4.1: Transmitter and receiver locations in a square room @itk 3 square cells.

4.2 Effects of Non-line-of-sight Channel and Network Size

In Chapter 3, an analytical method to calculate the NLoS ielimpulse response in VLC
systems has been introduced. In this section, the downliNRS based on the free-space
light propagation channel including the line-of-sight @oand NLoS light propagations are
evaluated in a case study. In addition, the correspondimgliitk SINRs based on the channel
with only LoS propagation are also presented for comparisoraddition, the performance of
the LAC downlink system deployed in rooms with different rhan of cells is evaluated. In

other words, the effects of varying the network size is abersd.

4.2.1 Effects of Non-line-of-sight Channel

In this subsection, the effects of NLoS channel is investigaising a case study with sim-
ulations. A LAC network deployed in a square room is congdein this case study, and
3 x 3 square cells are deployed in the room as shown in Figure 4led§e length of.5 m
for a square cell and a half-power semi-anglespf, = 40° for the downlink transmitter are
assumed. The simulated UEs are locatebats, 6.75), (3.375,6.75) and(1.125,1.125) in
setup 1, 2 and 3, respectively. Each UE selects the clos@isabpase station (O-BS) as its
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Figure 4.2: SINR varies with frequency in setup 1, 2 and 3.

serving access point (AP). The reflectance of wall, floor agiting are0.74, 0.61 and0.38,

respectively [82]. The LAC downlink system parameters mted in Table 4.1.

The vertical separation between transmitter and recesvégfined ag\z = z; — z,. According
to the configuration listed in Table 4.1, the correspondingis 2.25 m. The downlink SINR
is calculated by using (2.53) in Section 2.9 of Chapter 2.eNbat the method introduced in
Chapter 3 is used to calculate the NLoS channel impulse nsgp(CIR) of the link between
each transmitter and the receiver. The CIR due to the LoSngharomponent is calculated
using (2.17) in Section 2.4.2.1 of Chapter 2. The free-sf@iée from the:*® O-BS to the
receiver is denoted ds; ;(¢), and the free-space channel frequency respéhsgk) in (2.53)

can be calculated as:

> —j2mkFgt
Hs i(k) = / hes i(t) exp (]T> dt. (4.1)
0

The net-effect of the optical filter loss and optical concatar gain at the receiver side is
assumed to provide a unity gain for simplicity. The field oéwi(FoV) of the receiver is

assumed to bgo°.

The results of the downlink SINR varying with frequency i®wsim in Figure 4.2. Due to the
low pass characteristics of the front-end elements, theatiteend of the SINR decreases with

the increase of the frequency. Setup 1 represents the perfime of a UE in the cell centre

76



Downlink Performance of LiFi Attocell Networks

in the room centre, which offers the highest SINR resultsu®@ and setup 3 represent the
performance of UEs close to the room edge, which offers I@e@mlink SINR. Compared to
setup 2, the UE in setup 3 is closer to the room corner, butduraway from the interfering
0-BSs. Consequently, the SINR at low frequency for setupt8gker than that achieved in
setup 2. Comparing the case with LoS+NLoS and the case widndy, the SINRs with these
two cases match each other at frequency higher tharMHz. With an increase of frequency
in the low frequency range, the result with LoS+NLoS ostakkaaround the result with LoS
only. The variance of the observed oscillation is up to a f&v lth addition, the SINR with

LoS+NLoS is always lower than that with LoS only at DC.

Next, the achievable data rate is considered in this casly.sfliaking the advantage of O-
OFDM system, adaptive modulation and coding (AMC) scher@@kdre used to assign differ-
ent number of bits on each subcarrier according to the quoreing SINR level. In this study,
the AMC schemes listed in Table 4.2 are considered, whegmenotes the SINR threshold for
then'™ level modulation and coding, arg denotes the spectral efficiency (bits/symbol) of the

n'® level modulation and coding.

| AMC scheme 1 | AMC scheme 2
n || T, [dB] | &, [bits/symbol] || T}, [dB] | &, [bits/symbol]
0 - 0 - 0
1 9.8 2 -6 0.1523
2 13.4 3 -5 0.2344
3 16.5 4 -3 0.3770
4 19.6 5 -1 0.6016
5 22.5 6 1 0.8770
6 25.5 7 3 1.1758
7 28.4 8 5 1.4766
8 31.3 9 8 1.9141
9 34.3 10 9 2.4063
10 37.2 11 11 2.7305
11 - - 12 3.3223
12 - - 14 3.9023
13 - - 16 4.5234
14 - - 18 5.1151
15 - - 20 5.5547

Table 4.2: Adaptive Modulation and Coding

The AMC scheme 1 is the uncoded quadrature amplitude maoiul@®AM) [86] achieving a

maximum bit error rate (BER) target afx 10~3. This scheme is reliable and simple to im-
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Figure 4.3: Adaptive modulation and coding scheme in setup 1.

plement, and has been used in several experimental stBfigss, 66]. However, this scheme
achieves a relatively low spectral efficiency and the mimmrequired SINR is as high as
9.8 dB. The AMC scheme 2 is used in the Long Term Evolution (LTEStssn [87], which is
more spectrally efficient, and the lowest acceptable SINRGsIB. However, it is more com-
plex to implement. Figure 4.3 shows an example for setup i MIC scheme 1. The results
with LoS+NLoS and the results with LoS only are presentedaddition, the corresponding

results of using Shannon capacity are also provided for emisgn.

The SINR with LoS+NLoS is higher than that with LoS only on sosubcarriers, but lower
on the other subcarriers. In other words, more number ofasisloaded in the case with
LoS+NLoS on some carriers compared with the case with Lo bat fewer on the remaining
subcarriers. However, the accumulated sum rates inclualingubcarriers for both cases are
very close. This is demonstrated in Figure 4.4, which shdvesaccumulated data rate in
setup 1, 2 and 3 in the case with LoS+NL0S and the case with hyS Bhe accumulated data
rate results show little difference between the case with+ML0S and the case with LoS only.
Thus, it can be concluded that in the downlink analysis of LiBwvorks, the omission of NLoS
channel components would not introduce significant erréinénestimation of the accumulated
data rate. Therefore, the case with channel consideringlar8 light propagation is considered
in the remaining analysis and simulations for lower sinmipliand better tractability. However,

this does not mean the effects of NLoS channel are negligibleAC systems for all cases.
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Figure 4.4: Accumulated data rate in setups 1, 2 and 3.

The importance of NLoS channel depends on the metric thatnsidered in the research. For
example, if the exact bit-loading solution for highest date demonstrated in this section is

the major concern, the effect of NLoS would be important araltd not be omitted.

According to (2.17), the free-space light propagation dehgain with only LoS component in
(2.53) can be calculated as:

Apa(m +1)

He =
fs 2m D?

cos"™ ¢ cos YLyp<ipp,y (V) 4.2)

Assume a horizontal offsetbetween the O-BS and the UE, which is related to the Euclidean
distance between the O-BS and the UE-as- Az?> = D2. Therefore, the free-space signal
propagation channel gain can be rewritten as a function of

_ Apa(m + DAZ™ ey ()

fs,r — )mTJrg

2m (12 + Az?

(4.3)

4.2.2 Effects of Network Size

In this subsection, the downlink performance of UEs withd@n user locations is evaluated.
With large number of iterations in UE positions, the averagieievable data rate per cell can be
calculated for the considered LAC networks. Except theiagplatcation of UEs, the remaining

configurations and parameters are the same as those cedlside&ection 4.2.1. Furthermore,
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the LAC networks in a larger room with more cells are congdeio determine the effect of

varying network size.

N
o
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Figure 4.5: Cell data rate varies with network size.

Figure 4.5 shows the simulated downlink cell data rate of Lig@works with3 x 3, 5 x 5,

7 x 7 and9 x 9 square cells. It can be observed that with the increase wofonktsize, the cell
data rate decreases. This is because, there would be menfeiiimy O-BSs around each cell if
the network size increases, especially for cells away filoerbom edges. Consequently, the
increase of the CCl level leads to a decrease of SINR and a&lrdte. In an extreme case,
the network extend infinitely in the horizontal space. Theegponding cell data rate result is
also shown in Figure 4.5, which exhibits the minimal comgarethe cases with smaller finite
network size. This is because the number of surroundingfémieg O-BSs is maximised for
each cell in this worst case, thereby causing a maximisedi&€l in each cell. Note that the
simulation of ‘infinite’ network is achieved by consideriagsingle cell surrounded by a large
number of interfering O-BSs. Only the interfering O-BSstthasufficiently far away from
the considered cell (introduce negligible CCI) are notudeld in the simulation. This way of
simulation uses the characteristic that the downlink séttugp number and spatial distribution

of interfering O-BSs) respect to each cell is identical irirdgmite network.

Therefore, in the following analysis in this thesis, LACwetks with infinite network size are
considered. The reasons are two fold. Firstly, the LAC sysiéth infinite network shows
a worst case performance in terms of connection quality evetpto the cases with smaller

finite network. On the other hand, the performance charattar in each cell is identical
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in an infinite network. In other words, the analysis of a gingell is sufficient to reflect the
performance in the whole network. This introduces significaduction in analysis complexity,

which leads to tractable theoretical results in the dovkntiarformance analysis.

4.3 System Parameters Evaluation

The performance of a LAC network depends on many factors pkechby formula (2.53) in
Chapter 2. Some of the parameters can be controlled by afprediesystem configuration.
In this section, two key parameters closely related to thevord configuration are studied.
One of the parameters is the cell radiisn a grid based LAC network or O-BS densityin

a point process based LAC network. It determines the avanag@er of UEs that an O-BS
should serve and the number of cells in a room. The other peas the radiation pattern
of the light source, which is controlled by the Lambertianigsion orderm. The radiation
pattern defines the signal strength in any radiation dwadiiom the light source. These two
parameters determine spatial distribution of the recedesired signal strength by a UE within
each cell and the significance of CCI to other cells. Theesftwo configuration objectives are
considered which include the maximisation of desired digtvangth and the minimisation of

introduced CClI in this section.

4.3.1 Co-Channel Interference Minimisation

Here a mathematical analysis is used to determine the ajgi@petting forR andm with the
objective of CCI minimisation. Considering an O-BS with gtical output ofF,,; serving a
circular cell underneath it, part of the radiated signal eoveceived by the desired coverage
area, while the remaining signal power is incident on otleis@s CCI. Note that the received
electrical signal power monotonically increases with tbeesponding received optical power.
Therefore, in this section, the received optical power issatered instead of the received elec-

trical signal power for simplicity. Figure 4.6 shows the geary of this setup.

The considered O-BS &z away from the cell centre. In order to minimise CCl, it is jpreéd
to allow more radiated signal power from the O-BS to stay inithe coverage area of that
O-BS, and to let less signal power leak into other cells. & dptical power reaching the
desired coverage area is definedRs; 4, the objective becomes maximisitg, 4. Firstly,

the calculation ofF,; 4 should be determined. By considering the O-BS as the ortpim,
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Figure 4.6: Optical base station radiation geometry.

circular coverage area of the cell corresponds to a certdid angle. According to (2.1) in

Chapter 2, the desired signal powgy,; 4 for a certain solid angle can be calculated as:

opt d — // Popt cos™ gban (44)

Weell

The differential of this solid angle in (4.4]X) can be derived according to the geometry shown

in Figure 4.6 as:
dA  rdfdrcos¢

dQ= — = ————
D2~ AzZsec? )

= dfd¢sin ¢. (4.5)

By inserting (4.5) into (4.4), the 2-dimensional (2-D) igtation can be decomposed into two

1-dimensional (1-D) integration as:

m —|— 1 (27 [%a o
Popt,d = Popt / / ¢ sin pdpdb

= Fon <1 - <7m)m> ’ (4.8)

where ¢4 can be calculated byy = arctan(R/Az) as shown in Figure 4.6. The partial

derivatives ofp4 with respect tak andm are calculated as:

8Popt,d PoptR(m + )AZerl

_ 4.7
aR (AZQ + RQ) 777.+3 > 07 ( )
8P0pt a In VAZ2 + R2 Az ml >0 (4.8)
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which implies thatF,; 4 is a monotonically increasing function @& andm. This means

that less CCI can be achieved by using a larger cell size agerleell size will increase the
distance between each neighbouring interfering O-BS amd¢isired UE. In addition, using a
source with a narrower beam width would also decrease tleé € Cl as smaller half-power

semi-angle leads to a more collimated beam pointing to teeabbcoverage area.

4.3.2 Desired Signal Strength Maximisation

Since the Lambertian radiation pattern is used to modeligihe ¢mission from the source, the
further the UE is away from the cell centre, the weaker there@ssignal received. Conse-
quently, the UE at the cell edge receives the weakest sigoal the O-BS. In other words,
as long as the signal strength of the cell edge UE is high dncaig of the UEs in the cell

coverage area should have sufficient signal power. Theretbe objective can be converted
to maximising the signal power received by the cell edge Ukckvis R away from the cell

centre. According to the analysis in Section 2.4.2.1 of @vap, the received optical power by

a cell edge UEF,,; . can be determined as:

Popt Apa(m + 1) AzmH

- (4.9)
or (R2 + A22)"2"

Popt,e = PoptHfs,r:R =

Similar to the case of minimising CCl, the partial derivaswofF,; . respect tak andm are

calculated as:

8Popt,e _ PoptApd (m + 1)(m + 3)RAZm+1

— >, <0, (4.10)
OR o (R2+ Az22) "%
m+3 Apmt!
8Popt e PoptApdAz (1 o ((RQ-I-A,Z?)EQJL1 >>
B — = — . (4.12)
m 2AZ2 (R?2 + Az2) 2

which implies thatF, . is @ monotonically decreasing function Bf Therefore, for a source
with a specified radiation pattern, a smaller cell offerdkigreceived signal power for the cell
edge UEs. This is because a smaller cell size reduces tlanckstrom the cell edge UE to
the cell centre. On the other hanfd, . is a concave function af:, which means there is an

optimal value form to maximise the cell edge UE signal strength. By Iettﬂ% =0, the
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optimal radiation pattern can be calculated as:
= l/ln (\/32 n Az2/Az) 1. (4.12)

For the case of using a source with narrower beam width> ), the beam is over con-
centrated, which causes significant signal strength vegidretween cell centre UEs and cell
edge UEs, and the signal strength for the cell edge UE woutddereak for reliable commu-
nication. For the case of using a source with wider beam width< ), the beam is over
diffused, which causes too much power leakage to other aetishe overall signal strength in

the desired cell is not sufficient.

4.3.3 Parameter Configurations

From the analysis in Section 4.3.1 and Section 4.3.2, it edfodnd that appropriate settings for
R andm also depend on the value of each other. Therefore, the coafiguos of cell size and

source beam width should be interconnected. Apart fromebeairement of communication,

there are many other constraints on the configuration obcadl For example, if the cell size is
too large, the illumination performance will be undesiréd.extremely small cell size leads to
too many required O-BSs in the room, which increases thallason complexity and increases
the load of the handover process. In contrast, beam widtheodurce is more flexible, which
can be simply achieved by appropriate optical diffusergtesirherefore, the configuration of

R is considered as a given parameter, and the suitable seftings analysed.

According to (4.8) and (4.12), if» is smaller thann, both CCl increases and cell edge signal
strength decreases. ' equals or greater thafi, there is a trade-off between the two objec-
tives. Thereforeyn can be considered as a lower boundfor In a noise limited system, a
m closer tom is preferred. In the case of a CCI limited system, equatio8) (ghows thain
should be maximised to minimise the CCI level. However, apengoound should be set to
allow the cell edge UE signal strength to be high enough tiesehithe minimum acceptable
SNR. In order to find this upper bound, a simple metric is defirike ratio between the SNR
of the cell centre UEr = 0) to that of the cell edge UEr = R), which is denoted asp.
From the analysis in Section 2.9 of Chapter 2, it can be deliti@op is proportional to the

square of the ratio of received optical power by the cell meblE to that received by the cell
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Figure 4.7: The configuration of half-power semi-angle,, and the corresponding Lamber-
tian emission ordem against the cell radiug?.

edge UE as:
PoptHis o0 \ > Az=2m+3)
@:<Jﬁi;ﬁ>= ) (4.13)
PoptHfs,r:R (R2 + AZ2) m
For a fixedop, the required lower bound fan can be calculated as:
1
=2 3 (4.14)

n (1+ £)
According to [30] and [66], the achievable cell centre SNRaisund 30 dB. For uncoded
4 QAM, the minimum required SNR is approximately 10 dB. There, op = 20 dB is chosen

in this study. The result of, 712 and the corresponding, ,, againstR based on (4.12) and
(4.14) are plotted in Figure 4.7. It can be seen that the agbaeen the two curves is the
appropriate configuration region, which is the preferretirggs for¢, ,,. In the case that CCl is
the main limiting factoryn can be set to a value that is close or equahtavhich is calculated
using (4.14). In the case that receiver noise is the limifaagor, m can be configured to a
value that is close or equal t@, which is calculated using (4.12). Note that the cell shape i
different cell deployments varies from hexagon to irregygalygon, which is different from
the desired circular cell considered in this section. Hawev has been found that the general
characteristics identified in the case of circular cell de® &alid in the case with other cell
shapes using simulation studies. Furthermore, configuri@ networks with different cell

deployments using (4.12) and (4.14) generally leads toetgierformance.
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4.4 Cell Deployment

In Chapter 2 Section 2.8.1, a number of cell deploymentsidered in this study are intro-
duced, which include the HEX, PPP, square and hard-core poicess (HCPP) cell deploy-
ment. In this section, the downlink SINR statistics of the@.Aystems with these cell de-
ployments are evaluated and compared. Infinite networkessemed for the cases with all
cell deployments. In order to achieve a fair comparison betwthe cases with different cell
deployments, the cell size used with each cell deploymemtildnbe the same. In the cases
of HEX and square cell deployments, the coverage area for egltis identical. Despite the
difference in cell shape, the same cell size can be achiegyéetting the area of different cell
shape to be the same. Assume a circular cell radiug. dh a HEX cell, the distance from the
centre to one of the vertex is defined/sln a square cell, the edge length of the cell is defined

asRg,. To ensure the same cell size, the following relationshifmsikl be fulfilled:

R=,/==R (4.15)

Ryq = V7R (4.16)

In the cases of PPP and HCPP cell deployments, the cell sszeaigdlom variable, and the size
of each cell is different in the same network. A fixed O-BS dgn4 is defined to determine the
average number of O-BS per unit area. Since it is impossibésure the cell size constraint
for every cell in the cases with PPP and HCPP cell deploymantslternative method is to
let the average cell size to be the same as the coverage atlea @fuivalent circular cell as
A= #. In the simulation of HCPP cell deployment, a PPP with a dermdi A is applied
first. Then each point is tagged with a random number, and andigmt thinning process is
carried out for each marked node as follows: retain the nehnicele if there is no other node
within the circle centred at the marked node with a radiugzgf,. After the thinning, the
HCPP nodes density would be reduced. Therefore, to genarsée of O-BS locations with
HCPP of density\, the initial PPP density\y has to be [88]:

—In(1 - Aﬂ'thin)

Ap = 2 . 4.17)

thin

In Figure 4.8, the statistics of the SINR in terms of cumutatiistribution function (CDF)

of the systems with different cell deployments are shown@mdpared. The SINR statistics
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Figure 4.8: Compare the SINR statistics in terms of CDF at DC of systertisdifferent cell
deployments. An equivalent circular cell radius ®f= 3 m and a half-power
semi-angle o, ,, = 40° are used. For the results of the HCPP networks,;, =
1,1.7,2.4 m. Other parameters are the same as those listed in Table 4.1.

on different subcarriers have a similar trend. Here only $itdR on the DC subcarrier is
demonstrated as an example. An equivalent circular ceilisaaf R = 3 m and a half-power
semi-angle ofp; , = 40° are used. The remaining system parameters are listed ie %abl
Figure 4.8 shows that the SINR distributions of the squatevorx and HCPP network are
bounded by the curves for the cases of the PPP network and8Reneitwork within the SINR
region of interest. Similar to the conclusion drawn in [7le SINR distribution of a PPP
(HEX) network can be considered as a lower (upper) bounchioSINR statistics of the LAC
systems with other cell deployments. Therefore, it is ingrurto analyse the LAC system
downlink performance with HEX and PPP cell deployments,civtdre the two extreme cases

among all cell deployments.

4.5 Downlink SINR Statistics Analysis

When a UE has access to a network, the UE will have a randorhdéservice quality because
of the random location of the UE. The probability of recegyia certain service quality level

can be determined by calculating the statistics of the &abie downlink SINR. This metric is
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important as it directly determines the performance of a lo@vork, such as achievable data
rate and outage probability. The SINR statistics vary witlyé number of parameters, and it
also varies with different cell deployments. In this stuithg SINR statistics with HEX and PPP

cell deployments are studied as they are the two extremas eagatroduced in Section 4.4.

4.5.1 System Model Simplification

In order to simplify the following analysis and make the exadion tractable, the SINR ex-
pression (2.53) in Section 2.9 of Chapter 2 has to be modifieigstly, the NLoS channel
components are omitted as it is shown in Section 4.2.1 tigbthission introduces little vari-
ance in the downlink system performance. In addition, tmetion1,,<,,. ., () in (4.3) makes
the SINR expression a piecewise function, which causes exathematical complexity in the
analysis. Therefore, the worst case with a full FoM/efy = 90° is assumed, thereby making
1y<yry (¥0) always equal to 1 in the region of interest. Thus, by insgrf#3) into (2.53), the

simplified SINR expression can be written as:

1
(nglip + Uzlip> T+ Z(k) 2

A(k) = ; o ) (4.18)

nclipX E nCliP

where
X =82 +02)""7 (4.19)
T=3(r2+A2)7"7, (4.20)
i€
42Ny F, exp 12

Z(k) (%) (4.21)

g3 Ay (m+ 1)2 Az

4.5.2 Hexagonal Cell Deployment SINR Statistics

An infinite HEX network is considered in this analysis as tlegfgrmance of a LAC system
with an infinite network exhibits a worst case performanaajgared to the system with smaller
finite network size. However, it is unnecessary to consid@riering O-BSs that are too far
away from the considered cell as they introduce negligilld, @nd considering these O-BSs
leads to significant increase of analysis complexity. bst@2-layer HEX cell deployment is

considered to approximate the infinite network as showngoiei 4.9, and the user performance
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Figure 4.9: 2-layer HEX network model with polar coordinates.

in the central cell is analysed. In this study, all networkes @asumed to be heavily loaded. In
addition, the cases with,; = 1 andx,s = 3 are considered, since these cases are more likely to
achieve a spectral efficient system. In this model, a polardinate system is used to represent
the location of the UE and O-BSs. Each 2-D location has a pddistance to the origin and a
polar angle. A UE is:g away from the origin and has a polar anglé/pés shown in Figure 4.9.
Similarly, thei* O-BS is located atR;, ©;). Then the horizontal offset between thé O-BS

and the UE atr, #) can be calculated as:

7i(ro,0) = \/7“8 + R? — 2R;ro cos(f — ©;). (4.22)
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The UE at(r, #) in the central cell is served by tig" O-BS. The remaining O-BSs using
the same transmission resouré¢e=( 1) causes CCI to the desired UE. Since the coordinates
of all O-BSs are known, by inserting (4.22) into (4.18), tH&IB ~(k) can be calculated as

a function of the UE location. Thus, the statistics of the BIban be converted from the
random distribution of UE locatioriry, 6). Since the UEs are uniformly distributed in the
cell, the probability density function (PDF) of, and # should follow: f,,(r9) = %g and
fo(0) = 5=. The objective is defined &~ (k) < T, which calculates the probability that the
downlink SINR is less than a threshdld In conjunction with (4.18) and letting the probability

conditioning onrg, the following probability calculation can be obtained:

o2,
TatipX (% - nfn;g2> — Z(k)

Plv(k) < T|ro]) =P |Z > 5 5 o | - (4.23)
nclip + Uclip
exact
- — —approx
—44T
_46 / (a)
-48 : : : ; : :
0 1 2 3 4 5 6
-52.05+ b
=521} (b)
m_ ‘ ‘ i i i i
= 52'150 1 2 3 4 5 6
£ 68 -
)
-70r ©
-72r ¢
74 i i i i i i
0 1 2 3 4 5 6
-67.57 .
()
-68 : : : : : :
0 1 2 3 4 5 6
0 [rad]

Figure 4.10: Approximation to the CCI term in the case of HEX cell deplayimin configura-
tion (&) R = 3 m,x, = 1 andr = R m.m is calculated using4.14) Relative to
configuration (a), configuration (b) changego R/2, configuration (c) changes
R to 2 m, and configuration (d) changess to 3.
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The combination of (4.22) and (4.18) makean extremely complex function éffor carrying
out a PDF transformation. Therefore, this relationshipdeenZ and6 should be simplified

in order to make the calculation tractable. Figure 4.10 shttve CCl termZ in a HEX net-
work agains® with a givenr. It can be observed that with an increas# df (6|r() oscillates
between two extreme values with a period6f. This is because of the central symmetric de-
ployment of the interfering O-BSs. Therefore, an appro&elhis similar to the ‘flower’ model
introduced in [89] is used to simplify the relationship beemZ andf. The concept is to use
a cosine function to approximate the oscillation of the fioxcZ (6|ry). Firstly, Zp-(r¢) and
T390 (1p) are calculated, which are the functi@rof ry assuming & of 0° and of30°, respec-
tively. Both values constitute the oscillation bounds @& thnctionZ (6|ry). The expressions

for Zypo (r9) andZsp- (ro) can be calculated as:

3R 3R? 3R 3R?
Zoo (7‘0) = 1{,{rf:1}(f£rf) <2q <—7, T + A22> + 2q (7, T + A22>

+2g (0, 3R2 + A2’2> +2g (—3R, 3R2 + A2’2> +2g (3R, 3R2 + A2’2>

+ 2q (0, 12R? + AZQ) > +q (—SR, AZQ) +q <3R, AZQ) + 2q (—ﬁ 21R? + A22>

27 4

S
24 (? 7f +A22>, (4.24)

. V3R 9R? .
L300 (ro) = Lp,p=1 (Kar) (q (—\/gR, AZ2) +2q <_T’ - A" ) +q (\/gR, AZQ)

q (fié i Az2> +q (—2\/31%, AZ2) +q (2\/3151 AZQ)

2 4
. _ 3V3R 9R?
+2q (~VBR,9R + A2?) + 20 (V3R 9OR? + A2?) > +2q (—% - Az2>
3V3R 9R? -
+ 29 (% -+ A22> + 2q (0, 9R* + Az2) , (4.25)

where the function(z, y) is defined as:

-m—3
a(z,y) = ((ro + z)* + ) : (4.26)
Then, the approximated CCI term can be calculated usingotlmving expression:
7 _ Laoe (ro) + Zo°(ro) n |Z30° (r0) — Zoo (10)| cos(66). (4.27)

2 2
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Figure 4.10 compares the exact conditional CCI t&i(fr,) to the approximated or&(6|r)
with different system configurations. In the system withheatthe configurations, the approx-
imated modef (0|r;) matches well with the exact modg(f|r). The difference between the
two curves is minimal as shown in each plot of Figure 4.10.sTlitus reasonable to replade
with Z. By replacingZ in (4.23) with (4.27), the conditional probabilil~(k) < T'|ro] can

be written as:

2
%ﬁmX(%——”mp)—2Zuo

ﬁfi 52 I o I o
Ply(k) < T|ro] =P |cos(66) > h - 130 +I0 70
("ﬁhp + Uzhp) |Z300 — Zoo| 250 — Zor |
o2 X (A4 — Zaw 2Z (k)
T Netip™ \ T~ 72, &2 Taoe + Too 4.28)
= — — — arcsin — , (4.
2T (nzlip + Uglip> | Z30> — Zo| 250> — Toe|
where
1 x> 1
arcsin' () = arcsin(z) x| <1 . (4.29)
-1 < —1
The final CDF of SINR can be calculated by averaging (4.28) oyes:
R
PO < T = [ fulroPl() < Throldr
R o2 X (L — 2} 2z (k)
o 2rg arcsin! "Telip T ngpe? Z300 + Zoo d (4.30)
= [ &5 — —p arcsin - T 7o, '
s R TR (lelip + U(?lip) |Igoo — I00| |I30 IO |

which can be solved efficiently by using numerical methodasthls integration, the range of
ro is from 0 to R, which corresponds to the integration over the equivalentilar cell. This

approximation is made for simplicity.

4.5.3 Poisson Point Process Cell Deployment SINR Statisdic

Similar to the HEX network, an infinite extending network ensidered. However, the origin
of the coordinates is placed at a random UE [76] in the PPP. dse horizontal positioning
of the nearby optical O-BSs follows a 2-D homogeneous PPR avilensity ofA, as shown

in Figure 4.11. In the PPP case, a similar method is used tievetthe SINR statistics by
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Figure 4.11: Poisson point process network geometry.

calculatingP[y(k) < T'|ro] using (4.23). Similar to the case of HEX network, the distfidn
of Z is necessary. The exact distributionbis complicated to solve. However, the method
presented in [90] can be used to calculate the charactefistction (CF) ofZ conditioned on

To-

Since there is no dependency between the location of O-B8yrily significant variable in
this model is the Euclidean distance between an O-BS andetsieed UED;. The CCI power
termZ in (4.18) can be rewritten ag: = " ¢1(D;), where functiong; (z) = =23 Itis
assumed that the furthest O-BSdiaway from the UE and the interfering O-BS is not closer
than the desired O-BS whichig away from the UE. As shown in Figure 4.%3,is within the
range of[ry, a]. Since the interfering O-BSs are uniformly distributederttthe PDF of-; can
be found as:

2r;

fri(ri) = —— =3 To <1< a. (4.31)
a® —rg

Then the PDF of); can be calculated using the PDF transformation rule frolildas:

2D;
fp,(D;) = —, e+ A2 < D; < Va?+ Az (4.32)

2 _
a o

The conditional CF of is defined asz, (w|rg) = E [e/“Z«]. Since the number of interfering

O-BSsN; is a non-negative integer random varialye, (w|rg) can be extended as:
¢1,(wlro) = By, [E [/**|N; = n]] . (4.33)

Since eachD; in 7 is independent of each other;y, (w) conditioned onV; can be factorised
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as follows:

E %N, = n] = [[ & [40?)] = :

. (4.34)
o4 N

n a?+Az2% 9 pajwgi(D) "
([,
BecauselV; follows a Poisson distribution with a mean g‘-f; the corresponding probability

mass function ofV; can be written as follows:

—nx(a®=r3) (Ax (2 2y)"
PIN; = 1] = - (5 (= rd)) . (4.35)

n!

Next, equation (4.33) can be extended as:

[e'¢)
()O.Z-a (w|7”0) = Z]P)[NZ = TL]E [erIa‘NZ- = n]
n=0
W I~ VaZF A2 "
e Gt 3 1 (A / " 9peiem @) gp
=0 n! Rrf \/r(Q)JrAzQ
_Am a27r27f\/a2+A22 2De]'wgl(D)dD>
@ o Kopf < 0 \/W , (436)

where (a) uses the Taylor series &r By limiting a — oo, the CF can be calculated as follows:

0o . \p 1—-n(m+3
Gy Am (rf + 82" )) )

pz(wlre) = exp <Z nl kaf(n(m +3) — 1)

n=1

The proof for (4.37) is provided in Appendix D. Theoretigal(4.37) can be converted to
the corresponding PDF. However, this operation is inttdeta Therefore, an alternative ap-
proximation approach is used to obtain the PDF of the CCI.climulant generating function

respect t& can be written as:

= r(ge)”
In (pz(w)) = ; Ko (4.38)
By comparing (4.38) and (4.37), tmé" cumulant ofZ conditioning onry can be found as:

7_ Ar (rg + A22)17n(m+3)
Krg(n(m +3) — 1)

K

(4.39)

With all cumulants known, the corresponding' raw moment can be calculated recursively by
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the following set of equations:

1 n=20
K1 n=1
T . (4.40)
n=lf n—1
Kp + Z Kifbn—1 12> 2
=1 [—1

With all moments of the CCI power distribution known, an exgian of the PDF as a sum of
Gamma densities proposed in [91] can be used. This expaissi@sed on the Gram-Charlier

series and Laguerre polynomials. The Gamma density useldisrexpansion isfy (v) =

% for a random variablé@”. The expansion of the PDF is given as [91]:

1 —¢y OO
,Uozlev

fv(v) = Ta) > ALy (v), (4.41)
n=0

where the Laguerre polynomidly(v) can be calculated as:

(63 n - U dn
LE(v) = (=1)"v' % F (v

N (” ) (—1)"hlsy, (4.42)
=0 !

wherel is a non-negative integer, and

n+aflefv)

1 l>n—-1
Spt = . : (4.43)
M5 (a+e) :1<n-1

=l

The coefficients4,, in (4.41) can be calculated using the following expression:

_ (o) > o
A, = m/o fv(v) Ly (v)dv

_w 3 " _ n OOU v)av
n!F(a+n)Z< ! )( 1)151/0 lf\/( )d

=0

n!l(a +n) —\ 1

The expansion (4.41) requires the random varidbk® have its mean and variance equahto
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as:
E[V] =0} = a. (4.45)

Therefore, the CCI random variahfehas to be scaled to satisfy the condition in (4.45). So
V = BT is defined, wher@ is the scaling factor. Then the cumulants and moments gfiould
follow:

Brrt (4.46)

n

Ky
py = B"uk. (4.47)

=

Note thatx? andxZ equal to the mean and variance Bf respectively. Then the mean and
variance ofi” should beﬁn{ andﬂ%% , respectively. The value ef ands can be calculated in
conjunction with (4.39) and (4.45) as:

_ (2m + 5) (T‘(Q] + Az2)m+3
N m + 2

T 2 7T
a =Pk =Ky =

) (4.48)

Am(2m +5) (1§ + Az?)
Kot (m + 2)?

(4.49)

By substitutingsZ for V' in (4.41) and rearrangement, the conditional PBEZ|ry) can be

determined as follows:

[e'e] n ﬂacn T n an—lg—i—a—l
- (S ) (S50 ). we
n=0

11=0 12=0

where

op = ( 7 ) (—1)"lglsr, (4.51)

Next, the probability

P [I > i\ro] - [o F1(T|ro)dT

) n acm
- (Z s ) (Z gl (1o ﬂf)) (#52)

n=0 \Il1=
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wherel(uy, us) = fuoj e Yo"~ !dw is the upper incomplete Gamma function; and

o2
X (% - p;gs> — Z(k)
7= . (4.53)

2 2
pe+ Uclip

Becausey equals to the distance between the UE (origin) and the sp@#BS (closest node
to origin), the PDF ofry with node density ofA should bef,,(ro,A) = 21 Arge= "8 in a
PPP [92]. Then, the final SINR CDF can be calculated by combii.52) with (4.23) and

averagingP[y(k) < T'|ro] overr, as:
PO <T1= [ fulro. AP < Tlroldrg

-/ 2o $ (5~ PO, icﬁr(lﬁaﬁ) dro.  (454)
0

TAr2 | lo+a
€0 20 \i=0 nll(a +n) lo=0 p

Note that there is a summation with an upper bound of infinity{4.54) which makes the

calculation intractable. Therefore, the infinity upper bowf the summation is replaced by a
finite integer numbe®t. With the increase oft, equation (4.54) quickly converges to the case
of 91 = co. When calculating the result3} = 10 is found to be sufficient to provide accurate

analytical results. With this approach, (4.54) can be sbl&ng standard numerical methods.

45.4 SINR Statistics Results and Discussions

Figure 4.12 shows the SINRs statistics in terms of CDF aeltidwy different system setups
considering HEX and PPP cell deployments. The SINR at DCag/alas an example, and the
SINR at other frequencies decreases with an increase afdney due to the low-pass effect of
the front-end elements. The values shown in Table 4.1 aitiffee system parameter is not
specified for each setup, where the configuratiofiicdind £7, are in accordance with the setup
in [66]. It can be found that the numerical results calculatsing (4.30) and (4.54) agree with

the corresponding Monte Carlo simulation in the region tfriests.

In setup 1,R = 2.5 m, ¢y = 40° andk,y = 1. The results for both the HEX and the
PPP networks are shown. It can be observed that with the sgstens configuration, a PPP
network performs worse than a HEX network. In addition, tbasidered background light
level is 100 lux in illuminance. Therefore, the O-BSs openaith their full power to provide

enough illumination. The highest SINR of abd&@&dB shows that the noise at the receiver side
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setup 1
setup 2
setup 3
setup 4
simulation

>o% o

CDF
o
o

SINR at DC ~(0)

Figure 4.12: The CDF of the SINR at DC. Setup & = 2.5 m, ¢, /5 = 40°, sy = 1, 100%
output. Setup 2: same as setup 1 exeept= 5. Setup 3:R = 3 m, ¢, = 50°,
kee = 3, 100% output. Setup 4: same as setup 1 exdéft output and1000 lux
ambient light illuminance. Other parameters are listed &bl 4.1 if they are not
specified.

causes little effect to the system performance. In setupeXignal amplitude range is modified
to 5. This results in a more serious signal clipping distorti@onsequently, the highest SINR
in this system is limited by the clipping noise. In setupf8~= 3 m, ¢/, = 50°, Ky = 3.
Other parameters are the same as setup 1. The high reuseléac® to a lower level of CCI
and the overall SINR level improved significantly comparethvwhat of setup 1. Therefore,
the corresponding SINR is improved compared to the casetgp defor both HEX and PPP
networks. Setup 4 considers a special case with sufficlentiihation from ambient light with
an illuminance ofl000 lux. Thus, the O-BS works in a dimmed mode with only% of its
normal output. Due to the reduced signal power and increases level, the overall SNR
level is decreased to a range-e8 dB to 22 dB. This demonstrates that the system will work in

strong background light conditions, and even in dimmed mode

4.6 Downlink Cell Data Rate and Outage Probability

In this section, the average cell data rate and outage pititypatve calculated and analysed.

Since the information about the per subcarrier SINR andatsssics is known, different modu-
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lation and coding schemes can be assigned to each subeaiaietively according to the value

of v(k). The average achievable data rate in a LAC can be calculatad:u
-1 iﬁ Weea [T < (R) < Ty
Y rl () <n] -r[ () <n]).  ws

where W, is the bandwidth on each subcarrier. In the case of DCO-OFRM:= % -
1 andk = k. In the case of asymmetrically clipped optical orthogomebéiency division
multiplexing (ACO-OFDM), K = % andk = 2k — 1. The two AMC schemes listed in

Table 4.2 are used here.

Outage probability is defined as the probability that theresd signal SINRs on all subcarriers
are below the lowest SINR requirement for an AMC scheme. &Sime know that the value of
~(1) is the highest compared with the SINR on the remaining suiecsy the outage probability
can be calculated as:

Pout = P[7(1) < Tout]- (4.56)

700 — — — simulation
..... O Ky = 1, AMC 1
..... B kg = 3, AMC 1
600 Kyf = l7 AMC 2
' 500 T
= 400 | e
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Figure 4.13: Achievable cell data rate against cell radius The emission ordem is con-
figured based o1f4.14) Other system parameters are listed in Table 4.1 if not
specified.
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Next, the accuracy of the cell data rate calculation is eatally and the cell data rate / outage
probability performance of a LAC network is analysed. Thsutes with DCO-OFDM are
presented as examples as this modulation scheme offersrigghctral efficiency. The results
include the systems with the HEX / PPP network model and tsgsy with reuse factor of
ks = 1 andx,s = 3. The cell radiusk and the modulation bandwidth; are considered as the
variables for study. Figure 4.13 shows the cell data ratéhagthe cell radius?. As shown

in Section 4.5.4, a network operating with full transmissfgower from O-BSs will not be
limited by noise. Therefore, according to the analysis iati®a 4.3.3, the emission order is
configured based on (4.14) to achieve a better performancell Adge UE optical power drop
factorop = 20 dB is used, which has been justified in Section 4.3.3. Oths&esy parameters
are the same as those listed in Table 4.1 if they are not speciFor all of the systems, the
Monte Carlo simulation results show close agreement wighatiialytical calculations, which
prove the accuracy of (4.55). As expected, a HEX networkesygierforms better than a PPP
network system with the same remaining system configuratidme cell data rate generally
decreases with the increaseff This is because a system with a smaller cell has a highee valu
of m according to (4.14), which introduces less CCI to nearby &-B-irstly, the system using
AMC scheme 1 is considered. With the same cell deploymeatsystem with<,; = 1 always

achieves a higher data rate than the system with= 3. In the case of HEX cell deployment,

[EnY

—© —PPP, ks = 1, AMC 1

0.9 H —o—HEX, sy = 1, AMC 1
— & —PPP, k¢ = 3, AMC 1

0.8 [| —a— HEX, &, = 3, AMC 1
e HEX, iy = 1, AMC 2
o 07
. __ -0
B _o——©
= 0.6 o—-—9~
= D
ERYE e
2 05¢
°
o
o 04 r
o0
E
£ 03
)

0.2

0.1

0 = tas] = = = = = ul

1 1.25 1.5 1.75 2 2.25 2.5 2.75 3
Cell radius R [m)]

Figure 4.14: Outage probability against cell radiu®. The emission ordem is configured
based or{4.14). Other system parameters are listed in Table 4.1 if not $igelci

100



Downlink Performance of LiFi Attocell Networks

the ks = 1 system achieves 40% to 100% more data rate thamthe 3 system. However,
the k,y = 1 system always has a much higher outage probability thamthe= 3 system
as shown in Figure 4.14. For example, in the case of the HEXdeployment, the:,; = 1
system has an outage probability of about 30% — 45%. In cemttiaex,; = 3 system has
an outage probability of zero. In Section 4.5, it has beenatestnated that &,y = 1 system
with an appropriate configuration, the minimum SINR can bgt lebove—5 dB. Therefore,
using AMC scheme 2 in a HEX network, the zero outage proliglziéin be achieved even with
ket = 1. In addition, the cell data rate is further improved by 6046 Mbps.

450 r

—© —PPP, k=1
400 || —e—HEX, ky = 1

— 8 —PPP, k=3
— 8 HEX, k=3

350

Cell data rate s [Mbps]

50 100 150 200 250 300 350 400 450 500
Modulation bandwidth F; [MHz]

Figure 4.15: Achievable cell data rate against modulation bandwidthwith R = 2.5 m,
¢1/2 = 40° and AMC scheme 1. Other parameters are listed in Table 4tiejf t

are not specified.

The relationship between cell data rate / outage probglahid the modulation bandwidth is
examined, as shown in Figure 4.15 and Figure 4.16. A celugdi R = 2.5 m, a half-
power semi-angle of,,, = 40° and AMC scheme 1 are used in this system. Other system
parameters are the same as those listed in Table 4.1 if teayoaispecified. With an increase
of the modulation bandwidtl¥;, the cell data rate increases when modulation bandwidth is
low. This is because the more bandwidth that the system tisehjgher the data rate that the
system can achieve. However, when the modulation bandwidtieases further, the channel
quality on the high frequency subcarriers becomes worseanMhbile, the total transmission

power is spread to a wider frequency band. Thus the signa¢poweach subcarrier decreases.

101



Downlink Performance of LiFi Attocell Networks

Consequently, the increasing speed of the cell data ratemdtdulation bandwidth becomes
slower. In addition, with a further increase of modulaticantwidth, the SINR of the cell

edge UE becomes below the threshold for reliable transomissiConsequently, the outage
probability also increases with the bandwidth increaseshasvn in Figure 4.16. When the
modulation bandwidth is far beyond the 3-dB bandwidth, tagecimsignal power is wasted on
the subcarriers that are subject to unfavourable chanmelittens with the degradation of the
signal quality on the subcarriers which exhibit good ch&wpaditions. Consequently, the cell

data rate starts to decrease.
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Figure 4.16: Outage probability against modulation bandwidty with R = 2.5 m, ¢1/,5 =
40° and AMC scheme 1. Other parameters are listed in Table 4teif are not
specified.

4.7 LiFi Attocell Network versus Other Small-cell Networks

In this subsection, the performance of LAC networks are ameng to those achieved by RF
femtocell networks and millimetre wave (mmWave) indoomaaks. A LAC network achieves
a high communication performance due to its extremely depséial reuseR < [1,3] m).
Compared with RF femtocell systems, LAC networks have dively large license-free mod-
ulation bandwidth 100 MHz to > 1 GHz) availability. In contrast, a femtocell has a relatwel
larger cell size Riemto € [10,40] m) and a limited downlink bandwidth of abou® MHz [93].
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The modulation bandwidth of an indoor mmWave system, sudd0aSHz wireless personal
area network (WPAN), is generally in the range56f) MHz to > 2 GHz, which is typically
wider than that used by LAC networks. Therefore, a data rhtgpdo 7 Gbps achieved by a
mmWave system for a single link has been validated by sinoungaf94], while the maximum
data rate that has been achieved by a single LED source i$ 2hps [30], which can be fur-
ther improved with the development of high-speed front-eleiinents. One of the motivations
of using mmWave spectrum for indoor wireless communicaisonsing walls between adja-
cent rooms to attenuate the mmWave signal, thereby avogigmgficant CCI. In other words,
installing multiple mmWave APs in the same room for densdiapeeuse is unlikely due to
CClissue. Consequently, the coverage area of each mmWaie &gfial to the room area. In
contrast, multiple O-BSs (luminaries) can be installed sirggle room. This means the cov-
erage area of each LiFi AP is a fraction of the room area. Dukddifferences in downlink
capability per AP and in coverage area per AP, a normalisdtiariermed area data rate is
used for comparing the performance of LAC, mmWave and feeltoetworks. Area data rate

is defined as:
S

= — 4.57
Sarea Acell ) ( )
which determines the ratio of downlink data rate per celhi® ¢overage area per cell. Since
different type of small-cell networks have different ambahavailable modulation bandwidth,

the area data rate is estimated with various modulationvoiaitial 7.

Figure 4.17 shows the area data rate performance of diffeystems. The results of the fem-
tocell systems and mmWave systems are extrapolated frof84997] and [94,98,99], respec-
tively. In these publications, many networks with differ@erformances have been presented.
Some of the networks are optimised with dense spatial rextseagious interference mitigation

/ resource allocation techniques, while others with waaisegerformance are used as compari-
son benchmarks. Among these available data, the informafithe best case performance and
of the worst case performance is collected for comparisdhese extreme values can indicate
the range of the performance that different small-cell weks can achieved. However, the in-
formation of area data rate is not directly available in ttexdture, but can be estimated based
on other provided data. In order to calculate the area dé&tawith any possible modulation
bandwidth, area spectral efficiency (ASE) of the system lshbe estimated. In some publi-
cations, the information about the average spectral dffigi@nd the cell radius is available.

Thus, the ASE can be estimated by the ratio of average spefftcéency to the cell coverage
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Figure 4.17: Area data rate comparison among LAC networks, RF femtoeWarks and
mmWave networks. The configuration of the LAC downlink mystere listed in
Table 4.3. The remaining parameters are specified in Taldle 4.

area. In some other publications, spectral efficiency igpnotided, but the cell data rate and
the used bandwidth is given, which can also be used to egtithatspectral efficiency. How-
ever, the information about the coverage area is not prdvidesome mmWave publications.

In this case, a room of sizZ®) m x 10 m (coverage area per cell) is assumed. A coverage area
smaller than this size is not considered as it is unlikelyaweeha massive number of users in a

small room. High data density will be pointless if the netiis lightly loaded.

As shown in Figure 4.17, the ASE achieved by the femtoceilvogk is generally in the range
from 0.03 to 0.0012 bps/Haz/?. With a bandwidth ofl0 MHz, the area data rate achieved by
femtocell networks is in the range froir012 to 0.3 Mbpsin?. The spectral efficiency achieved
by the mmWave system is generally in the range fid2i to 11.25 bps/Hz. Considering a
room of sizel0 m x 10 m, with a bandwidth in the range @00 MHz to 2 GHz, the achievable

area data rate is in the rangelgfto 225 Mbpsin?.

The downlink area data rate of three LAC systems are als@pred in Figure 4.17. The cor-
responding configurations are listed in Table 4.3. The reimgiparameters are configured

according to Table 4.1. In setup 1, a low performance LACesyswith unregulated cell plan-
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Parameter Cell deployment Fie b1/9 R ket | AMC scheme
Setup 1 PPP 15.2MHz| 40° | 25m| 3 1
Setup 2 HEX 31.7MHz| 30 | 2m | 1 2
Setup 3 HEX 8l5MHz| 15 | 1m | 1 2

Table 4.3: Configuration of LAC downlink systems in the comparison witier small-cell
networks.

ning is considered. The low speed front-end element pasmgt = 15.2 MHz corresponds
to the results presented in [56]. Figure 4.17 shows that énfopnance of the LAC system
with setup 1 is within the femtocell performance range. Mvigth noting that the maximum
achievable data rate 8f82 Mbpsin? with a bandwidth 0200 MHz in LAC system setup 1
is much higher than those achieved by the femtocells withnalwadth of 10 MHz. Also note
that the performances of the systems using different baittiveire compared. This is because
of the difference in the costs and availability of the twodgpof frequency bands. For the
VLC system, the intensity modulation frequency band isliptanlicensed and does not cause
any interference to a system in an adjacent frequency bametefore, there is no requirement
for spectrum masks or leakages into neighbouring bands lmgether systems. In contrast,
the RF spectral resources are scarce and hence expensigetum?2 and setup 3, two LAC
systems with moderate and high performance are demortstratee front-end configuration
Ft, = 31.7 MHz corresponds to the results presented in [66], and the pégformance front-
end element$}, = 81.5 MHz corresponds to an experimental measurement of the sstesTs
presented in [30] which uses8-um gallium nitride LED. As shown in Figure 4.17, both LAC
systems perform better than the femtocell systems. For ft@ dystem with setup 2, a maxi-
mum achievable area data ratet6fMbpsin? with a modulation bandwidth ¢f01 MHz can be
achieved, which is in the range that a mmWave system canwvechiie particular, a maximum
area data rate af69 Mbpsim? is achieved by the system with setup 3 with a modulation band-
width of 1.26 GHz. This is abou® times higher than the high performance mmWave system
with a spectral efficiency of1.25 bps/Hz and a bandwidth @GHz. This result highlights the
huge potential of LAC networks in terms of downlink data dgnsvhich is extremely useful

when the user density is very high and the network is heavdgéd.
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4.8 Summary

In this chapter, the downlink performance of LAC networkssvexaluated. In order to opti-
mally design a LAC system, it is important to understand hew tketwork parameters such as
cell size and network deployments affect the system pedioo®. An analysis of the SINR dis-
tribution and the corresponding data rate assuming differell deployments was performed.
The analysis in this chapter offers an accurate estimafitrealownlink performance of a LAC
system that is subject to a large number of parameters. Tudy provides detailed guidelines
for appropriate configurations of these parameters. Beaaiithe potential benefits of combin-
ing LAC networks with existing lighting infrastructuresadue to other practical constraints,
optimised regular HEX cell deployments may not be alwaydeselble. Therefore, in this
study, several other network topologies such as squareaanidm cell deployments were also
considered. In particular, a LAC network with PPP cell dgpient was considered to closely
model a random scenario where there are no underlying niefpl@nning considerations. The
extensive simulation study confirms that the HEX and PPRdeglloyments represent the best
and the worst case performance of practical LAC deploymegtpectively. The simulation
results also demonstrate that the LAC networks deployedfinite room offer better perfor-
mance than the networks which are horizontally infinite heeathe CCI in the room edges is
very low. In addition, the simulation results also implyttiathe downlink analysis of a LAC
network, the omission of NLoS channel components caugksditror in the evaluation of the
system performance. Because LACs can be deployed densalyoom, the LAC networks
can typically achieve very high data rate density. In ordedémonstrate this advantage, the
downlink performance of LAC systems is compared with thdtieed by RF femtocell net-
works and indoor mmWave systems in terms of area data raeeréBult shows that the LAC
networks generally outperform the femtocell network. Imtigalar, a high performance LAC
network can achieve an area data ratelg¢sf Mbps/im? which is twice as that achieved by a
high performance mmWave system. The high performance mra\gstem uses a spectral

efficiency of11.25 bps/Hz and a bandwidth @ GHz in a room of sizd0 m x 10 m.
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Chapter 5
Interference Mitigation Techniques in

LiF1 Attocell Networks

5.1 Introduction

In order to maximise the spectral efficiency of the downligktem in a light fidelity attocell
(LAC) network, a short reuse distance is preferred. Becaii$iis short reuse distance, the
downlink connections in adjacent cells using the same mnégs$on resources interfere with
each other. This is known as co-channel interference (@ohsequently, it causes high outage
probability and low data rate, especially for cell edge espripments (UEs). Comparing to the
CCl level in the RF cellular systems, the CCI introduced ind_Aetworks is lower, which is
implied in the results presented in Chapter 4. However,érctise of using dense spatial reuse,
CCl still poses a major impairment to the downlink performaiof LAC networks relative to

the impairment caused by other factors.

Therefore, interference mitigation techniques are reglio alleviate the effects of CCl in the
downlink of LAC systems. Many researchers have studiedference mitigation techniques
in optical wireless communication (OWC) systems. In [1B§ tise of static resource partition-
ing was proposed to avoid CCI in a cellular optical wirelegsteam. This technique assigns
different sub-bands to neighbouring cells to avoid CCI.10d], an optical femtocell system
was proposed, which uses transmission with different veagghs in adjacent cells to avoid
CCI. The methods used in these two studies effectively atiéighe impairment of CCI. How-
ever, this technique significantly reduces the availablediaédth in each cell and restricts the
achievable peak data rates of the downlink system [101].414, [a self-organising interfer-
ence coordination based on the busy-burst signalling tqgakrwas proposed to be used in an
optical wireless cellular system in an aircraft cabin emwinent. This method offers improve-
ments both in cell edge user performance and in averagerapefficiency, but it requires a

considerable overhead for the transmission of channd stirmation (CSI).

Another interference mitigation method, termed fractidrequency reuse (FFR), strikes a rea-

sonable trade-off among the overall spectral efficienay,ciil-edge user performance and the
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system complexity [102]. Over the past few years, the FFRrtiegie has been studied for
applications in RF cellular networks. The FFR scheme doéseatmire precise instantaneous
CSl and is of low computational complexity. There are twddgpFFR schemes: i) strict frac-
tional frequency reuse (sFFR) and ii) soft frequency re88dR() [103]. sFFR divides the whole
frequency band into multiple protected sub-bands and omaramn sub-band. Cell centre UEs
in each cell experience minor interference from nearby Iséaons (BSs), so the common
sub-band is assigned to them. Since cell edge UEs receikiethigierference power, protected
sub-bands are assigned to the cell edge UEs, and the sub-&i@ndrranged such that there is
a minimum spatial reuse distance between them. The SFReapgli even shorter reuse dis-
tance compared to the sFFR scheme. In addition to the useifté@dt sub-band for cell edge
UEs in each adjacent cell, the SFR scheme allows the centsetdJtake the sub-bands that
are assigned to cell edge UEs in adjacent cells. To proteatah edge UESs, the transmission
power for cell edge UEs is typically higher than that for trensmission for cell centre UEs.
In [104], an optical access point (AP) using two LED sourceth wifferent beam-width is
considered. A VLC cellular system using a SFR scheme basedanan AP is proposed. The
corresponding bit error rate (BER) performance and thecetiechanging LED beam-width
is evaluated. In this chapter, a first analytical framewankthe evaluation of FFR in a LAC
network is presented. In the analysis, the effect of usesitleis considered. In addition, an-
gular diversity transmitter (ADT) is considered in conjtion with FFR to further improve the

downlink performance in a LAC network.

In addition to the FFR techniques, the concept of coordehatelti-point joint transmission
(JT) technique [105] can also be adapted to LAC networks tigate CCI. In a JT system,
a UE can be served by multiple nearby BSs, thereby improviegacquired signal quality.
Since this approach substitutes interference signalsdeisired signals, the received signal-to-
interference-plus-noise ratio (SINR) can be significaimtiproved, especially for the cell-edge
UEs. However, many challenges such as backhaul constraicdarate synchronisation and
multi-path fading effects limit the performance of JT sysge In a LAC system, due to the
special features of intensity modulation and direct deac{IM/DD) [13], it is possible to
overcome these difficulties. The authors in [106] demoisstifaat it is possible to achieve a
multi-point cooperative transmission scheme in a singker ¥.C system in a small indoor
environment with improved optical power gain and reducedRBIB this study, JT is adapted to
the downlink transmission in a LAC network in order to mitig& Cl and improve the cell-edge

user performance in terms of received SINR and system thputg
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The remainder of this chapter is organised as follows: Tipdicgiion of FFR in the downlink

of LAC systems is presented Section 5.2. It includes th@dhiction of the considered FFR
schemes, the analysis of SINR statistics and spectralesftigi and the combination of FFR
and ADT. The application of JT in conjunction with ADT is pesged in Section 5.3, which
includes the characteristics of JT scheme in a LAC netwar#l,the corresponding simulation

results. Finally, the key points in this chapter are sumseakrin Section 5.4.

5.2 Fractional Frequency Reuse

In a LAC system with FFR, the serving optical base statiorB&)-needs to know whether the
UE is in the cell centre or is in the cell edge. This can be symedlised by determining the
average signal strength of the downlink pilot signal. If it signal power is higher than
a threshold, it is categorised as a cell centre UE. Othepitise categorised as a cell edge
UE. The movement of UEs within the period between two adjap#éot signal transmissions
is assumed to be negligible. In addition, a FFR scheme isdbasea specified multiple ac-
cess scheme. According to the analysis in Section 2.2.fdtential multiple access scheme
for LAC networks could be time-division multiple access (WIB) or orthogonal frequency
division multiple access (OFDMA) if optical-orthogonakfjuency division multiplexing (O-
OFDM) is used. FFR can be used in both multiple access scheh@®MA is used, the
sub-band is divided in time. If OFDMA is used, the sub-bandivéded by grouping part of the

available subcarriers. In this study, FFR based on OFDMAisitlered as an example.

5.2.1 Fractional Frequency Reuse Schemes

The first considered FFR is the sFFR scheme, which dividewltioée frequency band to three
protected sub-bands and an individual common sub-band axgnsim Figure 5.1 (a). The
number of subcarriers of each sub-band is set to be propaftto the area of the central or
edge regions, which offers good fairness and optimal perdoice [103]. The common sub-
band is reused by the centre UEs in each cell. As shown in &ifLr (a), one of the three
protected sub-bands is assigned to the edge UEs of eachT¢ad.assignment also ensures
that the same protected sub-band is not reused in adjacknt dderefore, the number of
subcarriers assigned to the cell centre UEsand the number of subcarriers assigned to the

cell edge UEZK, are given as:
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cell 1 cell 2

cell 3
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Figure 5.1: (a) Strict fractional frequency reuse (b) Soft frequenayseewitho? > % (c) Soft
frequency reuse with® < 2

- {fqﬁ] , (5.1)

K.
Ko = |(K - K)/3, (5.2)

wherep denotes a parameter determines the size of cell centraldgelaea, ands is the
number of subcarriers carrying information. With a totamier of K subcarriers in the O-
OFDM system, the number of information carriers can be ¢aled ask’ = % ¢ denotes
a power scaling factor in the OFDM frame, which is introdu@e&ection 2.6.1 in Chapter 2.
In the frequency plan, subcarriers in each sub-band ardleglisiributed to the UEs in the

corresponding coverage region for simplicity and usen&ss.

In the SFR scheme, the protected sub-bands for cell edge tdEdsa reused in adjacent cells.
In order to guarantee the performance of the cell edge UEstrémsmission power for the
cell edge UE is increased with a gainofin addition, the different groups of subcarriers are
assigned to edge UEs in adjacent cells. Similar to the sFRBnse, for fairness, the number
of subcarriers assigned to different user groups is pragat to the area of the corresponding

coverage region. Therefore, the following frequency ptansed:

K, — {fqﬁ] , (5.3)

K, = min ({f(/sw K- KC) : (5.4)
which is shown in Figure 5.1 (b) and (c). Note that the maxinawailable bandwidth for edge
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UEs isK /3 to ensure the orthogonality of the protected sub-bands.

5.2.2 Signal-to-Interference-Plus-Noise Ratio Statists and Spectral Efficiency

In this subsection, the downlink SINR statistics and thdesyisspectral efficiency in the LAC
systems with FFR are considered. Since interference ridigéechniques are considered in
this chapter, the impairment of CCI should be the primaryassf concern, and the effects of

other form of distortions can be simplified or omitted as laisgt is reasonable to do so.

Figure 5.2: 2-layer LAC network model with 19 cells and FFR schemes. &fiemps in the
edge regions of every cell demonstrate the frequency reatterp for the FFR
schemes, and the corresponding reuse factor is 3.

5.2.2.1 System Models

Firstly, the effects of non-line-of-sight (NLoS) channentponents are omitted in this chap-
ter. This is because the omission of NLoS channel causewyitglerror in the evaluation of
downlink data rate, which has been demonstrated in Sectii 4f Chapter 4. Secondly, a

LAC system with an optimised hexagonal (HEX) cell deployiierconsidered in this study.
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The analysis based on point process based cell deploynrenédsa possible [102], and it will
be the subject of future research. In addition, the analgdimsed on a network extending in-
finitely in the horizontal directions as it offers the worase performance and leads to reduction

in analysis complexity. This has been demonstrated in @edt2.2 of Chapter 4.

Similar to the case in Section 4.5.2 of Chapter 4, a 2-layeXHEtwork is considered in this
study, and the performance of the UEs in the central cellatuexed. Higher layer O-BSs are
omitted as they causes little CCI with a very long signal pggiion distance to the central
cell. In the 2-layer network model, the coverage area of eatlhis divided into a cell central
area and a cell edge area as shown in Figure 5.2. In orderttefusimplify the analysis, a
circular cell approximation is applied to the considereuditicd cell as shown in Figure 5.3. The
radius of the HEX cell is defined &. The approximated circular cell has the same coverage
area as the original HEX cell. Therefore, the equivalentusadf the circular cell is defined
asR. ~ 0.91R. In the system using FFR, the radius of the central area inetbfisR.. The
parametep is defined ag = %Z' For the convenience of the following analysis in this setti
the indices of the 18 nearby O-BSs are grouped into threebsetsd on the reuse pattern
shown in Figure 5.2. They includd, = {13,14,15,16,17,18}, Up = {2,4,6,7,9,11}
andV¢ = {1,3,5,8,10,12}. Note that the edge UEs in tiig" cell reuse the same spectral

resources as those i, in the FFR systems.

./
b4 >

polar axis

/’l /\ tagged desired O-BS
2 interfering " O-BS

O UE located at (1, 0)

______

Figure 5.3: Geometric model with polar coordinates in a LAC network VAR schemes.

The location of a UE and interfering O-BSs are defined usingadimensional (2-D) polar
coordinate system, which is similar to the case in Sectié24of Chapter 4. The origin of

the coordinates is placed at the location of the centre otémral cell. The orientation of

112



Interference Mitigation Techniques in LiFi Attocell Netrks

the polar axis is shown in Figure 5.3. The location of a UE ia ¢lentral cell is defined by
(ro,0), wherery is the horizontal separation between the UE and the origiciwias a range

of rp € [0, R.], and@ is the polar angle corresponding to the location of the UEctvitias

a range of) € [0,2m). The location of the'" O-BS is defined in a similar way d;, ©;),
whereR; is the horizontal separation between ifeO-BS and the origin, an@®; is the polar
angle ofi*h O-BS. Since the network deployment and the cell radiuae given, the values of
(R;,©;) are fixed and can be readily calculated. In order to estinetsignal power fronit®
O-BS to the observed UE, the horizontal separation betw/@ed-BS and the UE atry, 0) is
essential, which is defined agry, ). Since the positions of the origin, the observed UE and
thei*™ O-BS form a regular triangle in the caseiof 0, r;(ro, §) can be calculated using the

rule of cosine as:

ri(ro.0) = \/rd + R? — 2Rirg cos(6 — ©)). (5.5)

The simplified SINR expression and the corresponding assonsgpin Section 4.5.1 of Chap-
ter 4 are used here. According to the analysis in Chapter 208e2.7, the effects of clipping
distortion can be omitted as long as the used signal amplitadgeAe is wide enough. Thus,
a clipping attenuation af.;;, = 1 and a clipping noise variance ofhp = (0 are assumed. The
low-pass channel characteristics caused by front-endegitnmake the subcarriers with higher
frequency offers lower channel gains. This variance of neagain with frequency causes ex-
tra complexity in the division of sub-band in FFR schemeser&fore, it is assumed that the
front-end elements offers a relatively widedB bandwidth and the modulation bandwidth is
relatively narrow. This assumption Ieads}fg — 0, and the exponential term if (k) can
be considered to have a value of one. In other words, a flaldmry response is assumed
over the entire modulation frequency range. With the foemtioned simplification, the SINR
expression (4.18) presented in Section 4.5.1 of Chapten 4eaewritten as a function of 2-D

location(rg, 0) as:

E(rg+a2) "

> (7’22 + AZQ)_m_?) 4z
€N

Y(ro,0) = (5.6)

B 4m? NoFy
EMpamliea0%Apa(m + 1)2Az2m+21

Z (5.7)

Note that the SINR on each subcarrier is identical if an eqaaVer allocation is applied.

Therefore, the variablg in the function (4.18) is removed in the simplified expressio
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5.2.2.2 Universal Frequency Reuse

The most straightforward spectral efficient frequency amiversal frequency reuse (UFR),
which reuses the whole frequency band in each cell. With Uéieme, a reuse factor of
ket = 1is used. In this study, the LAC downlink system with UFR isdiss the benchmark.
Since all of the neighbouring O-BSs introduces CCI to therddsUE, expression (5.6) is
readily available for the calculation of the downlink SINRthvUFR, which is denoted as

~yurr- In the UFR case, the set of interfering O-BSs can be definétl asli, U g U Uc.

In this study, a semi-analytical method is used to calcufeelownlink SINR statisticB[yyrr <
T], whereT is a threshold value. Assuming a specified polar anglé, dfie function of the
SINR on a subcarrier is monotonically decreasing with resper, in the region of interest.
Therefore, the conditional probability density functidpDF) of SINR can be calculated by
using the PDF transformation rule as:

o fr0|r0€H(r0)

f (’3/7fr0 0 '(T )) - ) (58)
10 lroeK\T0 %V(Toﬁ)‘

ro="1(416)

wheref, ,,ck (7o) is the PDF ofry with a range of-y of K; f,,,ck (70) is determined by the
locations of the considered UEs (cell edge / centre UEs)(4|6) is the inverse function of the
SINR function with respect to, for a givend, in which y(ryax,0) < 4 < v(rmin, ). Here,

Tmax ("min) IS the maximum (minimum) of, in its feasible regiork. A closed-form solution
to v~1(4]0) is unavailable. Thus, numerical methods are used to contpettinction. Then

the cumulative density function (CDF) of SINR can then beulalted as follows:

2T T
Ply < T] = /0 /0 £10G3 Foapracts (70)) 43 fo (6)d6. (5.9

It is assumed that the spatial location of the UEs in eachfaltiws a homogeneous Poisson
point process (PPP). Therefore, the PDB should follow: fy(6) = =

= 5=

In the case of the UFR scheme, the statistics in the wholéscedliculated, which leads tola
of [0, R.]. Therefore, the PDF of; is given as:

2r
Frojo<ro<h. (T0) = R—S. (5.10)
(]

In the case of FFR systems, statistics in part of the cell gslired. In the calculation of
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Ply < T|ro < R.] andP[y < T|ro > R.], the conditional PDF of(, should be calculated

as:

frojo<ro<r.(T0)

f’l"()|’l"()<RC (TO) = ]P)[TO < RC] 7””0 € [07RC]7 (5'11)

fro\OSTOSRe(TO)
fr0|r02Rc(7”0) = W,TO € [Re, Re), (5.12)

whereP[ro < R.] (P[ro > R.]) is the probability that the UE is in the cell central (edgedaar
It is shown in [107] that:

Plro < Re] = ¢°, (5.13)
Plrg > R =1 — ¢°. (5.14)

In this chapter, the Shannon Hartley formula is used to edérthe wireless capacity of the
system. This method slightly overestimate the actual aabie spectral efficiency compared
with the adaptive bit-loading used in Section 4.2.1 of Caagt However, the relative improve-
ment by using FFR is of concern, which should not vary withrtreghod of spectral efficiency
calculation. Therefore, Shannon Hartley formula is seléets it has a lower calculation com-
plexity. In an O-OFDM system, the spectral efficiency of a WErg, §) can be calculated by a
function ofy(rg, 8) andk,¢ as:

e (y(ro,0), kef) = logy (1 + (70, 6)) . (5.15)

1
2§2ﬁrf
The average spectral efficiency for the UEs in the whole eglllme calculated as:

27 Re
& = Ele(y(ro, 0), k)] = /0 /0 (1 (r0,0), fut) Frofoern i, (ro)dro fo(0)d0.  (5.16)

In addition, the average spectral efficiency for the UEs endéll centre area can be calculated

as:

= Ele(v(r0,0), ket)|ro < Re),

21 Re
_ / / (10, 0), ) Frofro< . (ro)dro fo(0)d0. (5.17)
0 0
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Similarly, in the case of UEs in the cell edge area,

£ = E[E(’Y(TO’H)’ 'Iirf)|7ﬂ0 > Rc],

27 Re
:Al/ewmﬁmmmmﬁywmnww. (5.18)

In the case of UFR scheme, we havg = 1. By using (5.16), the corresponding average

spectral efficiency can be calculated as:
gurr = Ele(yurr(ro,0),1)]. (5.19)

For comparison purpose, the cell edge UE spectral efficientye case of UFR scheme can
be calculated as:
gurr = Ele(vurr(ro, 0),1)|ro > Rel. (5.20)

5.2.2.3 Strict Fractional Frequency Reuse

In a SFFR system, the SINR @ty, #) on a subcarrier in the common sub-band can be written

as: 3
V¢(ro,0) = o AZQEm—?» 2% 5 (5.21)
ZI:/I (r2(ro,0) + Az?) + ez
1€

According to the frequency plan defined in Section 5.2.1 3R on a subcarrier in protected
sub-bands/©(rg, #) can also be calculated using (5.21) except for substitutingfor 11. The
factor% of Z is due to the change of the number of used subcarriers in sBfiRared to
the case of the UFR system. Since a fixed amount of availabtgriglal power and an equal
power distribution on each subcarrier are assumed, varyiaghumber of used subcarriers

causes change in the available power for the transmissi@acim subcarrier.

When determining the distribution of SINR for a sFFR systeoth cases of a UE in the cell
central area and a UE in the cell edge area need to be corsidére overall CDF of the SINR

can be calculated as:

]P)['YSFFR < T] = ]P[T‘o < RC]P[’YC < T‘T‘o < RC]
+Plro > RJPR < Tlro > R, (5.22)
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whereP[~¢ < T'|lrg < R.] andP[y* < T'|rp > R.| are the CDF of the SINR with the conditions
that the user is in the cell centre using common sub-bandsaindlie cell edge using protected
sub-band, respectively. They can be calculated using time saethod as that described in
Section 5.2.2.2.

Since the average spectral efficiency varies in differebttsands, the overall average spec-
tral efficiency should be the average over the whole frequéand. When there are users in
both the cell central area and the cell edge area, the owemalbge spectral efficiency can be
calculated as [107]:

EsFFR,nor = (€% 4 (°€°, (5.23)

wheree® (£°) is the average spectral efficiency for the users taking tmeneon (protected)
sub-band for transmissiog¢ and(® are the averaging weights fet andz®, respectively. The

averaging weight of an average spectral efficiengys calculated as:

’ierE
_ futBe 5.24
¢ 7 (5.24)

where K= refers to the number of subcarriers on which achieve an geespectral efficiency
of £. All ¢ for FFR can be simply derived according to the FFR frequemnse schemes
described in Section 5.2.1. Since all of the averaging wisigffollow the same rule as (5.24),
and the derivations of eachis long but very simple, it would be unnecessary to list allraf
derivations of¢s. Instead, only the final results are listed. In the case BRsfere, (¢ and(®

can be found ag® = p? and(® =2 1 — o2, respectively [107].

The cell centre UEs use the common sub-band wijth= 1, while the cell edge UEs use the
protected sub-band witks = 3. Therefore, in conjunction with (5.17) and (5.18),andz® in

SFFR case can be calculated as:

£ = E[s(VC(TOa 9)7 1)|’I”0 < RC]v (525)

& = E[e(1°(r0, 0), 3)[ro > Re). (5.26)

A LAC network is a small-cell cellular network in which eachE» serves several UEs and
these UEs are fewer than those in a normal RF cell. Consdgutird problem of an uneven
load in different cells is more critical in a LAC network. Inrse extreme cases, there may be

no UE in a cell when the user density is very low. The use of thR Eechnique makes this
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issue even worse. Since the cell coverage area is dividedéritre and edge areas, which are
smaller compared with the total cell coverage area, theahtrat no active user is present in
a specified region (a cell centre or a cell edge area) will belnfugher. Consequently, in the
case of no UE present in a specified area, the correspondsignad sub-band remains idle,
which is a waste of transmission resources. Therefore, dke of no UE present in the cell
central or edge area needs to be considered. Since the cosuindrand is restricted to the cell
edge users, for the case that there is no UE in the centrgltaeeaommon sub-band is wasted
and(® = 0. Therefore, the corresponding average spectral efficisnayly (°2°. For the same
reason, when there is no UE present in the cell edge areaydhage spectral efficiency is only
¢°e°. Thus, the final average spectral efficiency achieved by &syBtem can be calculated

as:
EsFFR = ,chcéc + ,Pece?e + (1 - Pc - Pe)ésFFR,nora (527)

whereP. (P,) denotes the probability that all of the observed UEs fad the cell centre (edge)
area. Itis assumed that the UE spatial distribution follaW®PP with a user density gf By
limiting the UEs in a specified area dof, the average number of UEs within this area&ig.
According to the probability mass function (PMF) of the Rois distribution, the probability
that no UE in this area is given as:

Py = e X, (5.28)

The area of a cell can be found 4s.; = 7 R? according to the geometry shown in Figure 5.3.
Then, the cell central area and the cell edge areadanieo” and Acen (1 — 0?), respectively.

Therefore,P. andP, can be calculated as:

P, = e~ Acen(1=0")x (5.29)
P, = o Acen@®x (5.30)

Since the cell edge UEs only use the protected sub-bandafwsrtrission, the cell edge spectral

efficiency for SFFR can be calculated using (5.26).

5.2.2.4 Soft Frequency Reuse

In a SFR system, due to the more complex SFR frequency rebiseensg there are five condi-

tions in the SFR system SINR calculation. In order to effitiepresent these SINR expres-
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sions, a function is defined as follows:

Po&? (r% + Azz) —m=3

F. (p07p17p27p37 70, 0) = s (531)
! ISFR(p17p27p37T079)+ (§ (]- — max (Q27%)) +92)Z
wherepy, p1, p2, p2 are the power control factors which equalsr 1 or 0, and
-m—3
ISFR(phpQ?pQuTO? =P1 Z TO) + AZQ) "
%N
+p2 Z 2(ro,0) + Az Sy D3 Z 2(rg,0) + AZ2)7m73 . (5.32)
i€y i€l

According to the five cases shown in Figure 5.1 (b) and (c)ctireesponding SINR in each
cases can be calculated as follow$(ro, 0) = F,(s,s,1,1,70,0),75(r0,0) = F,(s,5,0,0,70,6),
5 (ro,0) = Fy(1,1,1,1,79,0),75(r0,0) = Fy(1,1,5,1,79,0) andys(ro, 0) = F,(1,1,1,5,79,0).
According to the frequency plan described in Section 542aRd (5.24), the corresponding av-

eraging weights for average spectral efficiency with eacke eeie calculated as:

e c C ~v 2 2 1 2

G=¢= 3:§—max<g27§>+§mm<g,§>, (5.33)
2 2

¢GG=1— gmin <Q2, §> and (] & 3max <Q2, §> — 2. (5.34)

Similar to the case of sFFE is multiplied by a scaling factor to compensate for the cleaing

transmission power on each subcarrier.

The SINR CDF of a SFR system can be calculated by:

]P)['YSFR < T] :P[To < RC]IP)[’)/SFR < T|’I”0 < RC]
+]P[T‘0 > RC]P[’YSFR < T|T0 > RC]. (535)

According to the resource plan described in Section 5.2id nioted that a UE in a SFR system
receives the signal on multiple subcarriers with differ@MR. To simplify the calculation, the

SINR experienced by a UE in a SFR system is defined as folloes:UE randomly selects

one of the available subcarriers for transmission, and theRSxperienced on the selected
subcarrier isy. In (5.35), the cell edge UE SINR distributid{yspr < T'|ro > R.] can be
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calculated as:

Phsrr < Tlr > Re] = Py = 7{[P[§ < Tlr > R]
+ Py = %BIP[; < Tlr > Rel, (5.36)

whereP[y = ~] refers to the probability that the subcarrier with a SINRofs selected.

P}y = ~{] andP[y = ~5] can be calculated as:

e G 3 (52
szyg:1—pw:7ﬂ:1—gmm<f%). (5.38)

Similarly, the centre UE SINR CDPB[ysrr < T'|r < R.] can be calculated as:

Physrr < Tlr < Re] = P[y = 1P < Tlr < R + Py = %]P[; < Tlr < Re]

+ Py =5]P[ys < T|r < Rc), (5.39)
where
. Si 2
PlA = €] = —3_ : 5.40
¢ 1

~ 1. (5.41)

Ply =2l =PIy =15 = B

All the conditional CDF of the SINR in each case can be catedlasing the method described
in Section 5.2.2.2.

When there are UEs in both the cell central and the cell edzggesathe overall average spectral

efficiency of a SFR system can be determined as follows:
EsFRpnor = G181 + (385 + (187 + (385 + (363, (5.42)

wheress, &5, £7, €5 and&§ denote the achievable average spectral efficiency comelgmp to
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79 5, 5y Vs andys, respectively. They can be calculated using (5.17) and@)®&4:

’Y(le T070 71 |’I”0 > Rc]a (543)

Sb
I

7‘0,9 ,3 |7’0 2 RC], (544)

4
|

Sh
I

(ro,0),1)
(ro,6),3)
(ro,0), 1)|ro < Rel, (5.45)
¥5(r0,0), 1)|ro < R, (5.46)
(ro,0),1)

e
|

[e(v5(ro,8),1)|r0 < Rc]. (5.47)

Similar to the sFFR case, the problem of no UE in a specified aezds to be considered.
Accounting for no UE in the cell edge and also the cell cerdrah, the final average spectral

efficiency of a SFR system can be found as:

gsrr = Pe(CrET + (385 + (383) + Pe((1ET + (58)

+ (1 = Pe — Pe)ESFR,nor- (5.48)

The cell edge spectral efficiency in a SFR system can be esdéclibs:

(S~¢] €=t
e Keg 3Kz ., (T8 + (585

ESFR = e g1 + e =" 2 (5.49)
Parameters Symbol Values
Transmitter height Zs 3 [m]
Transmitter half-power semi-angle ¢, /o 60°
Receiver height 2y 0.85 [m]
Modulation bandwidth Fy 40 [MHZz]
DC-bias level €DC 0.5A¢
Signal amplitude range Ae 6
PD responsivity Mpd 0.1 [A/W]
PD physical area Apg 1 [em?]
Number of subcarriers K 512
Cell centre illuminance from O-B$ FE, 500 [lux]
Noise power spectral density N 1 x 10721 [A%/Hz]

Table 5.1: LAC system parameters with FFR schemes
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5.2.2.5 Results and Discussions

In the remainder of this section, the downlink performanesutts of LAC networks with
direct-current-biased optical orthogonal frequency sibn multiplexing (DCO-OFDM) and
FFR schemes in terms of SINR statistics, average specfigieaty and cell edge spectral ef-
ficiency are presented. The system parameters of the esdlegstems are listed in Table 5.1.
These values are the default settings in the results pexsémtthis section if the parameters
are not otherwise specified. &/, of 60° is reasonable for lighting performance. A photo-
diode (PD) physical aredq of 1 cm? is the generally acceptable in VLC systems [55, 108].
The 40 MHz modulation bandwidth agrees with the 20 MHz flatdvadth that is provided
by a phosphorescent white light LED with equalisation [7A]JPD responsivityRz,q of 0.1 is
suitable when the receiver only accepts the blue comporfdight [108]. According to the
analysis in Section 2.7 of Chapter 25 of 0.5Ae and aAe of 6 leads to a signal-to-clipping
noise ratio (SCNR) 084 dB. This signal clipping configuration is sufficient for thenssion

of clipping distortion as the achieved SINR in the followirggults is in the range from5 dB

to 25 dB. A receiver noise PSD afy = 1 x 1072 A2/Hz is based on the results presented
in [79]. The optical output of the O-BSs are configured basedmilluminance requirement
of 500 lux using the method introduced in Section 2.3.1.2 of Chapte

1| © 2-layer analysis
0.9 2-layer simulation
' 58 cells simulation
0.8 | 27 cell simulation
0.7 12 cell simulation
0.6
o
o 0.5
0.4 Ref = 1
0.3
0.2
0.1 _
0 L s e d ]
-5 0 5 10 15 20 25
SINR v [dB]

Figure 5.4: SINR statistics for different reuse schemes. System p&sn& = 2.5 m, o =
0.7 and¢ = 2.

Figure 5.4 shows the results of the SINR statistics baseth@®4ayer HEX network with a
HEX cell radius ofR = 2.5 m. In the FFR systemg, = 0.7 ands = 2. These results include
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the calculation using (5.9), (5.22) and (5.35) using the eical method, and the correspond-
ing empirical statistics obtained by Monte Carlo simulatid he agreements between the two
results validate the mathematics in the analysis. In addithe simulation results of the sys-
tems with networks deployed in a room with finite number ofscare presented to validate
the accuracy of the estimation by using a 2-layer networkehofls expected, there is an ac-
ceptable difference, less than 2 dB, between the resultdafe2 network model and those of
the network deployed in a 10.8x12.5 m room with 12 cells. However, with an increase of
the number of cells, the difference between the curves ofitlite networks and that for the
2-layer network diminishes, which agrees with the resultsanying network size presented
in Section 4.2.2 of Chapter 4. In the case of 58 cells (room 2& mx30 m), the SINR CDF
differences decrease to be in a range between 0.3 dB to 0.RatB.that another source of
mismatch is the circular cell approximation of thé& cell in the 2-layer network model. This
mismatch is considered reasonable in many cellular systetysis [107]. Therefore, the per-

formance of the 2-layer network model is a reasonable egstm#o the practical LAC system.

As shown in Figure 5.4, the UFR system offers the worst SINBx@&cted. In contrast, FFR
schemes offer the LAC network an improved SINR. The sFFResysind the SFR system
show improvements of 9.74 dB and 3.54 dB in terms of minimuiFS(at 10" percentile),

respectively. In addition, they also show improvements @B81dB and 2.07 dB in terms of
medium SINR, respectively. Note that the bends in the FFResuare the results of combining

different SINR statistics in multiple regions in a cell amddifferent sub-bands.

Figure 5.5 shows the average spectral efficiency and theedght spectral efficiency results
with different HEX cell radiusR. In these resultyy = 0.7 andy = 1 UE/m?. Both the analyti-
cal calculation and the simulation are presented. The tcalyaverage spectral efficiencies are
calculated using (5.19), (5.27) and (5.48). The analytietiledge spectral efficiencies are cal-
culated using (5.20), (5.26) and (5.49). The close agreebetween analytical calculation and
simulation validates the related analysis. With a fixeg,, the increase of cell radius results
in a decrease in the interference between UEs in adjacdst[t6]. In other words, a larger
cell provides better overall signal quality. In additionsraaller cell leads to a higher value of
‘P. andP., which results in loss in average spectral efficiency in Fi#tesns. Therefore, both
the average spectral efficiency and the cell edge spectiaikaty for any reuse scheme is an

increasing function of?.

Figure 5.6 shows the average spectral efficiency againsh the resultsR = 2.5 m, y =
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Figure 5.5: Average spectral efficiency and cell edge spectral effigiamainst cell radius?.
System parameters:= 0.7 and y = 1 UE/m?.

1 UE/m? ands = 2 in SFR systems. According to the FFR scheme introduced itid®es.2.1,
the channel assignment is proportional to the correspgndiverage area for FFR systems.
When g is too small, the majority of the UEs are cell edge UEs whiah assigned a reuse
factor of 3, which considerably decreases the spectral efficiencye$yistem. Whemp is too
large, fewer UEs can be covered by the cell edge area. Comisibyjlaverage spectral efficiency
decreases significantly due to the increased interfererumaved by the cell centre UEs which
are close to the edge of the cell central arga{ R.). In addition, whery is close ta0 or 1,

eitherP, or P, is significant, which also causes a decrease in spectrakeffic

Figure 5.6 also shows the cases with different noise levigikiitively, the higher the noise
level, the lower the average spectral efficiency for systertisany reuse schemes. In addition,
the higher the noise level, the less improvement that carbtered from the FFR schemes.
For example, when considering the improvement of the sFIRRmse with optimab, the im-
provement in terms of average spectral efficiencysi% if there is no receiver noise. However,
this improvement decreases &t if the noise level is increased W, = 2 x 10~2! A2?/Hz.
Furthermore, it is noted that the noise level may affect thignwal configuration ofp. When
noise is zero, the optimal for sSFFR is around 0.7 and this is in line with [107]. In theeaé
SFR, the optimap is around 0.55. However, with the increase in the noise J@gtimal ps for

FFR systems increase to a slightly higher level.
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Figure 5.6: Average spectral efficiency against System parametersk = 2.5 m, y =
1 UE/m? and¢ = 2.

5.2.2.6 Effects of Active User Density and Proportional Fahess Scheduling

As implied in (5.29) and (5.30), the user densjtys crucial to the value oP. andP,, which
may cause a significant effect on the system spectral effigidfigure 5.7 shows the effect of
user density on the average spectral efficiency of diffesgstems. In the resulty, = 0.7,

R = 2.5 mands = 2 in SFR systems. Both FFR systems show a similar trend witherts
to the variations in the.. Generally, ify is too small, the average spectral efficiency of FFR
systems decreases significantly. For example, in the cage-of).1 UE/m?, the FFR system
exhibits an average spectral efficiency lower than 1 bpsiitach is much lower than the

benchmark.

In order to solve the issue caused by low user density, ptiopai fairness scheduling (PFS)
[109] is considered in conjunction with the FFR techniqu&¥ith a given frequency reuse
scheme, there a®¥yy different sub-bands for transmission. The sub-bantiask,,, subcar-
riers, wheren; = 1,2,--- , Ny. Assuming there ar&/, UEs, K,,, ,,, subcarriers in sub-band
n, are assigned to the}* UE. Thuszﬁf;:1 Kn, ny = Ky,. Therefore, the data rate achieved

by theni® UE can be calculated as follows:

Nw
Sngy (Kl,ﬂzv T vKNWJLz) = Z Knl,nzgmmw (5'50)

ni=1
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Figure 5.7: Average spectral efficiency against user dengitySystem parameters: = 0.7,
R =2.5mands = 2.

wheree,, ,, is the achievable data rate by Uk on a subcarrier in sub-band,. With a
given system realisation, UE locations are determined.réfbee, alle,,, ,, are fixed for that

realisation. In this study, PFS aims at maximising the feii@ objective function:

(1]

Ny
=) I (sny (Kings - Knina)) (5.51)
no=1
Conventional per subcarrier PFS requires channel frequsglectivity to converge to a robust
solution. However, the assumptions used in this study nmiakehannel gain flat within each
sub-band. This causes problems in the convergence of tleelgalng solution by using the
per subcarrier based PFS. Therefore, an alternative tidgois used to achieve the same PFS
function. The details of this modified PFS is introduced dlev¥es. A scheduling plan matrix

is defined as:
Kii -+ Kpyga

Kin, - Kny,nN,

which lists thek,, ,, for all UEs in every sub-bands. Based on a speciKedhe correspond-
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Algorithm 2 : Proportional fairness scheduling

1: forn; =1,2,--- , Ny do

2: Knl,lan1,2:"’:Kn1,Nu :Kn1/Nu

3: end for

4: 5 = s{K}

5. for ny =1,2,--- , Ny do

6 C= |72 Zu] andd, = S,

7. NMmax = argmaxp, ém andn i, = argmin,, énz.

8 if Ky nax = Kn, then

9: ExcludeC,,,... from C and go back to step 7.

10: else

11 if Ky mp = 0then

12: ExcludeC,,_. from C and go back to step 7.

13: else

14: Koy nmax = Ky nmax T 1 K i = Kng sy — 1
15: end if

16: end if

17: end for

18: 5 = (1 — Ozpfs)ﬁ + Ozpfsﬁ{K}

19: Iterate from step 6 to step 18 unKl converge.
ing set of user data rates can be calculated as follows:

T
s1(K1,1, -+ KNy 1)
s{K} = :
SNy (K1, Ny K N,

The modified PFS algorithm is listed in Algorithm 2. Thgy, in Algorithm 2 is a forgetting
factor for the calculation of average user data gatélhe proof of Algorithm 2 maximising

(5.51) is shown in Appendix E.

PFS can achieve a good balance between spectral efficiedcysan fairness. More impor-
tantly, it can dynamically distribute spectral resourcepahding on the current load condition.
With this benefit of PFS, the sub-band availability constraian be adjusted as follows: the
whole sub-band assigned to a cell is available to any actierthat cell. In the case of
no UE in the edge (centre) area of the cell, PFS will assigrrékeurces preserved for edge
(centre) UEs to centre (edge) UEs. Note that although cgié ddEs achieve low SINR by
using the sub-band prepared for centre UEs, through apatepnodulation and coding ad-

justment, transmission with low spectral efficiency candtatdished [87], which is better than
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the sub-band being unused. This is the reason for the PF8agbpimproving the FFR sys-
tem performance when user density is low. Under conditiohsres UEs are present in both
areas, PFS avoids assigning subcarriers in sub-bandsrfive ¢¢E to edge UESs, because these
resources are extremely inefficient for cell edge UEs. Cqusetly, the majority of the trans-
mission resources are assigned to the cell centre UEs. BiRSehas the ability to keep the
fairness between centre and edge UE, it will prevent thaedhEs accessing ‘good’ resources
in the protected sub-band. Therefore, PFS also avoidsrasgigubcarriers in sub-bands for
cell edge UEs to centre UEs. This is the reason why the sub-éaailability constraint can be
lessened when PFS is used in FFR systems. Additionally,altieetsmall number of UEs in a
LAC, the computational complexity of the PFS will be much éathan the PFS in conventional

RF cellular systems.

In Figure 5.7, the average spectral efficiency of the FFRegystwith PFS are also demon-
strated. It can be observed that PFS effectively allevititesspectral efficiency decrease for
FFR systems under the condition of low In addition, it is noted that the performance of
SFFR with PFS angt = 1 UE/m? is slightly worse compared with that without PFS. This is
because the data rate difference between centre UEs antJ&dgs significant. Therefore, the
PFS trades some spectral efficiency for better fairneshemcase of SFR witly = 1 UE/m?,
PFS further increases the average spectral efficiency.ig because the data rate gap between
centre UEs and edge UEs is small. Therefore, the PFS can dditoaal spectral efficiency

with a low loss of fairness.

5.2.3 Fractional Frequency Reuse with Angular Diversity Tansmitter

High directionality of light source with appropriate ogimakes it possible to further mitigate
CCI by exploring spatial diversity with low complexity. Meéated by this idea, an ADT is
considered to be used in O-BSsin a LAC networks in conjunctiith the FFR scheme. Further
improvement in cell edge UE signal quality and overall sgg@fficiency are expected by using
this approach. In this subsection, the combination of FRiRs®E with ADT transmitter in the

application of LAC networks is investigated using simuas.
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5.2.3.1 Angular Diversity Transmitter Configuration

In this study, an ADT with 19 narrow beam-widtt(, = 10°) LED chips is assumed. Each
LED chip has a different beam direction, which covers a snegjion of the HEX cell coverage
area. The configuration of the ADT is illustrated in Figur8.5Thus, each small region of

the cell can be defined as a sub-cell. The spatial alignmeall tie beams of the LED chips

establishes the total cell coverage.

A 0-BS
o o o - = =LED beam direction
o ° o o o X sub-cell centre
o o CK sub-cell edges
o g o g o \ — el edg('es
3 o A‘ o LED chip
“0mns®
L 1T\ RN
J— 25 7, % L\ 3
£ o ’::::\1‘\‘:
x g AN u..n“‘:“ .
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Figure 5.8: The inlay figure at the top left corner illustrates the arrangent of the ADT. The
main figure illustrates the coverage arrangement in a cedctELED chip in the

ADT covers a different region of a cell.

Due to the addition of ADT, each O-BS has multiple light s@stc In conjunction with the

assumptions stated in Section 5.2.2.1, the downlink SINRRession can be modified based on

(2.53) in Chapter 2 as:

& (Xien, HDC’OJ)Q (5.52)

. 2 NOFs ’
zgl:/l (Zleﬂi HDC’Z’Z) + €22 402

YADT =

where Hpc ;; denotes the line-of-sight (LoS) DC gain of the free-spaapagation channel
from the " LED chip in itt O-BS to the desired UE, anl; denotes the set including the

indices of the LED chip ofit" O-BS that is transmitting using the considered transmissio

resources.
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5.2.3.2 Fractional Frequency Reuse Scheme Modification

Taking the advantages of ADT and the further division of sells, a modified FFR scheme
based on SFR scheme is considered. The entire modulati@hidgartitioned into three sub-
bands. The links for the cell centre UEs are assigned a rauta Df1 as they experience better
signal quality and less CCI. The links for the cell edge UEesamsigned a reuse factorénd
an amplification of signal power with a factor of In addition to these SFR characteristics,
each sub-cell is categorised as a cell centre sub-cell dr edge sub-cells. The categorisation
is as what follows: Considering a UE in tfi& sub-cell in the0'" cell, the desired signal is
transmitted by thé™™ LED chip of the0*" O-BS only. In addition, all LED chips of all remain-
ing O-BS are transmitting at the same frequency. If the dansid UE experiences a SINR that
is lower than a threshold valug in any location in the sub-cell, this sub-cell is categatias

a cell edge sub-cell. Otherwise, it is categorised as a ealre sub-cell. Figure 5.9 illustrates
the reuse scheme and the categorisation of the sub-celis.ca@tegorisation of sub-cells can
be pre-configured, thereby causing no extra system contplexurthermore, the LED chips
covering the cell centre (edge) sub-cells are grouped anmkemias cell centre (edge) sources.
The UEs in cell centre (edge) sub-cells are covered by theeeire (edge) sources only. Note
that this configuration could effectively confine CCl in a mam region, thereby significantly

improve the overall downlink SINR experienced by each UE.
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Figure 5.9: The modified FFR scheme in a LAC downlink system with ADT.
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Figure 5.10: The cellular network arrangement in the simulated room.

5.2.3.3 Results and Discussions

Next, the performance of LAC systems with ADT is evaluatemshgisimulations. A cellular
network is assumed in a 16 m 9 m x 3 m large office. The coverage area in the room is
divided into13 HEX cells and served by3 O-BSs with ADT, as shown in Figure 5.10. DCO-

OFDM with OFDMA is used in the simulation. The remaining gystparameters are listed in

Table 5.2.
Parameters Symbol Values
Transmitter height Zs 3 [m]
LED-chip half-power semi-angle| ¢ 9 10°
Receiver height 2y 0.85 [m]
Receiver field of view Ymax 70°
Modulation bandwidth E 40 [MHz]
DC-bias level €DC 0.5A€
Signal amplitude range Ae 6
PD responsivity Mpd 0.28 [A/W]
PD physical area Apd 1.5 [cm?]
Number of subcarriers K 512
Cell centre illuminance from O-B$ E, 500 [lux]
Noise power spectral density Ny 1 x 10721 [A%/Hz]
edge region SINR threshold T 10dB

Table 5.2: LAC system parameters with FFR schemes and ADT.

The downlink SINR spatial distributions in the room with UBRd FFR are illustrated in Fig-
ure 5.11 and Figure 5.12, respectively. As previously nomei, the bandwidth is equally
partitioned into sub-band A, B and C for interference camatlon in the edge region of the cell
in the FFR technique. The first three SINR spatial distriingi depicted in Figure 5.12 corre-
spond to the distributions of SINR on the sub-carriers inisabds A, B and C, respectively.
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Figure 5.11: The spatial distributions of the received SINR on the wirelguency band in the
room for the system applying UFR.
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Figure 5.12: Plot (A), (B) and (C) correspond to the spatial distributsoof the received SINR
on the sub-band A, B and C for the system using FFR, resplctiVae value
of ¢ is 16. The black region indicates the sub-band is unavadablthe users in
that region. Plot D corresponds to the average SINR distidpuover all three
sub-bands
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The last distribution shown in Figure 5.12 (D) is the aver&}§&R distribution over all three
sub-bands. In the UFR system, the cell-edge UE SINR falleérrange of -2.6 dB to 9 dB. In
contrast, in the FFR system, since interference is mittyadethe exterior sub-cells by apply-
ing traditional resource partitioning, there is an inceegsthe SINR. Consequently, the SINR
for the exterior region of the cell is within the range of 26 @B36 dB. On the one hand, in the
UFR system, the cell-centre SINR is within the range of 10@B3 dB. On the other hand, in
the FFR system, the interference mitigation also improkiescell-centre average SINR to the
range of 24 dB to 32 dB, as shown in Figure 5.12 (D). Therefsignificant improvement in

terms of overall SINR is achieved by using FFR relative tollrdR system.

Interference mitigation technique  ASE Guaranteed user throughppt
technique [bps/Hzin?] [Mbps]
Fog = 1 0.2607 0.6
Kef = 3 0.1776 4.1
FFR,c =4 0.3389 4.3
FFR,c =16 0.3211 5.2
FFR,¢ = 64 0.2937 5.6

Table 5.3: Area spectral efficiency and guaranteed user throughput.

It is assumed that 40 UEs are uniformly distributed in thevoet. The PFS introduced in
Algorithm 2 is used to allocate the sub-carriers to multlpkes in each cell to solve the issue of
low user density. Table 5.3 shows the area spectral effigiGh8E) of the LAC networks and
the guaranteed user throughput (measured at the first piggagtihe user throughput) achieved

by the systems with different techniques and parameteiguré&is.13 shows the CDF of the
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Figure 5.13: The CDF of user downlink throughput in a LAC network with ADT.

downlink user throughput.Figure 5.14 shows the CDF of therdiok cell throughput. In the
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systems with FFR, the cases withialues of 4, 16 and 64 are considered. For the cell edge UEs
in the system applying FFR, a power gaircahcreases the signal quality further. This results
in a better performance for the cell edge UEs in the FFR sysidative to a system applying
only traditional resource partitioning. The improvemantdrms of guaranteed user throughput
is in the range of 5% to 37%. All three sub-bands are availtdléransmission for the cell
centre UEs in the system applying FFR. In addition, due toirtkerference mitigation, the
average SINR in the FFR system is higher than the SINR in tHe &}/Sstem. This improves the
performance of the FFR system relative to the two benchmestiess in terms of both the user
throughput and cell throughput, as shown in Figure 5.13 dgdré 5.14. The improvement
relative to the UFR system in terms of ASE is in the range of 18%0%.
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Figure 5.14: The CDF of cell downlink throughput in a LAC network with ADT.

On the one hand, when= 64, the cell-edge user throughput is enhanced at the cost lef cel
centre user throughput. In this case, a guaranteed usergtipat of 5.6 Mbps is achieved.
However, the ASE is only 0.2937 bps/Hz. On the other hand, whenis decreased to 4, the
SINR of the cell-centre users is improved. This results inghér ASE of 0.3389 bps/Ha/?
and a lower guaranteed user throughput of 4.3 Mbps. In Figu, it is shown that there is a
small proportion of the cells which have a relatively lowgstem throughput of about 35 Mbps.
This occurs when all UEs in these cells are in the cell edgemegvhich is reasonable due to
the low user density in each cell. In this case, the sub-banddil centre users remains idle

which wastes transmission resources and results in a lellehooughput.
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5.3 Coordinated Multi-point Joint Transmission Based on Argular

Diversity Transmitter

In a LAC network, many system specific properties supportrtiementation of JT: i) a very
high-speed low-latency backhaul connection between OiB&asy to realise due to the short
physical distance between O-BSs; ii) an IM/DD system is ngddired by small-scale fading
effect due to constructive combination of intensity motediesignals; Therefore, extra coding
and strict synchronisation requirement are unnecessi@ngirice the LoS signal component
is significant, the time differences between the arrivalighal components from different O-
BSs are small relative to a symbol period; iv) the inter-sginibterference (I1SI) introduced
by the slight difference in time delay of each signal compdrean be inherently removed by
O-OFDM system. Applying JT not only improves the communaatjuality at cell-edges, but
also makes the connection more reliable. Since multiple fraSsmission paths exist simul-
taneously as a result of the proposed cellular structute, @@nection can still be guaranteed
for the case that one or two LoS paths are blocked. In thisosedhe application of JT in LAC

networks with ADTSs is investigated using simulations.

5.3.1 Joint Transmission Configurations and Frequency Plas

For the convenience of analysis, the same assumptions m&eeiion 5.2.1 are also used here.
The basic configuration of the considered JT in LAC netwoskustrated in Figure 5.15. The
network deployment is similar to that assumed in SectiorB85¥&here multiple O-BSs cover a
numbers of HEX cells in the considered LAC system. Each OB&juipped with a 7-LED
chip ADT. Among the 7 LED-chips in an ADT, the central LED chgpdirected to the cell
centre and covering the cell centre UEs. Each of the ren@iiexterior LED chip faces one
of the 6 vertices of the HEX cell. Since every three adjacetis have a common vertex,
three exterior LED chips of different adjacent O-BSs coveek corner region. This region
is defined as a JT region which is centred at a vertex of a dethel UE is in the centre of a
cell, the system works in a single point transmission modd the UE receives signal from the
central LED chip. In the case that the UE is far away from ang ®receiving weak downlink
signal, the system works in a multi-point JT mode, and thedHerved by three closest O-BSs.
Each O-BS transmit the signal using one of the exterior LEPshs shown in Figure 5.15.
Similar to the case in Section 5.2.3.1, a narrow half-povesnisangle of20° is assumed for

each LED chip to avoid the wide spread of CClI.
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Figure 5.15: Illustration of coordinated multi-point joint transmissi in LAC downlink system.

The working mechanisms of the system are described as fll@yvthe central LED chip of
each O-BS transmits a pilot signal to all UEs with a uniqueusege to identify the corre-
sponding O-BS; 2) each UE selects the BS providing the sastngjgnal as a primary AP and
selects the O-BSs providing the second and the third stebrsignals as the secondary APs; 3)
a UE estimates the received SINR by considering the sigoai the primary AP as a desired
signal and the other signals as interference; 4) if the SifN&biove a pre-determined thresh-
old T}; which determines the maximum BER for reliable data transimis the UE replies to
the O-BSs through uplink channel requesting single poarndmission from the primary BS;
5) otherwise, the UE replies to the O-BSs requesting JT fiwenprimary and the secondary
APs. Then, the BSs use a predetermined look up table to skkeeppropriate LED chips for
transmission. With a given O-BS cooperation set, the lootabje provides the information of

LED chips that are used to serve the UE using JT.

Since the magnitude response of the channel is assumed tatpectheduling algorithm is

simplified. We assume that the subcarriers are evenly lolisédl among the user population in
the coverage area. Figure 5.16 illustrates the frequenuserpattern. For the first plan shown in
Figure 5.16 (A), the frequency band is divided into two salnids. The first sub-band is reused
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Figure 5.16: Frequency plans considered in the LAC downlink system Witl{A) plan 1 (B)
plan 2

in each single point transmission region, while the secardtmnd is reused in each multi-
point JT region. Considering a total &f subcarriers carrying information bits, the number of

subcarriers in single point transmission sub-bafngdis set as follows:

ALK
Ky = { ,f w , (5.53)
Sys

where Ay, denotes the total combined area of single point transnmisgigions, and,, de-
notes the entire coverage area of the LAC system. The numibeboarriers in the JT sub-band,
Kjq, is calculated as:

This frequency allocation plan ensures spatially uniforrailability of frequency resources,
which supports the assumptions of a uniform UE distribuisrwell as equal target data rate
of all UEs in the network. However, there is no interferendégation between adjacent JT
regions. Therefore, low SINRs are achieved at the bourslafievo adjacent JT regions. For
the second plan shown in Figure 5.16 (B), the sub-band foregiions is divided into two

partitions as follows:
K = Kji2 = Kf( - Kst) /2J . (5.55)

The two JT sub-bands are reused in a pattern such that atjficeggions always use different
sub-bands in order to mitigate CCI. The sub-band for singiatpransmission remains the
same. This frequency plan offers improved receiver SINRoperance, but fewer number of
subcarriers are available in the JT regions. For the coaweri of presentation, the JT systems

with frequency plan 1 and 2 are defined as JT 1 system and JTehgyespectively.

137



Interference Mitigation Techniques in LiFi Attocell Netrks

Figure 5.17: The area of the region specified by the blue dashed lines ¢ogltrage area)
equals the area of the region specified by the red solid curVeg implies that
the JT 2 system has the same reuse factor as that of a UFR system

In a UFR system, the whole frequency band is permitted to bd imseach cell. Within a cell
coverage area (hexagon indicated by blue dashed line boesda Figure 5.17), subcarriers
are not reused. In a JT 2 system, the entire set of subcaarensrevented from being reused
within the region bounded by red solid curves in Figure 5T area of this region is exactly
equal to the coverage area of a HEX cell. Therefore, the réater of a JT 2 system is

equivalent to the one in a UFR system.

Parameters Symbol Values
Transmitter height Zs 3 [m]
LED-chip half-power semi-angle| ¢/ 20°
Receiver height 2 0.85[m]
Receiver field of view Ymax 70°
Modulation bandwidth F 40 [MHZz]
DC-bias level €EDC 0.5A¢
Signal amplitude range Ae 6
PD responsivity Mpd 0.28 [A/W]
PD physical area Apg 1.5 [cm?]
Number of subcarriers K 512
Cell centre illuminance from O-B$ FE, 500 [lux]
Noise power spectral density No 1 x 1072 [A%/Hz]
JT SINR threshold Tt 10 dB
Number of users Ny 40

Table 5.4: LAC system parameters with JT schemes and ADT.
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5.3.2 Simulation Results and Discussions

The simulated LAC network is assumed to be deployed in a roosize 16 mx 9 m x 3 m.
The coverage area in the room is divided ih8oHEX cells and served by3 O-BSs with ADT,
as shown in Figure 5.10. DCO-OFDM with OFDMA is used in thewdation. For simplicity,
no power control is applied and all LEDs have the same averpteal transmit power. The

remaining system parameters are listed in Table 5.4.

The simulation of the SINR spatial distribution and thropighstatistics are based on the mod-
ified SINR expression (5.52). The JT systems are compardadsagao benchmark systems.
One of the benchmark systems uses UFR with a reuse factoreof Dime other system uses
traditional static resource partitioning with a reusedadf 3 [19]. The simulation parameters

for them are the same as those for the JT systems in order targaa a fair comparison.
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Figure 5.18: SINR spatial distribution of the LAC system using (A) UFRIBL (C) JT 2.
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Figure 5.18 shows the SINR spatial distribution for theed#it systems. The benchmark UFR
system achieves the worst SINRs. For the JT 1 system, theagd SINRs are improved com-
pared to the UFR system, especially for the UEs near theeceftiT regions. However, due
to the lack of interference mitigation between adjacenteljians, the UEs at the boundaries
between adjacent JT regions achieve low SINR. In contnagha JT 2 system, the same fre-
quency band is not reused in adjacent JT regions. Therdf@eell-edge UE SINR is further
improved (above 30 dB) compared to the JT 1 system at the €dss® available spectrum

resource per JT region.
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Figure 5.19: The CDF of user downlink throughput in a LAC network with ADT.

Figure 5.19 and Figure 5.20 show the CDF of the downlink dalbughput and the user
throughput in different systems. The cell throughput isrdefias the aggregate data rate in
a cell, while the user throughput is defined as the transamissata rate achieved by a single
UE. With the largest reuse factor, the resource partitgsiystem achieves the lowest median
cell throughput of 34.9 Mbps. In contrast, a UFR system witikeuse factor of one achieves
a higher median system throughput of 42.3 Mbps. The JT 2msyktes the same reuse factor
as the UFR system. In addition, the JT 2 system exhibits gtrobustness to CCI. Therefore,
the JT 2 technique achieves a median system throughput ®MN\Bisps, which is significantly
higher than both benchmark systems. However, the maximumbauof subcarriers that a UE
could use is determined by its location and is limited by tize sf the respective sub-band.
Therefore, the peak user throughput for the JT 2 system ierltlan the JT 1 system. Since

the JT 1 system enforces a more aggressive frequency rewssiéves the highest median
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system throughput of 58.5 Mbps. The JT 1 and the JT 2 systeavs al67.6% and a 61.3%

improvement compared to the resource partitioning systespectively. The JT scheme also
shows improvement in terms of the guaranteed user throwgtpfined as the minimum data
rate with 90% confidence, compared to the benchmarks. Theadd the JT 2 systems achieve
a 6.3 Mbps and a 7.5 Mbps guaranteed user throughput, resghecthese numbers are 100%
to 140% higher than the guaranteed user throughput achigvadJFR system.
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Figure 5.20: The CDF of cell downlink throughput in a LAC network with ADT.

5.4 Summary

In this chapter, two interference mitigation techniquedaC networks have been introduced.
The first technique is FFR. An analytical framework of the FfiRlication in a LAC network
was proposed. Both the sFFR and SFR schemes were consideme@thod of calculating
the statistics of the achievable SINR and the average spedficiency in a 2-layer HEX cell
network was presented. The numerical results show a clasemgnt with the results of the
Monte Carlo simulations. The performance of the LAC netwwith FFR was evaluated and
compared with a benchmark system with UFR. The results sthah&t FFR schemes can
effectively improve the downlink SINR in a LAC network. In@itlon, FFR schemes offer
significant improvements in the cell edge spectral effigieRtrthermore, the average spectral

efficiency is slightly improved. Also, the effects of the kegrameters were studied, such as
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cell radius, cell centre / radius ratio and active use dgnsitwas identified that the optimal
value for cell centre / radius ratio is 0.7 for sSFFR and 0.358R in a typical setup considered
in this study. With an increase in the noise level, thesemgdtivalues become greater and the
gain from FFR schemes decreases. In addition, a low useitglsignificantly decreases the
achievable average spectral efficiency. However, PFS carsd to effectively alleviate this
problem. Furthermore, the combination of ADT and FFR is wered for further improvement
in interference mitigation and system performance. Thelteshowed that the combination of
FFR and ADT significantly improves the downlink performamé¢he considered LAC system
in terms of overall SINR level, user throughput and cell tlgioput, especially for the cell-edge
UEs. The second considered interference mitigation teckenis known as coordinated multi-
point JT. Its application in a LAC network is achieved by gs&DT in the O-BSs. The results
showed that JT schemes can also effectively improve th@peaince of the cell edge UE in
LAC systems. In addition, a joint transmission system alduieved 67.6% improvement in

terms of median system throughput compared to a static res@artitioning system.
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Chapter 6

Conclusions, Limitations and Future
Research

6.1 Summary and Conclusions

In this thesis, a series of fundamental studies relatedeatwnlink performance of light fi-
delity (LiFi) attocell (LAC) networks at the physical laybave been presented. To the best of
the author's knowledge, this is the first comprehensiveystufda LAC downlink. The study
includes an analysis and evaluation of the downlink peréoroe of LAC networks based on
signal-to-interference-plus-noise ratio (SINR). In didat, an efficient analytical method for
the calculation of the non-line-of-sight (NLoS) channebpintse response (CIR) in a visible
light communication (VLC) system was proposed, which haanbesed to estimate the free-
space propagation channel in LAC downlink systems. Findly interference mitigation tech-
nigues, namely fractional frequency reuse (FFR) and npulitit joint transmission (JT) were
introduced at the downlink of LAC networks in order to mitigahe detrimental effects of

co-channel interference (CCI).

In Chapter 2, the relevant background related to the LAC agtwownlink has been presented.
Firstly, a brief history of optical wireless communicati@@WC) has been provided. Further-
more, the essential subsystems to establish a complete eArk have been introduced and
discussed. Then the focus is put on the basic concepts undieigp the LAC network down-
link, which include the VLC front-ends, channel, receiveise, optical-orthogonal frequency
division multiplexing (O-OFDM) transmission, signal ghing effects in O-OFDM, and cellu-
lar system. Based on the introduced basic concepts, a newssikpn for a key system metric,
downlink SINR, has been proposed. In contrast to the egsSiNR models, the new SINR
expression is based on O-OFDM transmission. Thereforeefthets of signal clipping, signal
power adjustment and the frequency characteristics ofrtire-End elements have been taken
into account in the new expression. The proposed SINR esipre$orms the foundation for

the studies in the subsequent chapters. It could also betfadte used in future research. For
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example, the SINR expression could be used as the metriettohjnction of simulations /

optimisation in future LAC network studies.

In Chapter 3, an efficient novel method was proposed to alewhe NLoS CIR in VLC sys-
tems. This method is an analytical approach to calculate€CtRefor VLC NLoS channel. In
particular, the proposed method provides tractable egmes for the CIR calculation. Using
these expressions calculating the CIR is straightforwadi requires extremely short time to
compute & 1 s). In many VLC studies, it is required to consider NLoS ClBsthe accuracy
of the research results, but it takes too much time to cakeul®e NLoS CIR using state-of-
the-art ray-tracing simulations. In addition, in the prepd CIR calculation method, the CIR
is decomposed into multiple components correspondingeasitmnals that interact with differ-
ent room surfaces. Therefore, researchers working on Vigbrél characterisation could use
the expressions and results proposed in this thesis in todamalyse the effects of different

surfaces on the NLoS channel in different cases.

In Chapter 4, based on the downlink SINR expression in Ch&péad the proposed analyti-
cal CIR calculation method in Chapter 3, a comprehensiventinlvperformance analysis and
an evaluation of LAC networks has been presented. Firssimalation including the effects
of NLoS channel has been conducted. The results show th&IMR decreases with signal
frequency due to the low pass characteristics of the frodtedements. At the same time, the
NLoS channel has minor effect on the SINR. Therefore, whedutaion bandwidth is beyond
the 3-dB bandwidth of the front-end elements, it is essktuitake the effect of the front-end
elements into account. However, the lack of NLoS channdlaisaleads to minor variance in
the downlink performance analysis of LAC networks as lonthase exists a relatively reliable
line-of-sight (LoS) path for the communication signal. lddion, the study on the size of
the network shows that the larger the network size, the witiselownlink performance. The
downlink performance with different cell deployments waaleated and compared. Among
the considered cell deployments, hexagonal (HEX) cella@apent and Poisson point process
(PPP) cell deployment were found to offer the best and wase in terms of SINR statistics,
respectively. Tractable expressions for the SINR statisiif the system with these two cell
deployments have been derived. These expressions couldeldeby researchers to quickly
estimate the potential downlink performance of a LAC nekweith a certain system spec-
ification. It has been found that the effects of varying cellius and the light beamwidth

(half-power semi-angle) are vital to the downlink perforroa of LAC networks, and the con-
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figuration of these two variables should be interconnectedesired configuration to the source
beamwidth for a specified cell radius has been proposedhé&mnbre, the cell data rate of the
LAC downlink has been evaluated. It has been found that wsthaller cell size, a smaller half-
power semi-angle should be used, which leads to a decre&ddvel and an improvement in
the cell data rate. Additionally, there is always an optinele for the modulation bandwidth
to allow the LAC network to achieve a maximum downlink datteraThese results help to
select suitable parameters for a LAC network in both conmmrtasimulation and actual sys-
tem implementation. Finally, the downlink performance &Q_networks has been compared
with the performance achieved by the state-of-the-art Isoedll systems. The result shows that
the LAC networks generally outperform femtocell networksparticular, a high performance
LAC network can achieve an area data rate of 469 MibABwhich is twice the area data rate
achieved by a high performance millimetre wave (mm-Wave)esy. The mmWave system as-
sumes a spectral efficiency of 11.25 HA®) and uses a bandwidth of 2 GHz in a room of size
10 m x 10 m. This study demonstrates that LAC networks are capablefdoad a significant
amount of downlink traffic from the existing radio frequen&F) network. The study can also
support future studies on LAC networks at the data-link aetivork layers, where the focus

could be on handover algorithms or network load balancing.

In Chapter 5, interference mitigation techniques for LAGvdbnk have been considered.
Firstly, a FFR technique is considered, and it achievessoredble compromise between com-
plexity and interference mitigation performance. Two typé€FFR schemes, strict FFR (SFFR)
and soft frequency reuse (SFR), were introduced. A seriesalf/tical tools have been devel-
oped to calculate the SINR statistics and spectral effigi@fiche LAC downlink using FFR.
The presented results show that FFR provides an improveafehtdB to 10 dB in down-
link SINR and a 20% to 50% improvement in cell edge spectfatiefcy in a LAC network
compared with the case using universal frequency reuse JUHRRse results justify that it is
effective to use a FFR scheme to mitigate CCl in a LAC downliltks also found that sFFR
offers better gain in almost every aspect when compared R. 8Faddition, it is found that
using FFR leads to a low active user density issue. Givenradesesity lower than 0.2 usen?,
the average spectral efficient of the system using FFR schdemease significantly. This re-
sult implies that a FFR is not suitable to be used in a lighdgded LAC system. A modified
proportional fairness scheduling (PFS) scheme has bemdited to alleviate the low user
density issue. To further improve the effectiveness of tR& Fan angular diversity transmit-

ter (ADT) was introduced at the transmitter side. Consetjyesin improvement of 20 dB in
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the cell edge user SINR and an improvement of up to 30% in tefrasea spectral efficiency
(ASE) have been observed in the simulation results. Segotid multi-point JT technique
with ADTs is considered. It converts harmful CCl into usedigisired signal at the cell edge.
Similar to the case of using FFR and ADTs, an improvement odBt the cell edge SINR
and an improvement of 60% to 70% in medium user throughpativel to the case of UFR
can be observed in the simulation results. The results o$yleEems using ADTs shows that
exploring spatial diversity can significantly improve thestem performance in LAC networks.
The presented study offers two solutions to the interfezéssues in future LAC networks with
dense spatial reuse, and proves their effectiveness. deortiie, the research results of this
study could be used as benchmarks for future research afergiece mitigation technigues in
LAC networks.

6.2 Limitations and Future Research

In the analysis presented in this thesis, a large numberctsrhave been taken into account
to give insights into the actual downlink performance of LAgStems in practice. However,
a number of assumptions have been made to reduce the aalatgtioplexity. In some cases,
the related analytical tool is unavailable in the literatuConsequently, idealised assumption
has to be made so that the analysis can be tractable. Inadditie studies in this thesis are
purely based on analysis or simulations. Therefore, moperaxental research is needed to
validate the presented results. Furthermore, a humbeeafetearch findings and limitations
inspire potential future research directions, which isamt@nt for the further development of

LiFi technology.

In the development of the analytical method for the NLoS CéRalation, cost-effective mod-
elling of the channel components undergoing three or morebeu of reflections with low
complexity was not available. With the omission of thesencleh components, a noticeable
underestimation of the NLoS CIR components with long timaygean be observed. Sim-
plified geometric models may be considered to approximaecihiaracteristics of the channel
components with higher order reflections. In addition, theppsed method considers light
source with Lambertian radiation pattern, diffused refteconly, a vertical receiver orienta-
tion and a full receiver field of view (FoV). More general mdithg considering other light
source, specular reflection, receiver rotation and limied can be the subjects in the future

work.
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Currently, most of the study on indoor NLoS VLC channel mbdglor simulation considers
the effects of room internal surfaces only. In order to sateia more accurate NLoS channel,
the effects of other random objects, such as human bodiesfuites, should be thoroughly
studied. Despite a number of related evaluation studiesidering several specified environ-
ments [110], the generic characteristics of the influentésese objects still remains unknown.
A significant challenge for characterising the effects off@mn objects is the difficulty of defin-
ing the generic model for the random objects. On the one hlhack are too many uncertainties
about the random objects (type of objects, reflectivity @f tijects). On the other hand, the
geometry of the random objects are not as simple as a flat.pgoresequently, it is much more
difficult to capture its effects on the channel compared ¢octhise considering internal surfaces

only.

In addition, the majority of the state-of-the-art channelidation / modelling methods consid-
ers a static setup, where the geometry of transmitter,ueccand the environment does not vary
with time. Comprehensive Evaluation of the time-varyin@metteristics of the VLC channel
can also be the future research topic. The related reseasalt,rsuch as coherence time, will

be useful to the design of channel estimation algorithmgdbaer algorithm, etc..

Another important issue in the VLC channel modelling is tiffeas of the user equipment
(UE) orientation and position. However, very few study hawked on the statistics of the
distance from the floor to the UE and of the latitude angle eflife. These statistics strongly
depends on the height of the user, poses / habits of using Ehéldomprehensive study on

these statistics using experiments can be carried out ifuthiee research.

In the analysis of the downlink performance of LAC networgsrfect reliable backhaul and
uplink connections with infinite capacity are assumed. A luwiffer traffic model has been
assumed for all UEs in the LAC networks. In addition, the @feof handover and mobility
are omitted. Limited backhaul, uplink capacities, differeraffic model or handover / mobility
issues can be added to the analysis in the future researtie idovnlink perspective. It is
unlikely to jointly consider all these issues with a detdifaodel as it will lead to significant
increase in analysis complexity. Therefore, detailedyaiml performance evaluation of each

algorithms / subsystem with a number of case studies is ntaipal in the future research.

In conventional RF cellular network, several dozens or éuemdreds of UEs are connected

to a single base station (BS). In contrast, the number of@dfiEs within a LAC is much
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smaller because of the smaller cell size. This issue campalily affect the LAC system
performance. For example, in an extreme case that the nuofilesers is much fewer than
the number of optical-base stations (O-BSs), the O-BSsgmwb UE is not transmitting which
leads to a reduced CCI level. Therefore, evaluating theceieactive UE density is worth
considering in the future research. In chapter 4, an infmgtgvork in an indoor environment is
considered. In order to accurately reflect the performahtAG network in practice, a number
of typical indoor application scenes can be defined, whici haae different room dimension,
UE density or number of available light source. The perfarogaevaluation regarding each

specified scene can be carried out independently.

In addition, the LAC downlink system configuration consilm Chapter 4 is adjusted in order
to achieve an improved wireless communication performaibe only constraint considering
the lighting performance is the illuminance level right emieath the O-BS. Each O-BS has
a circular ‘foot-print’ on the serving plane. In the commeation perspective, the overlap-
ping between adjacent ‘foot-prints’ should be avoided &vpnt significant CCI. On the other
hand, in the lighting perspective, the cell edge has a retliliceninance level. The overlap-
ping between adjacent ‘foot-prints’ is preferred to supsgthe light from multiple sources
to enhance the illumination and the illuminance uniformitherefore, new design which can
accommodate both communication and lighting functioiaishould be considered in future

research.

In the analysis of interference mitigation techniquesfamrchannel state information (CSI) at
the O-BS and perfect centralised control unit are assumredddition, idealised channel with
flat frequency response is assumed. The detailed analfrigcakwork developed in Chapter 4
can be used in the study of the interference mitigation tecias in LAC systems to provide
more accurate performance estimation. Furthermore, belgases with infinite HEX network
are considered. The cases with other point process badatbpilyments can be investigated
in future research. In the study of using JT, multiple sigriadm different O-BSs via LoS paths
arrive the receiver with different time delays. This mayadice frequency selectivity to the
JT channel. Therefore, studying the JT channel charaitsrisan also be a future research

topic.

In Chapter 5, the analysis shows that using the static lowpbexity, such as FFR technique, in
LAC network may leads to the waste of spectrum resourcesaltieetlow active user density

issue. In order to avoid such waste, the centralised / biiged dynamic resource allocation
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schemes developed for RF cellular network can be considaredC networks. In a LAC
network, all O-BSs are physically close to each other anditimber of UEs per cell is smaller
relative to RF cellular systems. These facts imply that thekbaul communication latency
issue and the computation complexity issue of the resodlmeation solution will not restrict

the implementation of these dynamic schemes in LAC networks

In RF wireless system, the random small-scale fading leadkfferent frequency selectivity

for each user, which is known as multi-user diversity. In taigshe dynamic resource alloca-
tion schemes, multi-user diversity is explored to signiftbaimprove the system performance.
However, the small-scale fading introduces little frequyeselectivity in VLC transmission

due to the large size of photodiode (PD) detector relativihéowavelength of the light and
the use of incoherent intensity modulation (IM) and direetedtion (DD). Therefore, when
using resource allocation schemes in VLC systems, the argharacteristics of VLC system

in frequency domain should be taken into account.

In the field of VLC research, the majority of the experimerstaldies are considering a point-
to-point single link. However, there is little work has bemarried out on the networked VLC
system. In the future experimental studies on LAC netwoitks,following issues should be
considered in particular: 1. validation of the CCI chargsties. 2. light source coverage
validation. Regarding the first issue, the effects of a aetevel of CCI can be experimentally
evaluated. For example, the bit error rate (BER) perforreanith a specified level of CCI
and modulation scheme can be measured and compared witbrtesponding BER distorted
by the same level of additive white Gaussian noise (AWGNRddition, the CCI spatial dis-
tribution can be experimentally measured within the coyerarea of interest. Regarding the
second issue, the effective coverage area of the light saanc be experimentally validated. In
a single link VLC experiment, the light beam is typically f@ed on the receiver detector using
appropriate optics to increase the collected optical p@ganuch as possible. However, in a
networked VLC system based on non-directed configuratiesystem design should take the
case with low signal-to-noise ratio (SNR) into account.sliieans that a high power, diffused
optical source should be used in a networked VLC experimimis, it is valid to measure the
effective coverage radius respect to different verticabsations between the light source and
the UE.
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Appendix A

Derivation of the Single Reflection
Channel Impulse Response

Figure A.1: Single reflection channel in Cartesian coordinates.

Firstly, the setup shown in Figure 3.2 is placed in a Cantes@ordinate system. As shown
in Figure A.1, the locations of the source element and theiveg element are defined in
the coordinates a8, = (—Liffr,o,—Ls) andd, = (Liffr,o,—Lr), respectively. The

orientations of the source element and the receiving elearerdefined ag; = (x, ys, z5) and

or = (xv, yr, 2:). All orientation vectors have a unity modulus. Considem@mgamount of light
power incident to a point on the reflector@&t = («x,y,0), the Euclidean distance between the
source and this point i, and the Euclidean distance between the receiver and thisipd;.
Intuitively, the orientation of the reflectef, is opposite to the direction af-axis. According

to [26], the calculus of the path loss vig can be calculated as:

(m+1)A,dA

dG = P 27r2D%D% cos™ ¢1 cos 11 cos g COS Pa, (A1)

where¢; and; denote the radiant angle and incident angle from the lightcgoand to the
point atay, on the reflector, respectively, andiy, denote the radiant angle and incident angle
from the the point afi;, on the reflector to the receiving element, respectively; @adienotes

the calculus of the physical area of the reflecting point. félevant terms in (A.1) can be
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calculated as [67]:

Ll \?
Dy =/(z+— > +y? + L3, A.2
=y (o ) e (.2
L.Ly, \?
Dy = T — . + 2 + L%? A3
’ < L+ Lr> ’ "3
s (@p — a@s) " s (w + Lﬁfg) + sy + 25 Ls
cos p = — D, = - D, , (A.4)
o /o ~\T
— L
cos by = Op (ale a,) _ D_i’ (A.5)
o /o - \T
- L
08 by = Ob (arD2 ar) _ D_;’ (A.6)
_ O r) st , A7
cos 1y D, Dy (A7)

Thus, equation (A.1) can be rewritten as:

dG(z,y) = plm +2173;4rLSer(x,y)dxdy (A.8)
R (l‘s (az + LL:_fi’r) + ysy + Lszs> R (azr (l’ - LLSQ_L]E’r) +uy + err>
f(z,y) = i :

2 P 2 2
((1‘-1— Ll ) +y2+L§> <<1‘—LL+L£’) +y2+L3>

where the ramp functiofi(x) is used to prevent the negative value:af ¢; andcos 15 in the
case ofp; > § andyy > 7. The total received signal power can be calculated by iategy

(A.8) over the entire reflector.

However, channel impulse response is a quantity closelteglto delay. In order to make
the received signal power involve the time delay, we firstpsider calculating the power of
the received signal experienced a delay of less thafihis amount of power is denoted as
Popt,h(t). The time delay is in conjunction with the length of the tramssion path. With a
given positions of light source element and receiving eleiall of the single reflection paths
with a delay less thahare within an ellipsoid with the foci at the positions of ltiggource and
the receiving element as shown in Figure A.2. The ellipssickintral symmetric respect to the
line via the light source and the receiving element pos#tidror the convenience of defining
this ellipsoid, another Cartesian coordinate systény’-z’ is defined. Inx’-y/-2' system, the

centre of the ellipsoid is placed at the origin of the cocatis, and the two foci are placed on
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Figure A.2: Single reflection transmission geometry with considermggaths experiencing a
delay less than a certain value

the 2’ axis with the coordinates c(f—%, 0, O) and (%, 0, O) ,whereL} = L + (Ls — L,)*.

The equation for the ellipsoid can be written as:

.’El2 12 2/2
Y + <1, (A.9)

@ oy (inf2) (@2~ (inf2)

With a given coordinate in-y-z, the corresponding coordinate ifry’-z’ can be obtained by

carrying out a coordinate transformation as follows:

! : 2L5Lr : [A/b(Ls*Lr)
x coswe 0 sinwc| |z o1 sinwe + NLFL)
y| = 0 1 0 yl| + 0 , (A.10)
2 —sinw. 0 cosw.| |z % COS We
S T

Ls—Ly
b

wherew, is the rotation angle of the coordinates, and= arctan ( 2 ) In conjunction

with (A.10), the ellipsoid equation in the-y-z system can be written as:

7 2
2 ~ 2
/2 (/27" ~ (12)
2
(z COS Wy — T sinw, + Ef_i%r oS wc)
* ‘ <1 (A.12)

~ 2
(ct/2)? = (Lv/2)
In the case that the signal is reflected by a single diffusinfpse, all reflected point have to
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fulfil the conditionz = 0, which leads to an area on they plane as:
L} Ly, (Ls — Ly) (¢*t? — L3)
Wot): [1— =) 2%+ 42 0
0(t) < . )x-i—y +< (L L) T

(2= L3)° (L — L)’ (@RI L
4¢22 (Lg + L) (Ls + Ly)? -

(A.12)

This ellipse defines the integration limits ferandy when calculatingﬁopt,h(t). Therefore,

Pypt,1(t) can be calculated as:

A m+ 1A L L,
Popen(t) = P 2732 / /W ) Hz, y)dady. (A.13)
0

. dp, t .
Thus, the channel impulse response can be calculated as: %”() For the convenience

of calculatingh(t), a polar coordinate system with a radiuand a polar anglé is used. The

polar coordinates can be calculated based on the follovelagionships:

T =rcosb, (A.14)
y = rsinf. (A.15)
By inserting (A.14) and (A.15) into (A.8), it gives:

p(m+ 1)A LsL,
272

dG(r,0) = f(r,0)rdrdd, (A.16)

wheref(r, ) can be found in (3.3). By inserting (A.14) and (A.15) into 1), it gives:

wot): (1- L} cos? 2y Ly, (Ls — Ly) (¢*t* — L{) cos 0 .
c2t? ?t? (Ls + Ly)

(A2 = L3) (L — L) (PP I Lo\
4¢22 (Lg + L) (L + Ly)? -

(A.17)

Thus, the channel impulse response can be decomposed mtmevdimensional integrations

as:

DA, LsL, 21 rrg(t)
h(t) = % (p(m +2722 /0 /0 f(r, e)rdr(w) , (A.18)

where the value of the limit can be calculated by evaluating the bound valueiofW,(t). It
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is determined by making the inequali,(¢) into an equality, and solving this equation with

considering- as the unknown. Thus, this solutiontds vy (¢) which can be concluded as (3.4).
According the Chain rule [ 5, (r)dr = fo(f1(£)) 22, the CIR can be further simplified
as (3.2).
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Appendix B

Floor-to-Celling-to-Receiver Channel
Impulse Response Approximation

In this approximation, a special case floor-to-ceilingg¢oeiver (FCR) channel impulse re-
sponse (CIR) result in closed-form is used as a base funclibe FCR CIR expression with
7 = 0 m can be calculated as:
hEﬂ,f:O(t) = ﬁ{1,APd,pc,zs,zs—zr,o,ab’tfcr,ar’tfcr}(t)v
B 27Apdpczs2 (25 — Zr)QZ/{ (t — Q‘Zq—c_zf)

2 D — 2 3 )
wcbt7? (1 R ;Stfr) )

(B.1)

which is a modification to the result derived in [23]. In ordefind the suitable approximation
to the case with any > 0, three CIR examples with = 0, 3,6 m are shown in Figure. B.1. In
these examples, = 0.75 m and the configuration of the remaining parameters are the sa
those listed in Table 3.3. It shows that the shapes of theesumith different” are similar. With
the increase of the delay of the beginning of the response is larger. In exidithe magnitude
of the CIR is slightly increased compared to the case wita 0 m. Therefore, the CIR with
7 # 0 mis approximated as:

B2

fer

() 20 = o (1 = 2020 )

c h‘fcr,F:O (t)’ (BZ)

wherel{ (t — Dy rcr/c) correct the minimum delay of the CIR, atfd,, is a scaling factor to

linearly amplify the overall magnitude &f (t — Do rcr/c) hglfzo(t) to matchhg(t). The

shortest path in the FCR link By rcr = \/(2,25 — zr)2 + 72, A number of suitable function
of Fi., causing little error has been found by using curve fittindgo@he following function

is selected as it achieves a good balance between accurhcpisuplexity:

0.107
U

Frer(u,v) = < + 0.02179) v+ 1, (B.3)
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Figure B.1: CIRs with FCR categorﬁg(t) with 7 = 0 m,7 = 3 m andr = 6 m. The results
of the approximated calculation are also shown in this figure

whereu = == andv = ZL Therefore, the final approximated expression can be fosnd a
(3.16). In Figure. B.1, the approximated CIR results aresgméed in addition to their corre-
sponding exact CIR results. It can be observed that the gippated curve offers an accurate
estimation to the exact expression of the FCR CIR. In ordéurtter evaluate the accuracy of
the approximation with various configurations. The norsali mean square error (NMSE) of

the CIR approximation is calculated, which is defined as:

E, [(;}(t) - h(t)ﬂ

€nmse = E, [h2(t)] > (84)

whereﬁ(t) denotes the approximated CIR result. Figure B.2 showsteesliINMSE varies
with 7/zs and withz, /z. It shows that with most of the configurations, the NMSE isligeg

€nmse

Figure B.2: NMSE of the FCR CIR approximation.
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ble. When both*/z, andz;/z, are significantly large, the NMSE start to increase. However
compared with other significant channel component in tHeviahg calculation, the magnitude
of the FCR CIR is extremely small in this case. Therefores #pproximation error will not
significantly affect the accuracy of the final result of thdr@alculation with the transmitter-

to-floor-to-ceiling-to-receiver (TFCR) category.
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Appendix C

Transmitter-to-Wall-to-Ceiling
Channel Impulse Response
Approximation

In this approximation, a special case transmitter-to-t@kteiling (TWC) channel impulse re-
sponse (CIR) result in closed-form is used as a base funcliba TWC CIR expression with
y = 0 m can be calculated as:

pl2

twc,y:O(t) - ﬁ{mydA7PW7DS7x7076:,twcr’ag,twcr} (t)

= pw(m + I)DSxB (mTH’ mTH) 2mt%wc(t)Aru (t - DS+I)

D2 Y (D2 —42)? 3 — (€.1)
s ct s T
(1 gy) T (4 - B
whereB (u, v) is the beta function, and
22 (D2—a?)” D244
t‘?Wc(t) = c4 ( i ) -5 e . (C.2)

4c2¢2 2

Considering a TWC channel withh # 0, the overview of the channel geometry is shown in
Figure C.1 (a). The shortest propagation path can be cédcldesD (w. = 1/ (Ds + x)2 + 12
The base function (C.1) with the modified separation betwieemwall and transmitter (receiver)

Y

>

D . Ds| %
Np jtwer
" STPRI
Nb,twer el @
ﬁs.twcr ns,t WC:
(a) (b)

Figure C.1: (a) Top view of the TWC channel geometry wjtB2 0 m. (b) Top view of the
approximated TWC channel geometry wjth= 0 m; Note that the di§tance from
the transmitter / ceiling poind, v to the wall surface is modified &3, / z.
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Figure C.2: CIR results of the first part of the Channel in TWCR cﬁ%}g(t). Setup 1:Dg =
Imz=1m,y=1m,¢;p =60°. Setup 22Ds =1m,z=1m,y =1m,
$1/2 = 40°. Setup 3:Ds = 2m,x = 0.5m,y = 1 m, ¢, = 60°. The
results of the approximated curves are also shown in thisdigbetup 1 is used to
demonstrate the approximation method.

of Ds (%) is used to approximate the exact TWC channel as shown i@l (b). To ensure
that the approximated CIR and the exact CIR have the samenminidelay, the corresponding
shortest propagation distances in the exact and appraeihiad/C channel should be the same:
Do twe = Ds + 2. Due to the difference in the incident (radiant) angles tor() the wall in
the exact and approximated channel, a scaling fa€tgg is required to adjust the power level
of the approximated CIR. Therefore, the proposed methogppooximate the TWC CIR is
defined as:

pRADew} () ftwchm’m“i}(t). (C.3)

twe twe,y=0

Next, an example setup is considered to demonstrate thisxpgation. A TWC channel with
Ds=1m,z =1m,y = 1mand¢,,, = 60° is assumed. The remaining channel parameters
are the same as those listed in Table 3.3. The CIR resultlatdduusing (3.27) is shown in
Figure C.2. In addition, the CIR result calculated using blase function (C.1) wittD, =
1.118 mandz = 1.118 m is presented, which shows a similar response to that eaémilising
(3.27) with a greater magnitude as shown in Figure C.2. Birggthe CIR result calculated
using the base function with a factor@8882, the approximated CIR curve shows a reasonable
approximation to the exact CIR curve. This example showsfteetiveness of the TWC CIR
approximation method of using (C.3). Appropriate functidar the calculation of)s, # and
Fiwe are important to the accuracy of the approximation. In thigyg curve fitting tool is used

to develop these functions. With the relationship .. = Dy + 2, the values of), andZ can
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Figure C.3: NMSE of the TWC CIR approximation. (&), = 20°. (b) ¢1/, = 40°. (c)
¢1/2 = 60°.

be calculated as:

Dy = atWCDO,tWC7 (C4)
T= (1 - atwc) DO,twca (C5)

where the factory.. is defined as the ratio db; to Dy twe. @ suitable expression fary, is

found as:
o h ' (C.6)
\/(DS + 2)% 4 4y2 (m0-045 — 1)
Based on (C.6), a suitable function &y, is found as:
Fiwe = T + BrweDs ) o
\/(a: + BrweDs)? + 12 + 0.8125%

where Sy, = 0.8088 exp(—0.6878m) + 0.5304 exp(—0.007006m ). In Figure C.2, the CIRs
of another two setups calculated using (C.3) in conjunciwth (C.4), (C.5), (C.6) and (C.7)
are demonstrated. Both results agree with the exact reslolilated using (3.27). In order to
proof that the functions (C.6) and (C.7) offer reasonablgreximation with the configurations
of interest, the normalised mean square error (NMSE) of pipecximation is evaluated, which
is defined by (B.4) in Appendix B. The results of NMSE varies$hwj/ Dy twe andz /Dy twe

in the case ofp;, = 20°,40°,60° are shown in Figure C.3. It shows that with majority

of the configurations, the NMSE level is negligible. It is @dtthat in the case af/ Dy twe IS
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significant and:/ Do «w. is very close to zero, the NMSE start to increase, espeaciding,

is small. However, in the calculation of transmitter-tolvta-ceiling-to-receiver (TWCR) CIR,
the power contribution from the TWC channel with this confagion is very little. Therefore,
this approximation error will not significantly affect theauracy of the final result of the CIR

calculation with the TWCR category.
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Appendix D
Derivation of the Characteristic
Function of the Interference Term

The derivations start from the term with bracket in the exgmdrof (4.36). witha — oo as:

Va?+AzZ2 ' a .
lim | a? — 7“8 — / 2Dl (D)1 D (:) lim (7“(2] + AZQ) eawg(\/rngAz?)
a—0o0 \/W a—00

) g(\/1m2+Az22 ]
+a® —rf — (a® + AZ?) eiwa(VaTTAZ) _ / ( ’ > (g_l(x))ijer“de)

9(Va?+Az%)
= lim <a2 (1 — eng(\/m))) + ?”(2) (eng(\/r(Q)JrAzQ) B 1> n Azgeng(\/W)
/ A2 \rE+Az2
— lim <A22eng( “2+Az2)> — lim (/g< ’ ) (g_l(x))2jwejwdx>
o a=00 \ Jg(Var+a:2)

x_ﬁjwejwdx, (D.1))

. —m— ré+Az
_ (12 4+ A2?) (03 +a) T ) [
7’(2) 2 ( 2+A 2) (
0

where in (a), integration by substitution is used. By usiDdlj, the characteristic function of
the CCI can be found as:

s —m—3
M((T8+AZ2)<1_ejw(rg+Az2) m 3>+jwf0(,«g+m2) m l’m#%ejmdl,)
r

00 (s N1 (2 2\ —n1(m+3)
@exp <&<(T§+AZ2) <1— Z (jo)™ (rg + AZ%) )

o n1=0 nl!
(T2+A22)7m73 oo . no
S D Ve S
n2=0
00 . \p 11 (m+3
®) exp | — A Z (jw)™ (r§ + Az?) 1(m+3)
Forf ni=1 nl!
_ i (jw)™  nsg(m+3) (r§ + AZ2)1fn3(m+3)
nz=1 ns! n3(m + 3) -1
— (j 1—n(m+3)
- (jw) A7 (1§ + Az?)
- (; nt ret(n(m+3)—1) )’ (D.2)
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where in (a), the Taylor series fef is used, and in (b), the two summations can be combined.
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Appendix E

Proof of the Modified Proportional
Fairness Scheduling

In step 12 of Algorithm 2,K,,
remain the same. In this proof, we only consider varying dindn@ Nvw sub-bandsi,. The

and K, ., are adjusted while other elementsk

1,Mmax

resource allocation plan for other sub-bands remains theseince) ., Kp)n, = Kay,

K; , varies if K, changes its value. Their relationship is shown as follows:

1,Mmi 1,Mmax

Kp =M - K, (E.1)

1;Mmin 1,Mmax?

M = Kfn - Z Kfn,nz' (E2)

N27Nmin,Mmax

A variable K is defined to replacé’, . ThenZ= can be considered to be a functionfof

1,Mmax

Thus, we can writ& as:

= () =0 (o (1)) 0o () ¢ e

na #nmin ;Nmax

= ln Kgﬁl,nmax + Z Knlynmaxgnlynmax + Z ln (STLQ)

n17#N1 127N min,Mmax
+ ln (M - K) 5\ﬁlynmin + Z Knlynmingnlynmin ° (E3)
n1#ny
Then it can be found that:
0z (K) A A
_ 5\nl sTlmax _ E\7'741 sTmin (E4)

A s (K) Sm (K)

according to step 7 of Algorithm 2, we have tﬁ%&eﬁ > 0. This
. Therefore, if we slightly increask,

If we let K = K

means thak (K) is an increasing function &,

1,Mmax?

1,Mmax

the probability thaE (K) will increase is high. To guarantee the convergence of Agor 2,
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the increment o< is minimised to one, since the number of subcarriers has amheteger.
With the updating ofK in Algorithm 2, the values of elements @ in step 6 of Algorithm 2

will converge to a same value. Whéhconverge for all sub-bands, is maximised.
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Downlink Performance of Optical Attocell Networks

Cheng Chen, Student Member, IEEE, Dushyantha A. Basnayaka, Member, IEEE, and Harald Haas, Member, IEEE

(Tutorial Review)

Abstract—An optical attocell network is proposed as an indoor
small-cell cellular network based on visible light communication. In
this paper, the downlink performance of optical attocell networks
is comprehensively analyzed. In particular, signal-to-interference-
plus-noise ratio, outage probability, and the resulting achievable
cell data rates of optical attocell networks with optical orthogo-
nal frequency division multiplexing are analyzed. With different
lighting network designs, the cell deployments of optical attocell
networks may vary considerably. Hence, attocell networks with dif-
ferent cell deployments are considered and compared. The results
show that the hexagonal and Poisson point process random cell
deployments represents the best- and the worst-case performance
of practical optical attocell deployments, respectively. In addition,
the performance of optical attocell networks is compared with that
achieved by other radio frequency small-cell networks. The results
show that a well-designed optical attocell network can perform bet-
ter than the state-of-the-art femtocell network or millimeter-wave
system in terms of indoor area data rate (data rate per unit area).

Index Terms—Cellular network, optical attocell network, or-
thogonal frequency division multiplexing (OFDM), Poisson point
process (PPP), visible light communication (VLC).

I. INTRODUCTION

ITH the introduction of mobile communication tech-
W nologies, the number of wireless data services and users
have increased significantly. This has resulted in a consider-
able increase in wireless data traffic [1]. If this trend continues,
the limited available radio frequency (RF) spectrum would no
longer fulfill the future wireless data traffic demand. One of the
solutions to this challenge is to explore the visible light region
of the electromagnetic spectrum for wireless data communica-
tion. This is generally referred to as visible light communica-
tion (VLC) [2]. It has been recognized that wireless data mostly
originates in indoor environments (70%) [3]. Therefore, using
indoor luminaries for wireless data transmission offers a promis-
ing solution to alleviate the exponentially increasing traffic of
existing RF wireless systems. In addition, VLC has advantages
such as license-free bandwidth and secure data transmission. In
addition, the visible light spectrum is 1000 times larger than
the entire 300 GHz RF spectrum, and it use does not generate
interference to existing RF systems [4].

Key techniques to enhance spectral efficiency of wire-
less communication systems include advanced transmission
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schemes that harness the spatial dimension, channel aggre-
gation, improved resource allocation, and cell densification.
Among these techniques, cell densification has been shown to
be the most effective approach, which can potentially achieve
over 1000-fold area spectral efficiency (ASE) gains [3]. There-
fore, the small-cell concept as part of heterogeneous wireless
networks is a key enabling element. A femtocell network is
one such indoor small-cell system. Research has shown that the
femtocell system can significantly increase the ASE of a cellu-
lar system [5]. VLC enables a step-change improvement of the
small-cell concept while completely avoiding interference to in-
cumbent wireless networks [6]. Each light fixture in a room is
used as an optical base station (BS) to serve multiple users. This
VLC cellular network is termed an optical light fidelity (LiFi)
attocell network. Similar to a femtocell network, an optical atto-
cell exhibits full functionality offered by a cellular system (full
duplexing, multiple access and handover). However, its cell size
is smaller, and it uses the license-free visible light spectrum.
With the development of solid state lighting technology, a light
emitting diode (LED) is now commonly used by the lighting
industry due to its high energy efficiency and long lifetime.
Therefore, an LED is considered to be used as the main ele-
ment of the transmitter side. Since an LED is a non-coherent
light source, intensity modulation (IM) is the most appropriate
method to encode digital information [7]. A photo-diode (PD)
is used as the main element at the receiver side, which directly
converts the received optical intensity into an electrical current
signal. This mechanism is referred to as direct detection (DD).

One of the main factors that limits the maximum achievable
data rate of an LED/PD based VLC system is the available mod-
ulation bandwidth, which is mainly limited by the response time
of the front-end devices, primarily the LED device. Thus, re-
search has been carried out to expand the bandwidth of the LED.
In [8], a commercially available phosphor-based LED is con-
sidered. By filtering out the phosphor component of the optical
output, a 3-dB bandwidth of 20 MHz can be achieved with only
the blue component of the optical output. In [9], a single 50-pm
gallium nitride LED is used in an experimental VLC link. The
measured channel 3 dB bandwidth is about 60 MHz. Modulation
techniques that ensure non-negativity of the signal while achiev-
ing close to optimum practical data rates are developed [10]. In
[11], two types of optical-orthogonal frequency division multi-
plexing (O-OFDM) are introduced, namely, DC (direct current)-
biased optical (DCO)-OFDM and asymmetrically clipped
optical (ACO)-OFDM. In [10], [12], enhanced unipolar OFDM
(eU-OFDM) is proposed. eU-OFDM combines the advantages
of DCO-OFDM and ACO-OFDM in a unique way. This results
in both excellent spectral and also energy efficiency. In an
attempt to study the achievable data rate of a single link VLC, an

0733-8724 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.
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adaptive DCO-OFDM/discrete multitone (DMT) transmission
scheme is used in [9], [13], [14]. In particular, in [9], adaptive
DCO-OFDM is combined with a large bandwidth ©LED, and
this system achieves a data rate of 3 Gb/s. One of the limiting
factors for the performance of an optical attocell network
is co-channel interference (CCI) caused by using the same
transmission resources in adjacent cells. Therefore, several
methods have been studied to mitigate CCI in optical attocell
networks. In [15] and [16], the concept of fractional frequency
reuse and joint transmission is introduced in an optical attocell
network, respectively. The results show an improvement in
terms of both signal quality and spectral efficiency. In addition,
a busy-burst signaling approach is applied in an optical wireless
system deployed in an aircraft cabin environment [17]. Spatial
diversity is explored in an optical attocell system: in [18]
and [19], an angular diversity receiver and spatial division
multiple access are considered in an optical attocell network,
respectively. Multiple-input multiple-output techniques are
considered in VLC systems in [20]-[22]. In addition, the
application of orbital angular momentum technique to optical
wireless communication is studied in [23].

An optical attocell network is a newly proposed concept
which has great potential. There is very little research on the
performance of such systems. In [24], an analytical framework
for the downlink of an optical attocell network with hexag-
onal (HEX) cell deployment is proposed. A semi-analytical
approach was presented to calculate the statistics of the signal-
to-interference-plus-noise ratio (SINR) and spectral efficiency.
This work extends [24] by providing an in-depth analysis of the
downlink performance of an optical attocell network.

A. Main Contributions

The main contributions of this study are summarized as fol-

lows:

1) A system level downlink framework based on DCO-
OFDM is introduced. This framework considers several
important issues related to the calculation of the SINR.
These issues include the available output signal power,
the channel characteristics and signal clipping.

2) The effects of varying key network system parameters on
the performance are studied. These parameters include the
cell radius and Lambertian emission order of the LED light
source. This study also provides guidelines for appropriate
configurations of these aforementioned parameters.

3) Analytical expressions for the SINR statistics with
HEX/Poisson point process (PPP) random networks are
derived. HEX cell deployment is considered to be the
idealized cellular structure. In contrast, the PPP network
model represents the worst case cellular deployment. The
analysis of the system performance of both cell deploy-
ments provides useful insights in the performance of prac-
tical optical attocell networks.

4) The performance of optical attocell networks in terms
of data rate and coverage probability is evaluated and
compared to the performance achieved by other RF small-
cell systems.

The remainder of this paper is organized as follows: the

downlink transmission framework is introduced in Section II.
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The effects of key parameters are presented in Section III. The
statistics of SINR with different cell deployment is presented
in Section IV. The cell data rate and the outage probability of
an optical attocell system are analyzed in Section V. The simu-
lation results with infinite network model is compared to those
with a finite network deployed in a room in Section VI. The
multi-path (MP) effect due to room surface reflections is taken
into account. The performance of the optical attocell systems
with different cell deployments is compared in Section VII, and
the significance of each cell deployment is discussed. The per-
formance of optical attocell networks are compared to those
achieved by other small-cell networks in Section VIII. Finally,
the conclusions are given in Section IX.

The following notations are used in this paper: (-)* is the
complex conjugate operation; ® is the convolution operator; E|-]
is the statistical expectation; P[] is the statistical probability.

II. DOWNLINK FRAMEWORK

This study focuses on evaluating the downlink capacity of an
optical attocell network. Generally, most of the system metrics
are based on the achievable SINR. Therefore, this paper devel-
ops a framework to analyse the SINR in the system. Handover
is important in optical attocell systems. However, mobile users
in indoor environments are generally static or moving slowly.
Therefore, handover is outside the scope of this study. The cost-
effective back-haul network can be realized by using power line
communication or ethernet—in particular, power-over-ethernet
where the same connection powers the light and provides gi-
gabit connectivity. Alternatively, a high throughput back-haul
network can be realized by optical fiber connection with passive
optical networking or point-to-point wireless millimeter-wave
(mmWave) connection [25]. It is assumed these back-haul con-
nections can provide enough data capacity and would not limit
the performance of the optical attocell network. Since this study
focuses on the performance of the access network, the effect of
the back-haul network is outside the scope of this study. The
uplink connection is typically achieved by using wavelength di-
vision duplexing with wireless infrared or RF transmission [26],
[27]. An in-depth analysis of the uplink performance of a LiFi
attocell network is subject to future studies. It has been shown
that using VLC in the downlink can off-load a large portion of
traffic from RF communication systems [26]. Since the spec-
trum used for the uplink (infrared or RF) is sufficiently distant
from the visible light spectrum, there is negligible interference
between the uplink and the downlink.

A. O-OFDM Transmission

In this study, O-OFDM systems are considered. Since the
main objective is to achieve high data rates, a spectrum efficient
DCO-OFDM system is analyzed as a candidate system. How-
ever, the analysis also applies to other types of O-OFDM systems
in a similar manner. The block diagram of the downlink system
is shown in Fig. 1. For each OFDM frame, K quadrature am-
plitude modulation (QAM) symbols are fed into the modulator.
Since the Oth and K /2th samples require no energy, this amount
of energy is equally distributed to the remaining samples to en-
sure that the time-domain signal is normalized. Therefore, the
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Fig. 1. An optical attocell network DCO-OFDM downlink system.

OFDM frame is normalized by a factor of £ = /K /(K — 2).
After the inverse fast Fourier transform (IFFT) operation, the
real time domain signal x(t) follows a Gaussian distribution
with zero mean and a unity variance. Next, a cyclic-prefix (CP)
with a length based on the length of the maximum delay of the
channel is added to the frame. Furthermore, the time domain
signal z(t) is clipped, amplified by a factor of o, and biased
by a DC component /¢ in order to modulate the signal by the
intensity of the light. The optical signal sample at time slot ¢ can
be written as:

&(t) = Mea (0xU (x(t)) + Inc) , )

where 7.4 denotes the electrical to optical conversion coeffi-
cient. Note that the output optical power is proportional to the
input signal current; oy is equivalent to the standard deviation of
the electrical signal; and the clipping function U (v) is defined
as:

At U > A
Uw)=qv A =>2v>h , (2)
Ab tv < Ap

where A; and A}, are the normalized top and bottom clipping
levels, respectively [28]. According to the Bussgang theorem,
the non-linear clipped signal can be modeled as follows:

U(z(t)) = px(t) + neiip (¢), ©)

where p is an attenuation factor and nj;;, () is the time domain
clipping noise sample.

In this study, multiple optical BSs are considered. Among
these BSs, the one offering the highest signal power is assigned
to serve the desired user, and the BSs that use the same trans-
mission resources within the remaining BSs causes CCI to the
desired user. To distinguish the signals from different BSs, a sub-
scripti = 0,1, 2, ... is added. The case of i = 0 corresponds to
the case of the desired BS, while i € U corresponds to the case
of the interfering BSs, in which U denotes the set of the BSs us-
ing the same transmission resources. Subsequently, the signals
pass through the free-space optical channels and are received
by the receiver of the desired user. The received signal sample
at time slot ¢ can be written as:

Y(t) = 1pd | To(t)@ho(t) + Ziz‘(t)@hz' (t) |+ nrx(t),
iUl
(C)
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where 77,4 is the PD responsivity of the receiver; h;(¢) denotes
the channel impulse response of the VLC system from the ¢th
BS to the desired user; ngy (t) represents the time domain noise
samples at the receiver. In conjunction with the clipping process
modeling in (3), the frequency domain received signal sample
on subcarrier k after the fast Fourier transform (FFT) operation
can be written as:

Y(k) = MpdMed Ox (pX[)(k) + Nclip,[)(k)) Ho(k) + NRx(k)

+lpameacs Y (pXi(k) + Netip.i (k) Hi(k), (5)
iell

where H; (k) is the frequency response of the VLC channel on
the kth subcarrier; Ny« (k) corresponds to the frequency domain
receiver noise which follows a Gaussian distribution with zero
mean and variance of U%{X. Here a noise power spectral density
(PSD) of Nj is defined. With a sampling frequency (modulation
bandwidth) of Fj, the receiver noise variance UI%’X = \Ezp S;and
Neiip,i (k) represents the FFT of nejip ;i (¢). According to the
central limit theorem, Njip ; (k) follows a Gaussian distribution
with zero mean and a variance of afhp. After the single-tap
equalization, the desired signal can be recovered to the original
QAM symbols X (k), while the CCI is converted to Gaussian
noise X; (k) since the interfering signal is not synchronized with
the desired user.

SINR is an important metric to evaluate the communication
link quality and the transmission capacity in a cellular system.
Based on (5), an expression for the SINR on subcarrier k£ can be
written as:

(k)= (namtac? 02 € \Ho ) ) [ (2aniac o, | Ho ()

+ > antac? (0 + o) [ (R) + ok )
iell

= -1
2
Telip

/72 52

P& |Ho (k)
(9202, ) cnl Hi (0 + il

7,2
pdMed 7%

(6)

where the channel gain |H (k)|?, the electrical signal variance
o2, the clipping related parameters p, Uf_“p and the receiver noise
PSD N, are analyzed in the following sections. The general

ways of calculating these terms are concluded.

B. Channel Model

As implied by formula (6), the VLC channel gain | H (k)|* has
an important role in the value of the SINR. The characteristics
of |H (k)|* is influenced by the response of the front-end de-
vices (LED, PD) and of the free-space transmission. Therefore,
|H (k)|* can be modeled as:

|H(k)|* = |Hio (k)| | Hys (k) @)

where Hp (k) is the frequency response due to the filtering
of the front-end device; and His(k) represents the frequency
response accounting for the free-space transmission in an indoor
environment.
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Fig. 2. Normalized channel gain due to the front-end device filtering. The

channel gains of the FEI, FE2 and FE3 are presented in [8], [14], [13], re-
spectively. Commercially available white LEDs are used in these systems. The
channel gain of FE4 is an experimental measurement of the same system pre-
sented in [9] which uses a 50-m gallium nitride LED.

1) Front-End Device Filtering: The general effect of the
front-end device filtering shows low-pass characteristics. The
corresponding bandwidth is typically limited by the response
speeds of the LED and the PD. Four normalized channel gains
due to the front-end device filtering in [8], [14], [13] and [9] are
demonstrated in Fig. 2. The 3-dB bandwidth of these systems
are in the range from 10 to 60 MHz. Since the highest sampling
frequency is about 1 GHz, this low-pass effect will significantly
decrease the signal strength when using a high sampling rate.
Therefore, the low-pass effect of the front-end device filtering
is crucial to the performance of an optical attocell system.

However, it is trivial to characterize the exact front-end device
property. The device property may vary with different specifi-
cations or even with different copies of the same specification.
Therefore, a first order function is adopted to approximate the
normalized channel gain of the front-end device filtering in this
study as [8]:

) = e (-2, ®
fe
where F}, controls the frequency characteristics of the front-end
device. The higher the value of Fi., the wider the modulation
bandwidth. As shown in Fig. 2, the approximations offer a good
estimation of the low-pass characteristics. Converting (8) to the
normalized channel gain on subcarrier k gives:

kEy
% ch> ; (C))

| Hie (k) = exp (—

for k =1,2,...,K/2 — 1. In the remainder of this paper, sys-
tems with different front-end device are considered. For the
convenience of description, the front-end device used in [8] is
denoted as FEI with a corresponding Fj. of 15.2 MHz. Simi-
larly, the front-end devices used in [14], [13] and [9] are denoted
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Fig. 3. Transmission geometry in an optical attocell system.
as FE2, FE3 and FE4 with corresponding Fj, of 35.6, 31.7 and
81.5 MHz, respectively.

2) Free-Space Transmission: In this study, a geometric ray-
tracing method is used to analyze the channel characteristics.
The wireless transmission geometry is given in Fig. 3. The op-
tical BS, oriented to the floor, is installed on the ceiling of the
room. At the user side, the user receiver is placed at a certain
height with the PD detector facing upward. This results in a ver-
tical separation between user and the BS of h. The fixed direction
of the PD detector can be achieved by using a mechanical design
or by installing multiple PD detectors on the receiver. This is
possible given the small size of PD detectors. Due to the limited
space here, the effect of receiver rotation variance of vertical
separation will be the subject of future research.

As shown in Fig. 3, the line-of-sight (LOS) path transmission
between a pair of BS and user is considered here. This LOS path
free-space transmission channel can be calculated using the DC
channel gain Hj,s between the BS and the desired user as [29]:

A, 1
Hyps = % cos™ (¢) cos(¥) 1y (v), (10)
A 4+ 1 hm+11 /s
Hion(r) = pa(m+1) ! (w)7 an

21 (12 + h?) 2
where m denotes the Lambertian emission order which is given
by m = —1In(2)/In(cos(¢1 /7)) in which ¢, /5 is the half-power
semi-angle of the LED. This quantity determines the beam width
of the light source; A, q is the physical area of the receiver PD;
D is the Euclidean distance between the BS and the user; ¢ is
the corresponding light radiance angle; ¢ is the corresponding
light incidence angle; and the function 121(33) is defined as:

1:ze]]
lﬂ(x)_{():x¢[l.

In (10), JI; = [0, %max), Where .y is the field of view
(FOV) of the receiver. According to the geometry shown
in Fig. 3, Hj,s can be rewritten as a function of the hor-
izontal offset r between the BS and the user, as implied
by (11).

As shown in Fig. 3, another source of the received signal is
from the reflected paths, which mainly result from reflections

12)

175



Selected Publications

CHEN et al.: DOWNLINK PERFORMANCE OF OPTICAL ATTOCELL NETWORKS

n
=]

Dlos = 97.3%
Plos = 96.3%
92.9%

7 =0m,

o

r=1m,

T =2m, Plos
Plos = 86.6%

o

r =3m,

20 40 60 80 100
Delay [ns]

(a)
N

Impulse response [1/s]
>

o
o

LOS level --\--------f---\-7/- v,

(free-space transmission)
Normalised channel gain [dB]

0 " 162 3
Frequency f [MHz|

(b)

Fig.4.  (a) Channel impulse response in time domain. (b) Normalized channel
gain in frequency domain.

by the room internal surfaces (walls, ceiling and floor). Diffuse
reflections are considered in this study as typically these inter-
nal surfaces have a rough surface campared to the considered
wavelengths. A large room with edge length of 5 m to 50 m
is considered to accommodate the multi-cell VLC system. In
this case, most of the users and BSs are away from the room
edges. Consequently, in most cases (in the cells not near walls)
the signal contribution from the first order reflection would be
negligible. Therefore, the MP effect is mainly caused by the
second order reflections bounced by the floor and ceiling.

In order to evaluate the effect of the reflected signals on the
channel, computer simulations based on [30] are carried out.
To simplify the problem, an extreme case is simulated with the
floor and ceiling extending infinitely in all directions. A pair of
serving BS and user is considered with a horizontal offset of r.
The transmission geometry is given in Fig. 3. The simulation
time bin width is 0.1 ns and the number of iterations is 5 x 10°.
The results of four example channels with » = 0,1, 2,3 m are
shown in Fig. 4 in the form of the time domain impulse response
and the frequency domain normalized channel gain. A dispersive
source with ¢y /o of 60° is simulated. The reflectivity of the
ceiling is 0.7 and the reflectivity of the floor is 0.3. The height of
the room is 3 m and the measured plane is 0.75 m above the floor.

In Fig. 4(a), the impulse response results show that the first
received signal is a strong LOS component, followed by a period
of no signals until the first reflected signal reaches the receiver.
Then, it is followed by a stream of closely spaced reflected sig-
nals. This is because the signal propagation delay of the LOS
path is much shorter than the delay incurred by the reflected
paths. To show the strength of the LOS component, a parameter
Dlos 1s defined. pj,s represents the ratio of the received optical
power of the LOS signal component to the total received opti-
cal power. These channels result in normalized channel gains

2
‘ gi%; ) as shown in Fig. 4(b). The maximum channel gain al-

ways appears at DC. With an increase of frequency, the channel
gain decreases and reaches a minimum value at about 20 MHz.
With a further increase of the frequency, the channel gain
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Fig. 5. (a) Maximum channel gain variance oy against power proportion of

LOS component pj,s. (b) plos against transmission horizontal offset r; and
half-power semi-angle ¢, /5.

oscillates at a constant level and the magnitude of this oscil-
lation diminishes. The constant level corresponds to the channel
gain considering the LOS component only. It can be observed
that the maximum variance in the channel gain oy is less than
2.5 dB. This means that the variation of the channel gain due to
the reflected signal is minor compared to the effect due to the
limitation of the front-end device filtering.

It is known that the flatness of the channel gain is strongly
related to the strength of the LOS component [31]. Therefore,
the relationship between the maximum channel gain variance
oy and the proportion of the LOS power p)os is evaluated us-
ing simulation with different transmitter half-power semi-angles
¢1/2- It can be observed that oy is a decreasing function of pios,
as shown in Fig. 5(a). As long as pys is above 80%, oy can be
kept below 4 dB. Instead of evaluating the channel gain directly,
Plos can be evaluated to estimate the flatness of the channel gain.
In addition to the case shown in Fig. 4, the performance with all
of the configurations of interest needs to be considered. Specifi-
cally, pios is evaluated using different 7 and ¢, /5. In conjunction
with the analysis in Section III, it is shown that in this study, pjos
is always high in the region of interest as shown in Fig. 5(b).
This is due to the longer traveling distance ¢ in combination
with the high electrical path loss in IM/DD systems, L o ()%,
and the high absorption by the floor and ceiling.

The results shown in Figs. 4 and 5 do not cover the per-
formance of users near the edge of the room. Therefore, pjos
considering reflections from all surfaces of a room is calculated
in an example room, in order to validate the assumption that the
first order reflection is negligible in most cases. In this example,
23 HEX cells in a room of size of 26 m x 26 m x 3 m are con-
sidered. A half-power semi-angle ¢, /» of 60°, and cell radius
R of 3 m are used. The result is shown in Fig. 6(a). Users in
the cells not close to the room edges have p,s above 85%. In
addition, users in the center of the room edge cells also have
high pj,s. The remaining users in the cells close to the walls
have a lower value of pjs, but generally above 50%. The results
given in Fig. 6(a) are also presented in the form of the cumula-
tive distribution function (CDF), shown as the setup 1 curve in
Fig. 6(b). Fig. 6(b) shows that nearly 80% of the users experience
P1os above 80%. Although the indoor signal propagation causes
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Fig. 6. (a) Spatial distribution of pis in setup 1: ¢1,5 = 60°, R =3 m,
Lyoom = 26 m. (b) p, distribution in the form of CDF. Setup 2: P12 = 20°,
R=1m,Lyyom = 8.5m. Setup 3: ¢)1/2 =20°,R=1m, Lypom = 14.5m.

some considerable frequency selectivity in the channel for the
remaining 20% of the low pyos users, the inter-symbol interfer-
ence can be easily removed by the use of OFDM in conjunction
with a well-designed CP. In addition, the p),s distribution with
smaller ¢; /5 of 20° and R = 1 m is demonstrated. When the
number of cells is the same as the ¢, 5 = 60° case (setup 2), the
room size is decreased to 8.5 m X 8.5 m X 3 m. The resulting
Plos CDF shows that about 99% of the users have p,s above
80%. If the room size is increased to 14.5 m X 14.5 m x 3 m
with 67 cells (setup 3), pos is further improved. Therefore, it
can be concluded that the reflected signal causes negligible MP
effect on the channel for the majority of the users as long as
the user experiences a dominant LOS signal component. Thus,
|Hg (k)| &~ Hos for any k.

Occasionally, the LOS path may be shadowed or completely
blocked. In these cases, a user may need an alternative serving
BS or a diffused link.

C. Light Source Output Power

The relationship between the electrical signal standard devi-
ation o and the output optical power P, from the light source
can be written as [28]:

Popy = E[2(t)] = mea (0xE [U(z(t))] + Inc) -

Generally, a fixed ratio of DC-bias level to the electrical signal
standard deviation is defined as ( = % By combining (13)
with ¢, it can be found that: ‘

13)

P2

0_2 _ opt -,
Ty CHE[U0)?

which represents the maximum possible 03 witha given P, ,;. To
get more electrical signal power, more optical power is needed
assuming that the denominator in (14) is constant. However,
optical power is finite and is typically constrained by the il-
lumination requirement. This requirement is specified by the
indoor lighting regulation [32], which requires a maintained
illuminance of 500 lux in a typical working indoor environ-
ment for writing and reading purposes. To accommodate this
requirement, the illuminance in the area below the luminary
(cell center) should be at least 500 lux. According to the anal-
ysis in Section II-B2, the illuminance at the cell center can be

(14)
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calculated as:

Hy,s(0)  (m+1)D,
E, =, =
¥ N AI“‘ 2 h2 ’
where @, is the output luminous flux of the luminary. It is
the output power measure in photometry which corresponds to
the optical power in radiometry [33]. The conversion between
luminous flux and radiant optical power can be given as:

D, 683 [ V(1) e (A)dA
Popt J @ (A)dn ’

=Koy =
where K./, is called luminous efficacy; V(1) is the luminosity
function against wavelength A; and ®, (1) is the spectral radiant
power density function. The value of K., is determined by the
characteristic of the specific LED chip in the system. Therefore,
the configuration of F,; can be calculated as:

P D, _ 2B, h?
opt (m + I)Kc/\, '

Ky

Considering a room height of 3 m, with a ¢, /5 of 20° to 45°, the
required luminous flux for a minimum illuminance of 500 lux
is in the range of 1300 to 5300 lumen. This amount of power
agrees with the specification of commercially available LED
downlighters and LED panels for lighting in offices and public
areas [34], [35]. Note that the LED lamp output level for resi-
dential home is typically lower than this level (< 1000 lumen).
However, this does not necessarily affect the communication
performance as only a fraction of the optical output power,
modelled by (, is used for the communication link. Moreover,
by closer inspection of (3) and (14) it can be found that the
performance also depends on the signal clipping, i.e., the linear-
ity of the LED transfer characteristic. An optimization of these
parameters is beyond the scope of this work, and the interested
reader is referred to [7].

15)

16)

a7

D. Signal Clipping

In this study, the results in [28] are used to calculate the effects
caused by the signal clipping process in (1). First, clipping
affects the transfer relationship between BS output optical power
and electrical signal power as shown in (14). The expectation of
the clipped signal E [U (x(t))] in (14) can be calculated by [28]:

E [U(z(t))] = (fx () = fr(re) + 2 Q(Ae) +2n (1= Q(A1)))
(18)
where Q(u) = \/% f;o exp (—%) dv is the Q-function; and

flw) = A= exp (-5
(PDF) of the unit normal distribution. In addition, the transmit-
ted signal is attenuated by a factor of p which can be calculated as
p = 9Q(xy) — Q(A). Finally, the clipping noise variance Ufhp
can calculated as:

i = Q) — QM) + fv () — fu(Ao)h
+ (1= Q(h))A] + QAT — p°

— (fnrOa) = fr () +(1 = Q) A, + Q(he)Ae)” .
(19)

> is the probability density function
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E. Noise at Receiver

Three noise sources at the receiver side is considered in this
study. The considered noise PSD NN, can be calculated as:

No = Nos + No.ab + Noins (20)

where N  corresponds to the shot noise caused by the received
optical signal from the BS; Ny .1, corresponds to the shot noise
caused by the received ambient light (mainly daylight); and
Ny tn corresponds to the thermal noise in the receiver circuit.
The PSD of the shot noise caused by the signal can be calculated
as [29]:

N[),s = 2qPopt,Rx7]pd7 (21)

where ¢ is the charge of an electron, 1.6 x 107'Y C; Py Rx
denotes the incident optical power to the PD detector at the
receiver from the optical BS. Intuitively, the main contrib-
utor of this amount of optical power is from the desired
BS. To avoid unnecessary calculation complexity, the inci-
dent optical power from the remaining BSs is omitted. Thus,
Popt rx = Popt Hios(70), where g denotes the horizontal offset
between the desired BS and the considered user. The PSD of
the shot noise caused by the ambient light can be calculated
as [29]:

Nli.a\) = 2qEr.abAp(l”7pda (22)

where FE, .1, denotes the incident irradiance in the indoor en-
vironment. Note that the actual effect of ambient light will be
smaller as only the light with the signal spectrum causes distor-
tion as long as an appropriate optical filter is used. Finally, the
PSD of the thermal noise can be calculated as [17]:

4KgT

Ny =
0,th RL )

(23)

where Kp denotes the Boltzmann’s constant with a value of
1.38 x 10723 J/K; T denotes the absolute temperature; and Ry,
denotes the load resistance in the receiver circuit.

-1
P+ 1) " 1y (o)
(b +02) X 02+ 0" P 1y (1) + Z(R)

1€
-1
2
+‘7(v11p
2 £2
p*E

By inserting (7), (9), (11), (14) and (17) into the SINR
expression (6), (6) can be modified as (24), where ][I, =

[0, hy/sec? (Ymax) — 1] and:

v(k) =

24

B K2/, No(ro)Fy exp (1{‘?[ ) C+E[U®)])’

(k) .
(é_EV Apd 77})(1 hm +3 )2

(25)
Note that N, is a function of 7y as the shot noise varies with
user locations with different received signal strength.
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Fig. 7.

Optical BS radiation geometry.

F. Multiple-Access and Spatial Reuse Schemes

Since it is recognized that the channel magnitude response
is mainly affected by the front-end device, the magnitude
response excluding the path loss changes little with the location
of the user. In other words, there is little multi-user diversity
and therefore time-division is assumed to be used to separate
the multiple users within a cell. In addition, in the system with
reuse factor A larger than 1, the resources are also divided in
the frequency domain.

III. SYSTEM PARAMETERS EVALUATION

The performance of an optical attocell network depends on
many factors as implied by (24). Some of the parameters can
be controlled by a predefined system configuration. In this
section, two key parameters closely related to the network
configuration are studied. One of the parameters is the cell
radius R or BS density A of a network. These determine the
number of users per cell and the number of cells in a room.
The other parameter is the radiation pattern of the source,
which is controlled by the Lambertian emission order, m.
The pattern determines the signal strength distribution within
each cell and the level of CCI to other cells. Appropriate
configuration of these two parameters offers higher probabil-
ity of achieving the desired system performance. Two con-
figuration objectives are considered which include the maxi-
mization of desired signal strength and the minimization of
introduced CCI.

A. CCI Minimization

In this section, a mathematical analysis is used to determine
the appropriate setting for R and m with the objective of CCI
minimization. Considering an optical BS with an optical output
of Py serving a cell underneath it, part of the radiated signal
power falls within the desired coverage area, while the remaining
signal power is incident on other cells as CCIL. Fig. 7 shows the
geometry of this setup. The considered BS is h away from
the cell center. In order to minimize CCI, it is preferred to
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allow more radiated signal power from the BS to stay within the
coverage area of that BS, and to let less signal power leak into
other cells. If the optical power reaching the desired coverage
area is defined as F, .4, the objective becomes maximizing
P, p¢.a. First, the calculation of P, q should be determined. By
considering the BS as the origin, the circular coverage area of
the cell corresponds to a certain solid angle. Then, the desired
signal power Py, q for a certain solid angle can be calculated
as [36]:

m+1
Popia = / Popt
o cell o 27

where () represents the solid angle of the radiation. The differ-
ential of this solid angle df2 can be derived as (27) according to
the geometry shown in Fig. 7.

40 — dA _ rdfdrcos(¢)

D2 hZsec2(¢))

By inserting (27) into (26), the two-dimensional (2-D) integra-
tion can be decomposed into two one-dimensional integration
as:

cos™ (¢)d€2, (26)

= dfd¢ sin(¢). 27)

2T roa
Papra = P 21 / / cos™ (¢) sin(¢)dpdd
' 2 0 0

h m+1
=P, 11— | ——
" (vh? +R2>

where ¢q can be calculated by ¢4 = arctan(R/h) as shown in
Fig. 7. The partial derivatives of ¢q with respect to 12 and m are
calculated as:

(28)

m+1
ot _ PomeBm+ WP, 29)
OR (h? + R2) o
] 2 m+1
OPypt,a — Pl Vh2+R h > 0. (30)
om P h Vh2 L R2

which implies that F,,; q is a monotonically increasing function
of R and m. This means that less CCI can be achieved by using
a larger cell size as a larger cell size will increase the distance
between each neighboring interfering BS and the desired user.
In addition, using a source with a narrower beam width would
also decrease the level of CCI as smaller half-power semi-angle
leads to a more collimated beam pointing to the desired coverage
area.

B. Desired Signal Strength Maximization

Since the Lambertian radiation pattern is used to model the
light emission from the source, the further the user is away
from the cell center, the weaker the received desired signal.
Consequently, the user at the cell edge receives the weakest
signal from the BS. In other words, as long as the signal strength
of the cell edge user is high enough, all of the users in the cell
coverage area should have sufficient signal power. Therefore,
the objective can be converted to maximizing the signal power
received by the cell edge user who is R away from the cell
center. According to the analysis in Section II-B2, P, . can be
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determined as:
PopiApa(m + 1)1
om (R? + h2)“7

Similarly, the partial derivatives of P, . respect to R and m
are calculated as:

Popt,c = optHlos(R) = (31)

m+1
al?opm _ _ PopiApa(m + 1)(m + .?)r,)Rh 0. @32
OR om (R? + h2) 7
Po A pmt3 141 ( 11”"1WH >>
aPopt,e o ptpd < " (R?+h?)2 33
87TL - m+3 . ( )

2wh? (R2 + h?)™?

which implies that P ¢ . is a monotonically decreasing function
of R. Therefore, for a source with a specified radiation pattern,
a smaller cell offers higher received signal power for the cell
edge users. This is because a smaller cell size reduces the dis-
tance from the cell edge user to the cell center. On the other
hand, P, . is a concave function of m, which means there is
an optimal value for m to maximize the cell edge user signal
strength. By letting 013# = 0, the optimal radiation pattern
can be calculated as:

m=1/In (\/ R? + hz/h) -1

For the case of using a source with narrower beam width
(m > m), the beam is over concentrated, which causes sig-
nificant signal strength variance between cell center users and
cell edge users, and the signal strength for the cell edge user
would be too weak for reliable communication. For the case of
using a source with wider beam width (m < m), the beam is
over-diffused, which causes too much power leakage to other
cells and the overall signal strength in the desired cell is not
sufficient.

(34

C. Parameter Configurations

From the analysis in Sections III-A and B, it can be found
that appropriate settings for R and m also is mutually depen-
dant. Therefore, the configurations of cell size and source beam
width should be interconnected. Apart from the requirement of
communication, there are many other constraints on the config-
uration of cell size. For example, if the cell size is too large, the
illumination performance will be undesired. An extremely small
cell size leads to too many required BSs in the room, which in-
creases the installation complexity and increases the load of the
handover process. In contrast, beam width of the source is more
flexible, which can be simply achieved by appropriate optical
diffuser design. Therefore, the configuration of R is considered
as a given parameter, and the suitable setting of m is analyzed.

According to (30) and (34), if m is smaller than m, CCI
increases and cell edge signal strength decreases. If m is equal
or greater than 112, there is a trade-off between the two objectives.
Therefore, m can be considered as a lower bound for m. In a
noise limited system, a m closer to 7 is preferred. In the case of
a CCI limited system, (30) shows that m should be maximized
to minimize CCI. However, an upper bound should be set to
allow the cell edge user signal strength to be high enough to
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Fig. 8.  The configuration of half-power semi-angle ¢, /5 and the correspond-
ing Lambertian emission order m against the cell radius R.

achieve the minimum acceptable signal-to-noise ratio (SNR).
In order to find this upper bound, a simple metric is defined: the
ratio between the SNR of the cell center user (r = 0) to that of
the cell edge user (r = R), which is denoted as op. From the
analysis in Section II, it can be deduced that op is proportional
to the square of the ratio of received optical power by the cell
center user to that received by the cell edge user as:

op = < PoptHlos(O) >2 _
Popt,Hlos (R) (

h—2(m+3)
R2 4 h2) "%

For a fixed op, the required lower bound for m can be calculated
as:

(35)

. Inop
m=—————

i (1+ %)

According to [9] and [13], the achievable cell center SNR is
around 30 dB. For uncoded 4 QAM, the minimum required
SNR is approximately 10 dB. Therefore, op = 20 dB is chosen
in this study. The result of 7, 7 and the corresponding ¢ /o
against R based on (34) and (36) are plotted in Fig. 8. It can
be seen that the area between the two curves is the appropriate
configuration region, which is the preferred settings for ¢ /5.
In the case that CCI is the main limiting factor, m can be set
to a value that is close or equal to m, which is calculated using
(36). In the case that receiver noise is the limiting factor, m can
be configured to a value that is close or equal to m, which is
calculated using (34).

(36)

IV. SINR STATISTICS EVALUATIONS

The probability of receiving a certain service quality level
can be determined by calculating the statistics of the achievable
SINR. This metric is important as it directly determines the per-
formance of an optical attocell network, such as achievable data
rate and outage probability. The SINR statistics vary with large
number of parameters, as noted in Sections II and III. In addi-
tion, it also varies with different cell deployment (BS placement
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topology). In order to provide a comprehensive characterization
of the SINR statistics, two extreme cases are studied. For one
of the cases, the placement of BSs is optimized with a HEX
deployment. Such cell deployment most likely may require ex-
tra engineering work to redesign the lighting infrastructure in
a room, which may be more difficult to implement, but offers
the best performance. For the other case, the placement of BSs
is completely random. The 2-D spatial distribution of BSs fol-
lows ahomogeneous PPP. The irregular placement of luminaries
is mainly motivated by the following considerations: first, the
placement of a luminary may be limited by the wiring structure
in the room. Second, in some cases, non-uniform illumination
is required, which means that the lighting is enhanced in certain
parts of the room, but not in other parts. Also, even for a uniform
cell deployment, some cells may not have users. In that case,
the downlink transmission can be switched off, which results in
a non-uniform active cell deployment. Due to practical issues,
the cell deployments of these two extreme cases (HEX and PPP)
would be very rare in practice. Therefore, similar to [37], we
expect that the downlink SINR achieved by the system with PPP
(HEX) cell deployment works as a lower (upper) bound for the
cases with other potential cell deployments that may be used
in practice. In different cell deployments, the shape of the cell
varies. In order to guarantee a fair comparison, the average cell
size of the systems with each cell deployment is scaled to be the
same as a circular cell with a radius of R.

A. System Model Simplification

In order to simplify the following analysis and to make the
analysis tractable, the SINR expression (24) has to be modified.
First, it is assumed that the non-linear characteristic of the rela-
tionship between the input current to the output optical power is
minimized by using pre-distortion techniques [38], [39]. There-
fore, a linear dynamic range from O to 2/ ¢ is considered. This
leads to a clipping level of Ay = —4}, = Cand E [U(z(t))] = 0.
In addition, the 1 I, (z) function makes (24) a piecewise func-
tion, which causes extra mathematical complexity in the anal-
ysis. Therefore, the worst case with a full FOV of ¢, = 90°
is assumed, thereby making 1 I, (x) always equal to 1 in the
region of interest. Then, the simplified SINR expression can be
written as:

~1
<p2 + 02]11)) I+ Z(k) Gzlip

v(k) = + ,

X &p? o0

where X' = ¢? (7,3 i hg)fmf?) andZ = 3 (7"12 4 h2)—m—3.
iell

B. HEX Cell Deployment

Instead of considering a specified network in a room, an in-
finite extending HEX network is considered in this analysis.
There are two reasons for considering this deployment. First,
since the main concern in this study is CCI from neighboring
BSs, the number of neighboring BSs causing CCI is maximized
in an infinite network. Consequently, an infinite network should
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Fig. 9. Two-layer HEX network model with polar coordinates.

exhibit a worst case system performance. Second, removing the
boundary effect of the network significantly reduces the com-
plexity of the analysis. However, it is unnecessary to consider
neighboring BSs that are too far away from the considered cell
as they cause negligible CCI to the considered users and cause
greater analysis complexity. Instead, a two-layer HEX cellular
cell deployment is considered to approximate the infinite net-
work as shown in Fig. 9 and the user performance in the central
cell is analyzed. In this study, all networks are assumed to be
heavily loaded. In addition, the cases with A =1 and A =3
are considered, since these cases are more likely to be used in
practice. In this model, a polar coordinate system is used to rep-
resent the location of the user and BSs. Each 2-D location has
a specified distance to the origin and a polar angle. A user at z
is ro away from the origin and has a polar angle of €, as shown
in Fig. 9. Similarly, the ith BS is located at (R;, ©;). In order
to make the area of the HEX cell equal to that of the equivalent
circular cell, the HEX cell radius satisfies R~ 1.1R, as shown
in Fig. 9. Then the horizontal offset between the <th BS and the
user at z can be calculated as:

’!‘Z'(Z) = ”'(2] + R,Q - QRL"I'[) cos(é‘ - @1) (38)
The user at z = (ry, 0) in the central cell is served by the Oth
BS. The remaining BSs using the same transmission resource
(i € M) causes CCI to the desired user at z. Since the coordinates
of all BSs are known, by inserting (38) into (37), the SINR ~(k)
can be calculated as a function of the user location z. Thus,
the statistics of the SINR can be converted from the random
distribution of user location z. Since the users are uniformly
distributed in the cell, the PDFs of r( and 6 follow: f,, (r9) =
2}%—'.}‘ and fy(0) = %, respectively. The objective is defined as
P[y(k) < T1, which calculates the probability that the downlink
SINR is less than a threshold 7. Using (37) and conditioning on
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Fig. 10.  CCI term approximation. In configuration (a) R = 3 m, A = 1 and

r = R m. m is calculated using (36). Relative to configuration (a), configura-
tion (b) changes r to R /2, configuration (c) changes R to 2 m, and configura-
tion (d) changes A to 3.

0, this yields:

Px (1 - ) -2

2 2
P + U(:lip

Ply(k) <Tlrg] =P |Z > o

(39)
The combination of (38) and (37) makes Z an extremely
complex function of # for carrying out a PDF transformation.
Therefore, this relationship between Z and 6 should be simpli-
fied in order to make the calculation tractable. Fig. 10 shows the
CClI term Z in a HEX network against 6 with a given r. It can be
observed that with the increase of 6, Z(0|ry) oscillates between
two extreme values with a period of 60°. This is because of the
central symmetric deployment of the interfering BSs. Therefore,
an approach that is similar to the “flower” model introduced in
[40] is used to simplify the relationship between Z and 6. The
concept is to use a cosine function to approximate the oscil-
lation of the function Z(0|ry). First, Zy-(ry) and Z3¢-(ry) are
calculated, which are the function Z of r assuming a 6 of 0°
and of 30°, respectively. Both values constitute the oscillation
bounds of the function Z(é|r ). The expressions for Zy- (1) and
T30+ (r0) can be calculated in a closed form, as shown in Ap-
pendix A. Then, the approximated CCI term can be calculated
using the following expression:

T30:(ro) + Zo-(ro) | |Z30°(10) — Zoo(10)]
2 + 2

1= cos(66).

(40)
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Fig. 10 compares the exact conditional CCI term Z(6|ry ) to the
approximated one Z (6|r) with different system configurations.
In the system with each of the configurations, the approximated
model Z(0|r() matches well with the exact model Z(6|ry). The
difference between the two curves is minimal as shown in each
plot of Fig. 10. Thus, it is reasonable to replace Z with 7.
By replacing 7 in (39) with (40), the conditional probability
P[y(k) < T|ro] can be written as:

Ply(k) < Tlro] =

2
Tlip

202X (F-2) —22(h) 1,11,
(p2 + ngm) 300 — Zoe |Z30- — Zoe

P |cos(66) > 0

2
9 clip

202X (F-2)-22(h) 1, 17,
<p2 + Uglm) |Z300 — Zo- |Z300 — Zo- |

1 1 .
= ———arcsin
2

41)
where

1 rx>1

arcsin'(z) = { arcsin(z) : |z| <1 . (42)

—1 < —1

The final CDF of SINR can be calculated by averaging (41) over
ro as described in (43), which can be solved efficiently by using
numerical methods. In this integration, the range of ry is from
0 to R, which corresponds to the integration over the equivalent
circular cell. This approximation is made for simplicity.

"R
Ply(k) < T] = / Foo (r0)Ply(k) < Tlroldry

R

T0 27‘0 .t
= —5 — —5arcsin
R? 7R?
0

2
2072 (+- 55 —22 (k)

<P2 + ”Zlm) [Z30- — Zoe|

Ts0-+Zo- >
80T ) g,
| Z30- —Zo-

X

(43)

C. PPP Cell Deployment

Similar to the HEX network, an infinite extending network
is considered. However, the origin of the coordinates is placed
at a random user [37]. The horizontal positioning of the nearby
optical BSs follows a 2-D homogeneous PPP with a density of
A, as shown in Fig. 11. In the PPP case, a similar method is used
to retrieve the SINR statistics by calculating P[y(k) < T'|ro]
using (39). Similar to the case of HEX network, the distribution
of Z is necessary. The exact distribution of 7 is complicated to
solve. However, the method presented in [41] can be used to
calculate the characteristic function (CF) of Z conditioned on
ro. The details are as follows.
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Fig. 11.  PPP network geometry.

Since there is no dependency between BSs, the only signif-
icant variable in this model is the Euclidean distance between
a BS and the user D;. According to the geometry shown in
Fig. 3, the CCIterm Z in (37) can be rewrittenas: Z = > g(D;),
where g(z) = 2~ 2("*3)_ It is assumed that the furthest BS is
a away from the user and the interfering BS is not closer than
the desired BS which is 7y away from the user. As shown in
Fig. 11, r; is within the range of [ry,a]. Since the interfer-
ing BSs are uniformly distributed, then the PDF of r; can be
found as:

Ir, (7)’) = 2

ro <7 < a.
az—r2’

(44)

Then the PDF of D; can be calculated using the PDF transfor-
mation rule from (44) as:

2D;
Ip,(D;) = prp

\Jr2+h2 < D; < Va*+ht 45

The conditional CF of Z is defined as ¢z, (w|rg) = E [e/<%].
Since the number of interfering BSs I is a non-negative integer
random variable, ¢7, (w) can be extended as:

¢z, (Wlro) = Eq [E [™F [T =n]]. (46)

Since each D; in 7 is independent of each other, ¢z, (w) condi-
tioned on [ can be factorized as follows:

E [e/“% | =n] = HE [ejww,)]
i=1

VaZ+h? 9 Dgiwg(D) "
- </ ede> . @
1/r3+h,2

2 _
a o

Because [ follows a Poisson distribution with a mean of %, the
corresponding probability mass function of I can be written as
follows:

ED (0 (@ - )"

n!

P[I =n]= (48)
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Next, (46) can be extended as:

o]
o1, (wlre) = Z P[I =n|E [CNI“ I = n,}
n=0

)

—e @)y L
¢ Zn!
n=0
\/W n
ﬁ/ o 2D’ 9(P)qD
A e
AT g2 g2 -/ "iAh? 2De/‘“’(”)dD)
@, A( VAt .49

where (a) uses the Taylor series for ¢”. By limiting a — oo, the
CF can be calculated as follows:

. ( ) A (r +h2)1 n(m+3)
Wz(w|ro)_exp<2; n! A(;Jb(m-i-?’) - ) oo

The proof for (50) is provided in Appendix IX-B. Theoretically,
(50) can be converted to the corresponding PDF. However, this
operation is intractable. Therefore, an alternative approximation
approach is used to obtain the PDF of CCI. Since the cumulant
generating function can be written as:

Znn

n=1

In (o7 (w (51)

By comparing (51) and (50), the nth cumulant of Z conditioning
on r( can be found as:

- Ar (,5 + hQ)lfn(erS)

T T AM(m + 3) — 1)

(52)

With all cumulants known, the corresponding nth raw moment
can be calculated recursively by the following set of equations:

1 n=0
K1 n=1

n—1 —1 (53)
Kn + Z <771>’ilun—l 7”L22
=1

Hn =

With all moments of the CCI distribution known, an expansion
of the PDF as a sum of Gamma densities proposed in [42] can
be used. This expansion is based on the Gram-Charlier series
and Laguerre polynomials. The Gamma density used in this
expansion is fy (v) = Y+ lofﬂ' for a random variable V. The
expansion of the PDF is given as [42]:

et &

Jv(v An L (v (54)
a)
n=0
where the Laguerre polynomial £ (v) can be calculated as:
d” ,
Lf} (U) — (_l)n,ul—aev W (,Un+a—le—1. )
n n
— ( ; > ( )n -l lSn (55)
=0
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where [ is a non-negative integer, and

1 l>n—1
Sl = .
M e+ i<n—1

The coefficients A,, in (54) can be calculated using the following
expression:

__ T [~
A= et [ e
_EDT@O S (Y ver [ o o (o)
7n!F(a+n)§<l>( 1)51/0 fv(v)d

(-1)"T () " /n n v
:n!F(a+n)Z(l>( LSt ul-

1=0

(56)

* (v)dv

(57)

The expansion (54) requires the random variable V' to have its
mean and variance equal to a:

E[V] =0} = a. (58)

Therefore, the CCI random variable 7 has to be scaled to satisfy
the condition in (58). So V' = (7 is defined, where (3 is the
scaling factor. Then the cumulants and moments of V' should
follow:

Vo _ nI

K, Kn»

(59

py = B" iy (60)

Note that x7 and kI are equal to the mean and variance of Z,
respectively Then the mean and variance of V' should be Bx7
and 3%k3, respectively. The value of o and (3 can be calculated
in conjunction with (52) and (58) as:

B (2m+5) (7’3 +hz)m+3
B m+ 2

) (61
Ar(2m +5) (rd + h?)
A(m + 2)?

By substituting SZ for V' in (54) and after rearranging, the
conditional PDF f7(Z|r() can be determined as follows:

a=0rl =3k = (62)

00 Bn CZI; /Lll n C]n Ilg +a-1
Fr(Zlro) = Z (z n!l(a +n) Z 2 erT ’
n=0 \l;=0 l,=0
(63)
where
on = <7> (71)”—1[3151'". (64)

Next, the probability

P [I >j|To} = /: Jz(Z|ro)dZ

!
— LFa+n)

(Z Fata (lz+a,ﬂf)>, (65)
lo=0
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Fig. 12. The CDF of the SINR at DC. Setup 1: R = 2.5 m, ¢ /5 = 40°,
A =1,100% output. Setup 2: same as setup 1 except ( = 2.5. Setup 3: R =
3m, ¢y/5 = 50° A = 3,100% output. Setup 4: same as setup | except 15%
output and 1000 lux ambient light illuminance. Other parameters are listed in
Table I if they are not specified.

where T'(v,€) = [“e 2 'dx is the upper incomplete
Gamma function; and

2
P (- %) - 2)

2 2
P + gclip

7= (66)

Because 7 equals the distance between the user (origin) and
the serving BS (closest node to origin), the PDF of 7, with node
density of A should be f,, (rg, A) = 2rArge 27"¢ in a PPP
[43]. The final SINR CDF can be calculated by combining (65)
with (39) and averaging P [y(k) < T'|ro] over rq as (67).

Ply(k) < T] = / " oo (r0, NPy (k) < TlroJdry

o0 n ﬁ(ycl‘];ulfl
b Zo (Z 7L!F(a+n)>

L=0

|
S—
8
|y
s,
e

n CPT (ly + o, BT
X ZZDW dTU. (67)

Note that there is a summation with infinite upper bound
in (67) which makes the calculation intractable. Therefore, the
infinity upper bound of the summation is replaced by a finite in-
teger number N. With the increase of N, (67) quickly converges
to the case of N = co. When calculating the results, N = 10 is
found to be sufficient to provide accurate analytical results. With
this approach, (67) can be solved using numerical methods.

D. SINR Statistics Results and Discussions

Fig. 12 shows the CDF of the SINRs at dc achieved by differ-
ent system setups considering HEX and PPP cell deployments.
The SINR at DC is shown as an example. The SINR at other
frequencies decreases with an increase of frequency due to the
low-pass effect of the front-end devices. The values shown in
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TABLE I
Parameters Symbol Values
Vertical Separation h 2.25 [m]
Receiver FOV Pmax 90°
Sampling frequency Fy 360 [MHz]
Front-end device bandwidth factor Fe 31.7 [MHz]
DC-bias level ¢ 32
PD responsivity Npd 0.4 [A/W]
PD physical area Apa 1 [cm?]
Number of subcarriers K 512
Power decrease factor op 20 [dB]
Cell center illuminance from BS E, 500 [lux]
illuminance from ambient light Ey ap 100 [lux]
Absolute temperature T 300 [K]
Receiver load resistance Ry, 500 [Q]

Table I are used if the system parameter is not specified for each
setup, where the configuration of F; and Fj. are in accordance
with the setup in [13]. The configuration of op is justified in
Section III-C. It can be found that the numerical results calcu-
lated using (43) and (67) agree with the corresponding Monte
Carlo simulation in the region of interests.

In setup 1, R = 2.5 m, ¢/, = 40° and A = 1. The results
for both the HEX and the PPP networks are shown. It can be
observed that with the same system configuration, a PPP net-
work performs worse than a HEX network. In addition, the
considered ambient light level is 100 lux in illuminance. There-
fore, the BSs works with their full power to provide enough
illumination. The highest SINR of above 30 dB shows that the
noise at the receiver side causes little effect to the system per-
formance. In setup 2, the DC-bias level is modified to 2.5. This
results in a higher signal clipping level. Consequently, the high-
est SINR in this system is limited by the clipping noise. In
setup 3, R = 3m, (;31/2 = 50°, A = 3. Other parameters are the
same as setup 1. The high reuse factor leads to a lower level
of CCI and the overall SINR level improved significantly com-
pared with that of setup 1. Therefore, the corresponding SINR
is improved compared to the case of setup 1 for both HEX and
PPP networks. Setup 4 considers a special case with sufficient
illumination from ambient light with a illuminance of 1000 lux.
Thus, the BS works in a dimmed mode with only 15% of its
normal output. Due to the reduced signal power and increased
noise level, the overall SNR level is decreased (—3 dB — 22 dB).
This demonstrates that the system will work in strong ambi-
ent light conditions, and even in dimmed mode. Furthermore,
energy-efficient modulation techniques such as eU-OFDM [12]
may be used to further improve performance when the lights
are dimmed.

V. CELL DATA RATE AND OUTAGE PROBABILITY

In this section, the average cell data rate and outage proba-
bility are calculated and analyzed. Since the information about
the per subcarrier SINR and its statistics is known, different
modulation and coding schemes can be assigned to each sub-
carrier adaptively according to the value of v(k). The average
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TABLE II
ADAPTIVE MODULATION AND CODING

AMCI AMC2

n T, [dB] &, [bits/symbol] T, [dB] £, [bits/symbol]
0 - 0 - 0

1 9.8 2 —6 0.1523
2 134 3 =5 0.2344
3 16.5 4 -3 0.3770
4 19.6 5 -1 0.6016
5 225 6 1 0.8770
6 255 7 3 1.1758
7 284 8 5 1.4766
8 - - 8 1.9141
9 - - 9 2.4063
10 - - 11 2.7305
11 - - 12 3.3223
12 - - 14 3.9023
13 - - 16 4.5234
14 - - 18 5.1151
15 - - 20 5.5547

achievable data rate in an optical attocell can be calculated using:

K/2-1 N

1
5= Z Z Z VVS"’E"P[T’" < '}/(k') < Tn+1]
k=1 n=1
F %’1 N
= A;(ZZ% (Ply(k)<Ti1]-Ply(k)<T,]), (68)
k=1n=1

where W is the bandwidth on each subcarrier; ¢, is the spectral
efficiency (bits/symbol) of the nth adaptive modulation and
coding (AMC) level; and T, is the corresponding minimum
required SINR to achieve ¢,,. In this study, two AMC schemes
are considered, which are listed in Table II. The AMC scheme 1
is the uncoded QAM modulation [44] achieving a maximum bit
error rate target of 1 x 10~%. This scheme is reliable and simple
to implement, and has been used in several experimental studies
[9], [13], [14]. However, this scheme achieves a relatively low
spectral efficiency and the minimum required SINR is as high
as 9.8 dB. The AMC scheme 2 is used in the long term evolution
(LTE) system [45], which is more spectrally efficient, and the
lowest acceptable SINR is —6 dB. However, it is more complex
to implement.

Outage probability is defined as the probability that the re-
ceived signal SINRs on all subcarriers are below the lowest
SINR requirement for an AMC scheme. Since we know that
the value of (1) is the highest among the SINR on the all the
subcarriers, the outage probability can be calculated as:

,Pout = ]Ph/(l) < Tl] (69)

Next, the accuracy of the cell data rate calculation is eval-
uated and the cell data rate/outage probability performance of
an optical attocell is analyzed. The results include the systems
with the HEX/PPP network model and the system with reuse
factor of A =1 and A = 3. The cell radius R and the sam-
pling frequency (modulation bandwidth) F; are considered as
the variables for study. Fig. 13 shows the cell data rate against
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Fig. 13.  Achievable cell data rate against cell radius R. The emission order

m is configured based on (36). Other system parameters are listed in Table I if
not specified.

the cell radius R. As shown in Section IV-D, a network operat-
ing with full BS power will not be limited by noise. Therefore,
according to the analysis in Section III-C, the emission order
m is configured based on (36) to achieve a better performance.
Other system parameters are the same as those listed in Table I
if they are not specified. For all of the systems, the Monte Carlo
simulation results show close agreement with the analytical cal-
culations, which prove the accuracy of (68). As expected, a
HEX network system performs better than a PPP network sys-
tem with the same remaining system configuration. The cell data
rate generally decreases with the increase of R. This is because
a system with a smaller cell has a higher value of m accord-
ing to (36), which introduces less CCI to nearby BSs. First, the
system using AMCI1 is considered. With the same cell deploy-
ment, the system with A = 1 always achieves a higher data rate
than the system with A = 3. In the case of the HEX cell de-
ployment, the A = 1 system achieves 40% to 100% higher data
rate than the A = 3 system. However, the A = 1 system always
has a much higher outage probability than the A = 3 system as
shown in Fig. 14. For example, in the case of the HEX cell de-
ployment, the A = 1 system has an outage probability of about
30% — 45%. In contrast, the A = 3 system has an outage prob-
ability of zero. In Section IV, it has been demonstrated that a
A =1 system with an appropriate configuration, the minimum
SINR can be kept above —5 dB. Therefore, using AMC2 in a
HEX network, the zero outage probability can be achieved even
with A = 1. In addition, the cell data rate is further improved
by 60 Mb/s to 140 Mb/s.

The relationship between cell data rate/outage probability and
the sampling frequency (modulation bandwidth) is examined,
as shown in Figs. 15 and 16. A cell radius of R = 2.5 m, a
half-power semi-angle of ¢/, = 40° and AMCI are used in
this system. Other system parameters are the same as those
listed in Table I if they are not specified. With an increase of
the sampling frequency Fj, the cell data rate increases when
sampling frequency is low. This is because the more bandwidth
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Fig. 15. Achievable cell data rate against sampling frequency Fy with R =
2.5 m, ¢y /5 = 40° and AMCI. Other parameters are listed in Table I if they
are not specified.

that the system uses, the higher the data rate that the system
can achieve. However, when the sampling frequency increases
further, the channel quality on the high frequency subcarriers be-
comes worse. Meanwhile, the total transmission power is spread
to a wider frequency band. Thus the signal power on each sub-
carrier decreases. Consequently, the increasing speed of the cell
data rate with sampling frequency becomes slower. In addition,
with a further increase of sampling frequency, the SINR of the
cell edge user becomes below the threshold for transmission.
Consequently, the outage probability also increases with the
bandwidth increase, as shown in Fig. 16. When the sampling
frequency is far beyond the 3-dB bandwidth, too much signal
power is wasted on the subcarriers that are subject to unfavorable
channel conditions with the degradation of the signal quality on
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Fig. 17.  Cell deployment of the finite HEX network in a room of size 20 m x

11m x 3 m.

the subcarriers which exhibit good channel conditions. Conse-
quently, the cell data rate starts to decrease.

VI. PERFORMANCE OF FINITE NETWORKS AND MP EFFECT

In previous sections, infinite networks are analyzed to approx-
imate the performance of the practical system. In this section,
the performance of a finite network deployed in a room is com-
pared with the corresponding infinite network with the same
system configurations. The MP effects due to room internal
surface reflections are considered here.

The considered finite network is deployed in a room of size
20 m x 11 m x 3 m with HEX model as shown in Fig. 17. The
reflectivity of the ceiling and walls is 0.7, and the reflectivity
of the floor is 0.3. A cell radius of R = 2.5 m, a half-power
semi-angle of ¢1/, = 40° and AMC?2 are used in this system.
The remaining parameters are as given in Table I if they are
not specified. First, two typical users in a room edge cell in this
finite HEX network are considered, as shown in Fig. 17. Both
of the two users are 1.5 m away from the cell center and they
are close to one of the edges of the hexagon cell boundary. A
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Fig. 19.  Cell data rate statistics. AMC2 is used in these systems. The consid-

ered finite network corresponds to the system shown in Fig 17. The considered
room edge cell corresponds to the cell in the bottom left cell shown in Fig 17.

third user at (1.5,40°) in an infinity HEX network, denoted as
user 3, corresponding to the positions of user 1 and user 2 is also
considered for comparison. Fig. 18 shows the achieved SINR
on each subcarrier with and without the MP effect. Due to the
low-pass effect of the front-end device filtering, the achieved
SINR decreases with the increase of subcarrier index. It can be
observed that the SINRs calculated without MP effect offers
a very close estimation to those calculated with MP effect for
each user. Compared with user 2, user 1 is closer to the room
edge and further away from the interfering BSs. Consequently,
the overall SINR achieved by user 1 is much higher than that
achieved by user 2. However, due to the stronger MP effect,
the SINR calculated without MP effect slightly over-estimates
the one with MP effect. In contrast, user 2 is closer to the
room center, which is similar to the case in an infinite network.
Therefore, the performances of user 2 and user 3 are very similar.

Next, the performance of this finite network in terms of data
rate is considered. Fig. 19 shows the simulated statistics of the
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cell data rate. Both the results with and without MP effect are
simulated, and as shown, the MP effect does not cause any
significant variance in the cell data rate performance of the
systems. It can be observed that the infinite network offers the
worst cell data rate. In contrast, the finite network achieves a
slightly improved cell data rate. Furthermore, the cell data rate
achieved in the room edge cell offers the highest cell data rate
because of the lower CCI level. Therefore, it can be concluded
that MP effect does not limit the performance of an optical
attocell system. In addition, a worst case performance can be
obtained by evaluating an infinite network.

VII. SYSTEM PERFORMANCE COMPARISON WITH DIFFERENT
CELL DEPLOYMENT

On the one hand, in a practical network arrangement where
the existing lighting infrastructure is used, a BS layout with
regular HEX lattice is possible but unlikely. On the other hand,
a PPP network is also not entirely practical, because having
light fixtures deployed in a completely random manner is not
standard. In order to demonstrate the significance of the ana-
lyzed HEX/PPP network, the following two cell deployments
are considered in addition in order to model typical optical at-
tocell systems with potential cell deployments in practice.

A. Square Network

The first potential practical network model considered is the
square lattice cellular model, in which BSs are placed on a square
lattice, as shown in Fig. 20(a). This arrangement is common in
indoor lighting network deployment for several reasons includ-
ing design simplicity, good illumination uniformity and com-
pliance with rectangular-shaped rooms. In the square network,
the cell size is controlled by a parameter R, which is defined
as the distance between the two closest BSs. In order to have
a fair comparison, Ry, needs to be consistent with the circular
cell radius R. This requires: Ryq = /Acen = VTR? = 1.77R.

B. Hard-Core Point Process (HCPP) Network

In a PPP network, two BSs can be extremely close to each
other, which is unlikely in practice. This is the main drawback
of the PPP network model. Therefore, the Matérn type I HCPP
is considered to approximate the network model, as shown in
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Fig. 21.  Compare the SINR statistics at dc of systems with different cell
deployments. An equivalent circular cell radius of R = 3 m and a half-power
semi-angle of ¢/, = 40° are used. For the results of the HCPP networks,
¢ =1,1.7,2.4 m. Other parameters are listed in Table I.

Fig. 20(b). The HCPP is based on a PPP with the condition that
the shortest distance between any two nodes is greater than a
specified threshold, c. To generate a set of nodes according to a
HCPP, a PPP with a density of A is applied. Then each point is
tagged with a random number, and a dependent thinning process
is carried out for each marked node as follows: retain the marked
node if there is no other node within the circle centered at the
marked node with a radius of c. After the thinning, the HCPP
nodes density would be reduced. Therefore, to generate a HCPP
with density of A, the initial PPP density A has to be [46]:
Ay = —In(1 — Anc?)/mc?. In order to have a fair comparison,
the configuration of Ay also has to make sure that the average
cell area is the same as the equivalent circular cell area with the
radius of R. Therefore, Ag = —In(1 — ¢?/R?)/mc?.

C. Performance Comparison

In Fig. 21, the CDF of the SINR at DC level of the systems
with difference cell deployments are given and compared. An
equivalent circular cell radius of R =3 m and a half-power
semi-angle of ¢/, = 40° are used. The remaining system pa-
rameters are listed in Table I. Fig. 21 shows that the SINR distri-
butions of the square network and HCPP network are bounded
by the curves for the cases of the PPP network and the HEX
network within the SINR region of interest. Similar to the con-
clusion drawn in [37], the SINR performance of a PPP (HEX)
network can be considered as a lower (upper) bound for the case
of practical optical attocell systems.

VIII. OPTICAL ATTOCELL NETWORK VERSUS OTHER
SMALL-CELL NETWORK

In this section, the performance of the optical attocell
networks are compared to those achieved by RF femtocell net-
works and mmWave indoor networks. An optical attocell net-
work achieves a high communication performance due to its
extremely dense spatial reuse (R, € [1, 3] m). Compared with
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Fig.22.  Areadatarate comparison among optical attocell networks, RF femto-
cell networks and mmWave networks. Optical attocell network setup 1: FE1 with
Fy, = 15.2 MHz, PPP network, A = 3, AMCL, R = 2.5 mand ¢, 5 = 40°.
Setup 2: FE3 with I}, = 31.7 MHz, HEX network, A = 1, AMC2, R = 2m
and 01)2 = 30°. Setup 3: FE4 with Fy, = 81.5 MHz, HEX network, A = 1,
AMC2, R = 1 mand ¢, /o = 15°.

RF femtocell systems, optical attocell networks have a relatively
large license-free modulation bandwidth (100 MHz to > 1 GHz)
availability. In contrast, a femtocell has a relatively larger cell
size (Rfemto € [10,40] m) and a limited downlink bandwidth
of about 10 MHz [3]. The modulation bandwidth of an indoor
mmWave system, such as 60 GHz wireless personal area net-
work, is generally in the range of 500 MHz to > 2 GHz, which
is typically wider than that used by optical attocell networks.
Therefore, a data rate of up to 7 Gb/s can be achieved by a
mmWave system for a single link [47], while the maximum data
rate that can be achieved by a single LED source is about 3 Gb/s
[9]. However, due to hardware limitation and CCI issues, typi-
cally only one mmWave access point is available for each room.
In contrast, multiple optical BSs can be installed in a room. This
makes an optical attocell network advantageous in terms of data
density. The benefits of high data density are obvious when a
large number of devices in a room need high speed wireless
service. To demonstrate the high data density achieved by an
optical attocell system, a metric termed area data rate is defined
as follows:

S
Sarea — .
A(‘ell

(70)

Fig. 22 shows the area data rate performance of different sys-
tems. The results of the femtocell are extrapolated from [3], [5],
[48], [49]. As shown, the indoor ASE achieved by the femto-
cell network is generally in the range from 0.03 to 0.0012 b/
(S-HZ-IIIZ). With a bandwidth of 10 MHz, the area data rate
achieved by femtocell networks is in the range from 0.012 to
0.3 Mb/(s-m?). The results of the mmWave systems are extrap-
olated from [47], [50], [51]. The spectral efficiency achieved
by the mmWave system is generally in the range from 3.24 to
11.25 b/(s-Hz). Considering a room of size 10 m x 10 m, with
a bandwidth in the range of 400 MHz to 2 GHz, the achiev-
able area data rate is in the range of 13 to 225 Mb/(s-m?). The
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estimated minimum and maximum values for these two systems
are used as the benchmarks.

First, a low performance optical attocell system with setup 1
is considered, which uses the FE1 with F}, = 15.2 MHz and a
PPP cell deployment with R = 2.5 m, ¢/, = 40° and A = 3.
The modulation and coding scheme is AMCI. Fig. 22 shows
that the performance of this system is within the femtocell per-
formance range. Note that the maximum achievable area data
rate of 3.82 Mb/(s'm?) with a bandwidth of 200 MHz is much
higher than those achieved by the femtocells with a bandwidth
of 10 MHz. Note that the performance of the systems using dif-
ferent bandwidth is compared. This is because of the difference
in the costs and availability of the two type of frequency bands.
For the VLC system, the frequency band is totally unlicensed
and does not cause any interference to a system in an adjacent
frequency band. Therefore, there is no requirement for spectrum
masks or leakages into neighboring bands used by other systems.
In contrast, the RF resources are scarce and hence require tight
spectrum masks. Next, two optical attocell systems with moder-
ate (setup 2) and high (setup 3) performance are demonstrated.
In setup 2, a HEX cell deployment with R = 2 m, ¢,/ = 30°,
A =1 and AMC2 is used. In setup 3, a HEX cell deployment
with R = 1m,A =1, ¢; /5 = 15° and AMC2 is used. As shown
in Fig. 22, both optical attocell systems perform better than the
femtocell systems. For the attocell system with setup 2, the max-
imum achievable area data rate of 49 Mb/(s-m?) at a sampling
frequency of 500 MHz is in a similar range of what the mmWave
system can achieve. In particular, a maximum area data rate of
469 Mb/(s-m?) is achieved by the system with setup 3 with a
sampling frequency of 1.26 GHz. This is about two times higher
than the high performance mmWave system with a spectral effi-
ciency of 11.25 b/(s-Hz) and a bandwidth of 2 GHz. This result
highlights the huge potential of optical attocell networks.

IX. CONCLUSION

In this paper, the downlink performance of an optical atto-
cell network was evaluated. In order to be able to optimally
design an optical attocell system, it is important to understand
how key network parameters such as cell size and network de-
ployments affect the system performance. This is particularly
important when piggy-backing the optical attocell network on
existing lighting infrastructures which leaves little possibilities
to optimise the network for communication. To this end, an
analysis of the SINR distribution and the corresponding data
rate assuming different cell deployments was performed. The
analysis in this paper offers an accurate estimation of the down-
link performance of an optical attocell system that is subject
to a large number of parameters. This study provides detailed
guidelines for appropriate configurations of these parameters.
Because of the potential benefits of combining optical attocell
networks with existing lighting infrastructures and due to other
practical constraints, optimized regular HEX cell deployments
may not always be achievable. Therefore, in this study, sev-
eral other network topologies such as square and random cell
deployments were also considered. In particular, an optical atto-
cell network with PPP cell deployment was considered to closely
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model a random real-world scenario where there are no underly-
ing network planning considerations. The extensive simulation
study confirms that the HEX and PPP cell deployments repre-
sent the best and the worst case performance of practical attocell
deployments, respectively. The simulation results also demon-
strate that the attocell networks deployed in a finite room offer
better performance than the networks which are horizontally in-
finite because the CCI in the room edges is very low. In addition,
the simulation results also imply that the MP effect due to the
room internal surface reflections is minor relative to the effect
of CCI. Because optical attocells can be deployed densely in a
room, the optical attocell networks can typically achieve very
high data rate density. In order to demonstrate this advantage,
the downlink performance of optical attocell systems is com-
pared with that achieved by RF femtocell networks and indoor
mmWave systems in terms of area data rate (achievable data
rate per unit area). The result showed that the optical attocell
networks generally outperform the femtocell network. In par-
ticular, a high performance optical attocell network can achieve
an area data rate of 469 Mb/(s-m?) which is twice that achieved
by a high performance mmWave system. The mmWave system
assumes a spectral efficiency of 11.25 b/(s-Hz) and uses a band-
width of 2 GHz in a room of size 10 m x 10 m. The system
improvement by a reduction in cell size is more pronounced in
regular HEX network deployments than in random PPP network
deployments. Future research will continue with the studies on
the effect of handover and system uplink performance.

APPENDIX

A. HEX Network Interference Approximation

The closed form expressions of Zy- () and Z3- (1) are cal-
culated as (A.2) and (A.3), where

—m—3

alz,y) = ((ro +2)* +y) (A.D)

B. Derivation of (50)

The derivations start from the term with bracket in the expo-
nent of (49). By limiting @ — oo, this term can be calculated as
(A.4), where in (a), integration by substitution is used. By using
(A.4), the CF of the CCI can be found as (A.5), where in (a),
the Taylor series for e” is used.
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Fractional Frequency Reuse in DCO-OFDM-Based
Optical Attocell Networks

Cheng Chen, Student Member, IEEE, Stefan Videv, Dobroslav Tsonev, Member, IEEE,
and Harald Haas, Member, IEEE

Abstract—In this paper a fractional frequency reuse (FFR)
technique is considered in a direct-current optical orthogonal
frequency-division multiplexing-based optical attocell network.
An optical attocell network is proposed as a special type of visible
light communication system that has the complete function of a
cellular network. The cellular network is composed of many cells
of extremely small size—the optical attocells. Two FFR schemes,
strict fractional frequency reuse and soft frequency reuse, are
considered. The signal-to-interference-plus-noise ratio (SINR)
statistics and the spectral efficiency of the optical cellular system
with FFR are analyzed. The performance of the systems with full
frequency reuse and FFR is evaluated and compared. The results
show that the FFR scheme can effectively achieve interference
mitigation in an optical attocell network. The cell edge user SINR
and spectral efficiency are significantly improved. Additionally,
FFR provides improvements in average spectral efficiency. The
effects of important parameters such as cell radius are also studied.

Index Terms—Cellular network, fractional frequency reuse, or-
thogonal frequency division multiplexing, visible light communi-
cations.

1. INTRODUCTION

he level of data traffic in wireless communication networks

has increased exponentially in the past two decades. If this
trend continues in the future, the limited radio frequency (RF)
spectrum will no longer meet the wireless data transmission
demand [1]. One of the emerging solutions to this spectrum crisis
is the migration of wireless communication techniques into the
visible light spectrum due to its many promising advantages
[2]. For example, visible light communication (VLC) can be
embedded in the existing lighting infrastructure.

In a typical VLC system, a low-cost commercially available
light emitting diode (LED) and photodiode (PD) can be used as
the front-end devices [2]. Since an LED is an incoherent opti-
cal source, information is encoded using intensity modulation
(IM). At the receiver side, the light intensity is converted to an
electrical signal by a PD using direct detection (DD). A limiting
factor of such an IM/DD system is the bandwidth of the LED
and PD devices. Various techniques have been considered to
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boost the transmission speed of VLC systems. Some researchers
have explored the spatial diversity gain by using multiple-input
multiple-output techniques [3], [4]. Advanced spectral efficient
modulation techniques have also been considered [5], [6]. An-
other approach to improve the spectral efficiency of a wireless
communication system is to increase the spatial reuse of the
spectrum resources [7]. In many large indoor environments,
multiple light fixtures are installed, and this provides the oppor-
tunity to set up a VLC system with dense spatial reuse of the
limited modulation bandwidth. An optical attocell network uses
each of the luminaries as a small base station (BS) or access point
(AP) serving multiple wireless users within the illuminated area
[8]. Such a cellular system would have an uplink connection
to achieve full-duplexing and provide handovers to allow users
to roam within the room or an entire building. This is similar
to a RF femtocell network, but an optical attocell network uses
smaller cell sizes.

Direct-current optical orthogonal frequency division multi-
plexing (DCO-OFDM) has been considered for optical attocell
networks because of its advantages: i) it can eliminate the effect
of the time dispersive channel with low complexity equalisa-
tion [5]; ii) adaptive power and bit loading can be used in an
OFDM system, thus the available spectral resources can be used
with their full potential [9]; iii) a multiple access scheme can
be easily achieved in an optical attocell network by dividing
time and frequency resources among multiple users, which in
RF is known as orthogonal frequency division multiple access
(OFDMA) [10].

Similar to other cellular systems, co-channel interference
(CCI) is an important issue that affects the user performance in
an optical attocell network. Interference mitigation techniques
have been extensively researched for optical wireless systems.
In [11], the use of static resource partitioning was proposed
to avoid CCI in a cellular optical wireless system. In [12], an
optical femtocell system was proposed, which uses different
wavelengths in adjacent cells to avoid CCI. The methods used
in these two studies effectively mitigate CCI. However, the loss
in spectral efficiency is also significant. In [13], a self-organising
interference coordination technique based on the busy-burst sig-
nalling was proposed for an optical wireless cellular system in
an aircraft cabin environment. This method offers improvements
both in cell edge user performance and in average spectral ef-
ficiency, but it requires additional overhead for the busy burst
time slot.

The fractional frequency reuse (FFR) technique is a cost-
effective approach to achieve interference mitigation in a cellu-
lar system. It maintains the balance between the average spectral

0733-8724 © 2015 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

192



Selected Publications

CHEN et al.: FRACTIONAL FREQUENCY REUSE IN DCO-OFDM-BASED OPTICAL ATTOCELL NETWORKS

efficiency and cell edge user performance with low system com-
plexity [14]. Over the past few years, the FFR technique has
been studied for applications in RF cellular networks. The FFR
scheme does not require precise instantaneous channel state in-
formation (CSI) and is of low computational complexity. There
are two typical FFR schemes: ii) strict fractional frequency reuse
(sFFR) and ii) soft frequency reuse (SFR) [15]. sFFR divides
the whole frequency band into multiple protected sub-bands and
one common sub-band. Cell centre users in each cell experience
minor interference from nearby BS, so the common sub-band is
assigned to them. Since cell edge users receive higher interfer-
ence power, protected sub-bands are assigned to the cell edge
users, and the sub-bands are arranged such that there is a mini-
mum spatial reuse distance between them. The SFR applies an
even shorter reuse distance compared to the SFFR scheme. In
addition to the use of a different sub-band for cell edge users
in each adjacent cell, the SFR scheme allows the centre users
to take the sub-bands that are assigned to cell edge users in
adjacent cells. To protect the cell edge users, the transmission
power for cell edge users is typically higher than that for the
cell centre users.

In [16], an optical AP using two LED sources with different
beam-width is considered. A VLC cellular system using a SFR
scheme based on such an AP is proposed. The corresponding bit
error rate performance and the effect of changing LED beam-
width is evaluated. In a previous study [17], an FFR scheme is
considered in a VLC cellular system using adaptive LED ar-
rays with specified LED orientations as APs. The simulation
results show that the FFR scheme achieves effective interfer-
ence mitigation and improves the spectral efficiency. However,
the improvements reported in these studies result partly from
the spatial diversity. In order to evaluate the benefit solely from
FFR schemes, a more general case is presented in this paper.
A VLC system with APs that only transmit using a LED lumi-
nary with Lambertian radiation pattern is considered. This paper
presents a first analytical framework for the evaluation of FFR
in a DCO-OFDM-based optical attocell network.

The remainder of this paper is organised as follows: the sys-
tem model, including the light propagation model, network
model, modulation and multiple access schemes is presented
in Section II. The statistics of signal-to-interference-plus-noise
ratio (SINR) and spectral efficiency for FFR schemes are anal-
ysed in Section III. The results are presented in Section IV and
the effects of key parameters are discussed. Conclusions are
given in Section V.

II. SYSTEM MODEL

In this study, a system level analysis is carried out to eval-
uate the performance of an optical attocell network. Since the
transmission data rate is much faster than the channel variation
due to user movement, users are considered to be quasi-static.
In addition, this study focuses on the downlink performance of
the system, so the effects on the system performance and the
operation of handover schemes are outside the scope of this
study. User equipment is placed at the desktop height where
a typical height of 0.85 m is used. A PD receiver with a field
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Fig. 1.  LOS light propagation geometry.

of view (FOV) of 90° (full FOV) is mounted on the top of
the user equipment. The FOV of the receiver is defined as the
angle between the normal of the PD surface and the direction
with the maximum incident angle to the receiver, which is illus-
trated in Fig. 1. The receiver is orientated upwards. All BS are
mounted on the ceiling where a typical value for ceiling height
of 3 m is used. The direction of the BS optical transmitter is
vertically downwards.

A. Light Propagation Model

In order to estimate the signal power from a specified BS
to a user, a propagation model is necessary to calculate the
path loss. The dominant transmitted signal component in this
system is the light through the line-of-sight (LOS) path. This
channel can be modelled using the direct-current (dc) channel
gain. The corresponding two-dimensional (2-D) geometry is
shown in Fig. 1. The dc gain from the ith BS to the observed
user can be calculated as [18]:

(m -+ 1)Apd

Gi= 27d?

cos™ (¢;) cos(1);),

where m denotes the Lambertian emission order which is given
by m = —1In(2)/In(cos(¢1 /7)) in which ¢, /5 is the half-power
semi-angle of the LED; A, is the physical area of the receiver
PD; d; denotes the Euclidean distance between BS; and the
user; ¢; denotes the corresponding light radiance angle; and 1);
is the corresponding light incidence angle. The optical source
has a half-power semi-angle ¢; /5 of 60°, which is sufficient
for a diffused luminary. The variables d;, ¢; and v; can be
rewritten as a function of r; by using cos(¢;) = cos(¢;) = (;i’
and d; = \/r? + h?. As shown in Fig. 1, r; refers to the hor-
izontal separation between the user and the ih BS. The LOS
transmission model can then be converted to a function of r; as:

 + 1) Apah™ 1 _mgs
7(771 )2;1 (7’f+h,2) 7. (1)

Occasionally, the LOS path may be shadowed or completely
blocked. In these cases, a user may need an alternative serving
BS or rely on a diffused link. Due to the modelling complexity
and the limited space in this paper, these issues are treated
as special cases for future study. Therefore, we assume that
shadowing and non-LOS transmission issues are outside the
scope of this work.

Gi(rz') =
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Fig.2.  Anoptical attocell network embedded in a large room of size 23 m x

26 m x 3 m. The number of cells is 27. The cell radius R = 3.3 m and the cell
radius definition is shown in Fig. 7.

In addition to the LOS transmission, light from reflec-
tions (mainly from walls, ceiling and floor) causes multi-
path distortion to the optical channel. In order to observe this
multi-path distortion effect, information about the channels
considering multi-path reflection is required. An effective way to
estimate this information is by using the multi-path ray-tracing
simulation [19] to generate the channel data. However, it is
time-consuming and difficult to show cases for all indoor en-
vironments and all user positions. Therefore, a number of ex-
amples are demonstrated to reflect the typical and worst cases.
In these examples, the simulated environment is a large empty
room of size 23 m x 26 m x 3 m. The room size is related to
the cell size and the number of cells in the network. The op-
tical source of each BS has a half-power semi-angle ¢/, of
60°, which is sufficient for a diffused luminary. The reflectivity
of walls and the ceiling is 0.7, and the reflectivity of the floor
is 0.3. Reflected signal components up to the third order are
considered in the simulation. The network deployment and the
user receiver positions are shown in Fig. 2. Each user in the
room is served by the closest BS. Among all of the tessellating
shapes, a hexagon cell shape shows a reasonable approximation
to a circle [20]. Therefore, the hexagonal network deployment is
preferred in the modelling of the cellular network. In this initial
performance evaluation of a VLC based cellular system, it is
intuitive to adopt the same network deployment.

Based on the method introduced in [19], the initial generated
data are in the form of impulse responses. It is observed from
these impulse responses that the overall signal power contribu-
tion from wall reflections is not as significant as those shown in
[19] due to the large size of the considered room. Furthermore,
the contribution from the third and higher order reflections is
negligible due to the significant path loss and absorptions. The
second order reflection generally corresponds to the reflections
between floor and ceilings, and contributes significantly to the
reflected signal power. The first order reflection corresponds
to the reflections by the walls to the receiver. Its significance
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Fig. 3. Normalised channel gain against frequency. The corresponding re-
ceiver locations are shown in Fig. 2.

strongly depends on whether the transmitter and the receiver is
close to one or more walls of the room. When a user is in the
edge of the room, the first order reflection contributes signifi-
cantly to the reflected signal. Therefore, the channel frequency
response of the users in the room edge would be the worst case
due to wall reflections. The channels corresponding to ‘Rxs’
and ‘Rxg’ are in the centre of the room as shown in Fig. 2. Their
performance would reflect the typical channel characteristics in
an optical attocell network. The user positions for the remaining
nine channels are in the edge of the room, which would reflect
the characteristics of the worst case channel.

It is important to assess whether the channel is flat in a wide
frequency range, and therefore the simulated results are shown
in the form of channel gain calculated as a function of frequency
|H(f)|>. Conventionally, the channel gain is normalised with
the channel gain at dc. In this study, two cases are compared:
with, and without the reflected signal. In order to highlight the
difference, the channel gain is normalised by the channel gain
with only a LOS component. The normalised channel gain is

calculated by % The result is shown in Fig. 3.

With an increase of frequency, all of the normalised channel
gains fluctuate around 0 dB (channel gain with LOS only). The
variation of the fluctuation is less than 3 dB. In addition, for
users that are further away from the room edges, due to the
lower significance of the first order reflection, the channel gain
variation with frequency is less significant compared with the
room edge user case. For example, the channel gain variation
for Rx; and Rxg are less than 1.5 dB as shown in Fig. 3.
The maximum achievable signal-to-noise ratios (SNRs) in many
VLC experiments are around 30 dB [9], [21], [22]. However,
the received SNR decreases when the user is away from the cell
centre due to a larger path loss. In order to ensure that the system
is not limited by the receiver noise, the considered systems in
this study are configured to have a worst case SNR (user at cell
edge) of more than 10 dB. In the case of a SNR of 10 dB, uncoded
four-quadrature amplitude modulation is used, which requires a
minimum SNR of about 10 dB. Therefore, compared with the
considered SNR range of 10 to 30 dB, the variation in channel
gain is minor. In addition, the effect of adding reflected signals
offers extra channel gain at some frequencies while it decreases
the channel gain at other frequencies. On average, adaptive bit
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Fig.4. Two-layer optical attocell network model with 19 cells. The patterns in
the edge regions of every cells demonstrate the FR pattern for the FFR schemes,
and the corresponding reuse factor is 3.

loading in OFDM can compensate for the variation in channel
gain. Therefore, approximating the frequency domain channel
gain to be flat would not cause significant inaccuracy in the
analysis. The reason for this minor multi-path distortion is the
dominance of the LOS in the channel. When the Rician factor
is high enough, the channel gain can be approximated to be flat
in the frequency domain [23]. Therefore, the multi-path effect
caused by wall reflections is assumed to be negligible and can
be mitigated by OFDM [24] in this study.

B. Cellular Network Model

When evaluating the user performance in the room shown in
Fig. 2, the serving BS changes depending on the position of a
user. In addition, for users in different cells, the set of interfering
BS is different. Furthermore, the coverage area of cells in the
edge of the room is part of a hexagon. All of these factors mean
that it is complex to analyse the system performance. Therefore,
an alternative simplified model is considered to estimate the per-
formance of a realistic system. Here, a network which extends
to infinity in the 2-D plane is considered. In this case, the layout
of the interfering BS and the cell shape would be identical for
the users in any cell. As the interference is generally dominated
by the closest interfering BS, the interference from BS further
away from the user is not considered for simplicity. Thus, a
two-layer hexagonal network model shown in Fig. 4 is used to
analyse the user performance. In this two-layer network model,
19 BS with index ¢ are considered, where 7 = 0, ..., 18. The
performance of the users in the central cell served by the Oth
BS is evaluated to estimate the performance of users in the net-
work deployed in a room. For the convenience of description,
the network deployed in a room is termed as a ‘deployed net-
work’ in the remainder of this paper. Some of the neighbouring
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Fig. 5. The 2-D spatial distribution of D in the deployed networks with
different network sizes. (a) 11.4 m x 13.2 m room with seven cells. (b)
14.3 m x 16.5 m room with 12 cells. (¢) 17.1 m x 19.8 m room with 17 cells.

(d) 22.9 m x 26.4 m room with 27 cells. The used cell radius is R = 3.3 m.
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Fig. 6. Statistics of the horizontal separation between the serving BS and

the user in different networks. ‘two-layer network’ refers to the results for
the two-layer network model. ‘7 cells’, ‘12 cells’, ‘17 cells’ and 27 cells’
refer to the results for the deployed networks with different network sizes. The
corresponding network deployments are shown in Fig. 5.

BSs cause interference to the users in the central cell. Whether
the ith BS causes interference depends on the reuse scheme in
the system.

Despite the difference in the user performance in the two-layer
network model and the deployed networks, the results shown in
Figs. 5 and 6 demonstrate that this is minor. Firstly, the closer
the considered cell is to the room edge, the less the number of
interfering BS to the users. Consequently, it would seem that
the two-layer network model only offers a good estimation to
the user performance in the cells in the room central area. How-
ever, as mentioned above, the interference is dominated by the
closest interfering BS. Even if the user is in the cell in the edge

195



Selected Publications

3990

TABLE I
INTERFERENCE LEVEL DIFFERENCE

number of cells 7 12 17 27

D < 0.5dB
D < 3dB

48%
75%

64%
89%

76%
95%

77%
94%

of the room, as long as it is close to the cell edge towards the
room centre, the received interference should be close to that
received in the two-layer network model. To demonstrate the
accuracy of the interference estimation by using the two-layer
network model, simulations of the 2-D spatial distribution of
the interference power in the deployed networks with full fre-
quency reuse (FR) are carried out. In addition, the interference
power estimated by using the two-layer network model in all
positions in the deployed network is calculated and compared to
the simulated interference. The interference calculation is based
on (1). The interference in the deployed network is defined as
7. The interference estimated for the two-layer network model
is defined as 7. The difference between Z and 7 is defined as
D = [10log,,(Z/Z)|. A lower value of D indicates a better ap-
proximation of the interference by using the two-layer network
model. The spatial distributions of D in rooms with 7, 12, 17
and 27 cells are shown in Fig. 5. It shows that a significant inter-
ference difference occurs only in the room edges. The notable
results are summarized in Table I, and it shows that the propor-
tion of the area showing significant deviation in the interference
estimation decreases with an increase of the number of cells in
a room. In the case of 27 cells, 77% of the area has D lower
than 0.5 dB and 94% of the area has D lower than 3 dB. In
other words, the interference level is poorly estimated by the
two-layer network model in only 6% of the room area. Since a
large number of deployed cells is the typical case in an optical
attocell network, the two-layer network model is considered to
offer good approximation in terms of interference.

In addition, due to the limitation of the room edge, the non-
hexagon cells in the edge of the room cause a deviation in the
statistics of the path loss corresponding to the transmission of
the desired signal in the deployed network from the case in the
two-layer network model. In order to evaluate this difference,
the empirical statistics of 7, based on random user locations in
different cases are simulated and compared. The random loca-
tion of users follows a Possion point process (PPP). As described
in Section II-A, r refers to the horizontal separation between
the user and the Oth BS in the two-layer network model. For the
deployed network, r refers to the horizontal separation between
the user and its serving BS. It can be observed in Fig. 6 that
the difference between the probability density function (PDF)
of ¢ in a deployed network and that in the two-layer network
model diminishes with an increase of the number of cells in the
deployed network. Except for the case with 7 cells, the PDFs of
ro in the deployed network shows a close agreement with that
in the two-layer network model. Therefore, the performance
in the two-layer network is considered to be a reasonable
estimation of the deployed network. The estimation accuracy is
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Fig. 7. Geometric model with polar coordinates.
also demonstrated in the SINR results in Section IV as shown
in Fig. 10.

In the two-layer network model, the coverage area of each cell
is divided into a cell central area and a cell edge area as shown
in Fig. 4. In order to further simplify the analysis, a circular
cell approximation is applied to the considered central cell as
shown in Fig. 7. The radius of the hexagonal cell is defined
as R. The approximated circular cell has the same coverage
area as the original hexagonal cell. Therefore, the equivalent
radius of the circular cell is defined as R, ~ 0.91R. In the
system using FFR, the radius of the central area is defined as
R.. A parameter 6 = gz is defined to determine the size of cell
central and edge area. For the convenience of the analysis in
Section III, the indices of the 18 nearby BS are grouped into three
sets based on the reuse pattern shown in Fig. 4. They include
I ={13,14,15,16,17,18}, Iy = {2,4,6,7,9,11} and Ic =
{1,3,5,8,10, 12}. Note that the edge users in the Oth cell reuse
the same spectral resources as those in I in the FFR systems.

The location of a user and interfering BS are defined using
a 2-D polar coordinate system. The origin of the coordinates is
placed at the location of BSy. The orientation of the polar axis
is shown in Fig. 7. The location of a user in the central cell
is defined by z = (r,0), where r is the horizontal separation
between the user and the origin and r € [0, R.]; and 6 is the
polar angle of the user and 6 € [0, 2). The location of the ith
BS is defined in a similar way as (R;,©;), where R; is the
horizontal separation between BS; and the origin, and ©); is the
polar angle of BS;. Since the network deployment and the cell
radius R are given, the values of (R;,©;) are fixed and can be
readily calculated. In order to estimate the signal power from
BS; to the observed user, the horizontal separation between
BS; to the user at z is essential, which is defined as r;(z). For
i =0, ro(z) = r. The observed user, the serving BS, and the
interfering BS; form a triangle in the case of i # 0, 7;(z) can
be calculated using the rule of cosine as:

ri(z) = \/7’2 + R? — 2R;r cos(0 — ©;).

C. DCO-OFDM and Multiple Access

The application of optical-OFDM can be extended to an
OFDMA system to realise multiple access in an optical atto-
cell network. Due to the relatively high spectral efficiency of
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DCO-OFDM, this modulation scheme is used in this study. In
an OFDM frame, the K frequency domain quadrature ampli-
tude modulated data symbols before the inverse discrete Fourier
transform (IDFT) are defined as: X = [X( X7 Xo -+ Xg_1].
Since an intensity modulated signal is a real-value signal, Hermi-
tian symmetry is required to make the OFDM symbols contain
only real samples. This requires X;; = X}, _,, where [-]* is the
complex conjugate operation. In addition, X and Xy /o are set
to zero [6]. Consequently, only K=K /2 — 1 symbols carry
information. Also, the intensity modulated signal is unipolar.
In order to avoid negative samples, a dc-bias is required. After
carrying out the K -point IDFT and the addition of a dc-bias, the
time domain OFDM symbol can be calculated as:

K-1
a(t) =apc + Y wk(t), t=0,1,..., K — 1,
k=0

an(t) = %exp (27}]{%1‘/)7

where zp is the de-bias; x, (¢) represents the signal component
which accounts for the modulated symbol on subcarrier k at time
slot ¢; and j is the imaginary unit. After the addition of dc-bias,
the remaining negative samples are set to zero. According to
the results of the simulated channel impulse responses noted in
Section II-A, no significant signal is received when the delay
exceeds 50 ns. If a sampling frequency of 40 MHz is used, the
length of the cyclic-prefix (CP) is only two OFDM symbols.
Since the required CP length is short, the effect of adding a CP
is omitted in this study. In a multiple access version of DCO-
OFDM, the K transmission channels (subcarriers) are shared
by a number of users. In the FFR schemes, these subcarriers
are divided into multiple sub-bands. Then the subcarriers in
each sub-band are distributed to users who are permitted to use
that sub-band for data transmission. Assuming perfect sampling
and synchronization, the intensity modulated sample received
at time slot ¢ on subcarrier & can be expressed as:

yr(t) = 20,1 ()GoRpa + Y _ 2k (GiRya + 2(8),  (2)
iell

where x; (t) is the transmitted signal sample from BS; on
subcarrier k at time slot ¢. In the case of ¢ = 0, z x () is the
transmitted signal sample for the desired user; R,,q denotes the
responsivity of the PD and z;(¢) represents the user receiver
noise on subcarrier k. The second term of y; accounts for the
received interference signal, where U is the set of all the inter-
fering BS. The receiver noise is modelled as an additive white
Gaussian noise with noise power spectral density of /Vy. There-
fore, z;. is drawn from a Gaussian distribution with zero mean
and variance of Ui = NyW/K, where W is the total IM band-
width. Clipping noise and non-linearities are crucial when there
is a requirement to minimise the output power of the transmit-
ter. However, it is assumed that the high output power of the
BS is sufficient for the indoor lighting function in this study.
In other words, there is enough margin for the minimisation of
both effects by increasing the clipping threshold [25] and ap-
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Fig. 8. (a) sFFR. (b) SFR with 62 > 2. (c) SFR with 6% < Z.
plying pre-distortion techniques [26]. Thus, clipping noise and
non-linearities are not considered in this study.

D. FFR Schemes

In a FFR system, the serving BS needs to know whether the
user is in the cell centre or is in the cell edge. This can be sim-
ply realised by determining the average signal strength of the
downlink pilot signal. If the pilot signal power is higher than
a threshold, this particular user is categorized as a cell centre
user. Otherwise, the user is categorized as a cell edge user. It
is assumed there is no movement of users within the period
between two adjacent pilot signal transmissions. In the follow-
ing frequency plan, subcarriers in each sub-band are equally
distributed to the corresponding users for simplicity and user
fairness.

1) Strict FFR: The considered sFFR divides the whole fre-
quency band to three protected sub-bands and an individual
common sub-band as shown in Fig. 8(a). The number of sub-
carriers of each sub-band is set to be proportional to the area
of the central or edge regions, which offers good fairness and
optimal performance [15]. The common sub-band is reused by
the centre users in each cell. As shown in Fig. 8(a), one of the
three protected sub-bands is assigned to the edge users of each
cell. This assignment also ensures that the same protected sub-
band is not reused in adjacent cells. Therefore, the number of
subcarriers assigned to the cell centre users K. and the number
of subcarriers assigned to the cell edge users K. are given as:

K. = [faﬂ ,
K. = | (K~ K)/3],

respectively.

2) Soft Frequency Reuse: In SFR, the protected sub-bands
for cell edge users are also reused in adjacent cells. In order to
guarantee the performance of the cell edge users, the transmis-
sion power for the cell edge user is increased with a gain of /3.
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In addition, the different groups of subcarriers are assigned to
edge users in adjacent cells. Similar to the sFFR scheme, for
fairness, the number of subcarriers assigned to different user
groups is proportional to the corresponding area. Therefore, the
following frequency plan is used:

K, = [mﬂ ,
K. = min ([f(/?)-‘ K - K(‘) ;

which is shown in Fig. 8(b) and (c). Note that the maximum
available bandwidth for cell edge users is K /3 to ensure the
orthogonality of the protected sub-bands.

III. ASSESSMENT OF SINR AND SPECTRAL EFFICIENCY

Electrical SINR is an important metric to measure the quality
of a wireless connection. Similar to the definition of SNR in an
IM/DD optical wireless communication system, SINR is defined
as the ratio of the received desired signal electrical power to the
summation of noise and interference electrical power. Based on
the SINR level, the spectral efficiency can be estimated in order
to evaluate the wireless capacity of the system.

A. Full Frequency Reuse

1) Signal-to-Interference-Plus-Noise  Ratio: The  most
straightforward frequency plan is FR, which reuses the whole
frequency band in each cell. Here A is used to represent the
reuse factor. In this case the reuse factor equals one (A = 1).
In this study, the FR system is used as the benchmark system.
According to (2), the SINR of the user at location z on
subcarrier k can be written as:

Pelec,UJcG% (Z)RZ

pd
en i (2) = NG
PRk (2) >t Pelee.i G2 (2)R2, + 07

where Peec ;. denotes the electrical signal power transmitted
by BS; on subcarrier k, which is calculated as:

P(‘lcc,iﬂk =E ['L'f,k (t)] ’
where E[-] represents the expectation operation. Since A = 1,
the set I = My U Up U Uc. To simplity the analysis, an equal
electrical power allocation is used. Assuming a total electrical
transmission power of Pujec acs Petec,ik = Petec,ac /(K — 2).

Then, the subscript & can be dropped and (3) can be modified
as a function of z as:

(r*+ /12)77”73
Z[GI/I (7;2 (Z) + hQ)—mffS + Q’
472 (K — 2)NgW K?

- KPP (m+1)2A2 R2 h2m+2

R (2) = “)

Q

()

The derivation of (4) and (5) is shown in Appendix A. Based
on (4), the probability P[yrr < T can be calculated, where T'
is the threshold value.

2) SINR Statistics: In this study, a semi-analytical method
is used to calculate the SINR statistics of the optical attocell
systems. Assuming a polar angle of 6, the function of the SINR
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on a subcarrier is monotonically decreasing with respect to  in
the region of interest. Therefore, the conditional PDF of SINR
can be calculated by using the PDF transformation rule as:

ﬁ@ﬂmngégﬂ
PV =)

)

where f(r) is the PDF of r; f(r) is determined by the loca-
tions of the considered users (cell edge/centre users); v~ (%]6)
is the inverse function of the SINR function with respect to r for
a given 6, in which y(rmax, ) <4 < ¥(rmin, 0). Here, ryax
(Tmin) 1s the maximum (minimum) of r in its feasible region.
A closed form solution to v~ (4|6) is unavailable. Numerical
methods are used to compute the function. Then the cumula-
tive density function (CDF) of SINR can then be calculated as
follows:

27 T
Ph<ﬂ:A KrﬁWﬂﬂWMﬁ@M‘(Q

Since the spatial location of the users in each cell follows a PPP,
the PDF of 6 should follow: fy(#) = ;1. This semi-analytical
approach is presented in [27] in detail.

In the case of the FR scheme, the statistics in the whole cell
is calculated. Therefore, the PDF f(r) is given as:

fr) = fi(r) r € [0, R].

_2r
=R
In the case of FFR systems, statistics in part of the cell is

required. In the calculation of Py < T'|r < R.] and P[y <
T|r > R.], the PDF f(r) should be calculated as:

fr(r)

Jrr<r, (r) = mﬂ“ €[0,R],
fT\TZR( (I‘) = %7’ S [Rcch]v

where P[r < R.] (P[r > R.]) is the probability that the user is
in the cell central (edge) area. It is shown in [28] that:

Plr < R.] = 6%,
Plr>R]=1-d

3) Spectral Efficiency: In this study, the Shannon-Hartley
formula is used to estimate the wireless capacity of the system.
In a DCO-OFDM system, the spectral efficiency of a user at z
can be calculated as a function of (z) and A:

p0(2),2) = =2 logy (147(2)).

The average spectral efficiency for the users in the whole cell
can be calculated as:

p= E. [p(’Y(Z)v A)]v

2 R,
:/(J /0 p(y(r,0), A) f(r)dr f5(6)do. 7
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In addition, the average spectral efficiency for the users in the
cell centre area can be calculated as:

pe=E:[p(y(2), A)lr < Rc],
e
Similarly, in the case of users in the cell edge area,

P°=E:[p(y(2), A)lr = Rel,

[
In the case of FR scheme, we have A = 1. By using (7), the

corresponding average spectral efficiency can be calculated as:

(10)

)fr\r<R ( )deé'(a)d(} (8)

)fr\r>11’ ( )drf9(9)d6 (9)

ﬁFR = Ez[p('YF‘R (Z), 1)]

For comparison purpose, the cell edge user spectral efficiency
in the case of FR scheme can be calculated as:

Arr = E-[p(vrr(2),1)[r > R.]. (11)

B. Strict Fractional Frequency Reuse

1) SINR and Its Statistics: In a SFFR system, the SINR at z

on a subcarrier in the common sub-band can be written as:

(2 +h2) "

e (P2(2) + h2) " 4 2]
According to the frequency plan defined in II-D1, the SINR
at z on a subcarrier in protected sub-bands 7°(z) can also be
calculated using (12) except for substituting M5 for H. The
factor # of  is due to the change of the number of used
subcarriers in sSFFR compared to the case of the FR system.
Since a fixed amount of available electrical power and an equal
power distribution on each subcarrier are assumed, varying the
number of used subcarriers causes change in the available power
on each subcarrier.

When determining the distribution of SINR for a sFFR sys-
tem, both cases of a user in the cell central area and a user in the
cell edge area need to be considered. The overall CDF of the
SINR can be calculated as follows:

Plr < RJP[Y* < T|r < R.]
YP[r > RIPRS < Tlr > R, (13)

where P[y¢ < T|r < R.] and P[y* < T|r > R.] are the CDF
of the SINR with the conditions that the user is in the cell centre
using common sub-band and is in the cell edge using protected
sub-band, respectively. They can be calculated using the same
method as that described in Section III-A2.

2) Spectral Efficiency: Since the average spectral efficiency
varies in different sub-bands, the overall average spectral effi-
ciency should be the average over the whole frequency band.
When there are users in both the cell central area and the cell
edge area, the overall average spectral efficiency can be calcu-
lated as [28]:

(=) =

12

Plyrrr < T] =

PsFFR,nor = Ccﬁc + Ceﬁe

3993

where p¢ (p°) is the average spectral efficiency for the users
taking the common (protected) sub-band for transmission; (¢
and (¢ are the averaging weights for p° and p°, respectively.
The averaging weight ¢ of an average spectral efficiency p is
calculated as:
(=2
K
where K; refers to the number of subcarriers that achieve an
average spectral efficiency of p. All ¢ for FFR can be simply
derived according to the FFR schemes described in Section II-
D. Since all of the averaging weights ( follow the same rule
as (14), and the derivations of each ( is long but very sim-
ple, it would be unnecessary to list all of the derivations of
all of the (s. Only the final results are listed. In the case of
SFFR here, (¢ and ¢© can be found as (¢ 22 §% and (¢ = 1 — 62,
respectively [28].
The cell centre users use the common sub-band with A = 1,
while the cell edge users use the protected sub-band with A = 3.

14

Therefore, in conjunction with (8) and (9), p° and p° in sFFR
case can be calculated as:

pf=E.[p(v"(2), Dlr < Re],

p° = E.[p(7°(2),3)|r > Re]. (15)

An optical attocell network is a small-cell cellular network
in which each BS serves several users and these users are fewer
than those in a normal RF cell. Consequently, the problem of
an uneven load in different cells is more critical in an optical
attocell network. In some extreme cases, there may be no user
in a cell when the user density is very low. The use of the FFR
technique makes this issue even worse. Since the cell coverage
area is divided into centre and edge areas, which are smaller
compared with the total cell coverage area, the chance that no
active user is present in a specified region (a cell centre or a cell
edge area) will be much higher. Consequently, in the case of no
user present in a specified area, the corresponding assigned sub-
band remains idle, which is a waste of transmission resources.
Therefore, the case of no user present in the cell central or edge
area needs to be considered. Since the common sub-band is
restricted to the cell edge users, for the case that there is no user
in the central area, the common sub-band is wasted and (¢ = 0.
Therefore, the corresponding average spectral efficiency is only
(¢ p°. For the same reason, when there is no user present in the
cell edge area, the average spectral efficiency is only (¢ p°. Thus,
the final average spectral efficiency achieved by a sFFR system
can be calculated as:

psrFR = PeCpt + Pe(Cp°

+ (1 - Pc - Pe) (ﬁsFFR.uor) ) (16)

where P, (P.) denotes the probability that all of the observed
users fall into the cell centre (edge) area. It is assumed that the
user spatial distribution follows a PPP with a user density of A.
By limiting the users in a specified area of A, the mean number
of users within this area is AX. According to the probability

199



Selected Publications

3994

mass function of the Possion distribution, the probability that
no user in this area is given as:

Py = e A,

The area of a cell can be found as A, = 7rl?£ according to
the geometry shown in Fig. 7. Then, the cell central area and
the cell edge area are Ace;d? and Acen (1 — 62), respectively.
Therefore, P, and P, can be calculated as:

P = e—A“\,“(l—F )
P, = o Acend®i

Since the cell edge users only use the protected sub-band for
transmission, the cell edge spectral efficiency for sFFR can be
calculated using (15).

C. Soft Frequency Reuse

1) SINR and Its Statistics: In a SFR system, due to the more
complex SFR scheme, there are five conditions in the SFR sys-
tem SINR calculation. In order to efficiently present these SINR
expressions, a function is defined as follows:

X(PosP1,D2,P3,2)
_ po (r* +1?)
CY(prp2.ps. 2) + (B (1 — max (62, 2)) +90%)Q

where pg, p1, p2, po are the power control factors which equals
[ orlor0, and

T(p17p27p272) =1 Z (T.i?(z)+h2)fm—3

iely
+ P2 Z z) + h?) 4 z (rlz(z)+h2)7m%.
icUg iclc

According to the five cases shown in Fig. 8(b) and (c),
the corresponding SINR in each cases can be calculated
as follows: 7§(z) = x(5,6,1,1,2), 75(2) = x(8, 5,0,0, 2),
75 (2) = x(1,1,1,1,2), ¥5(2) = x(1,1,8,1,2) and 75(z) =
x(1,1,1, 8, z). According to the frequency plan described in
Section II-D2 and (14), the corresponding averaging weights
for average spectral efficiency with each  are calculated as:

G=G=G %gfmax <52,§> +%min (52,§>,

3 5 2 . 5 2
G=1- 3 min (62., §> and ¢ = 3max <52, §> —2.
Similar to the case of sFFR, (2 is multiplied by a scaling factor
to compensate for the change in transmission power on each
subcarrier.
The SINR CDF of a SFR system can be calculated by:

=P[r < RJP[ysrr < T|r < R.]
+ ]P[T > R(:}P['YSFR < T‘T > RC}.

—m—3

Plysrr < T
(17)

According to the resource plan described in Section II-D2, it
is noted that a user in a SFR system receives the signal on
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multiple subcarriers with different SINR. To simplify the cal-
culation, the SINR experienced by a user in a SFR system is
defined as follows: the user randomly selects one of the avail-
able subcarriers for transmission, and the SINR experienced on
the selected subcarrier is 7. In (17), the cell edge user SINR
distribution P [yspr < T'|r > R.] can be calculated as:

Plser <Tlr 2 Re] = P[y = %IP[yy <Tlr = R]
+ Py =%|Phs <Tlr = Re],

where P[y = 7] refers to the probability that the subcarrier
with a SINR of v is selected. P[§ = 5] and P[§ = 5] can be

calculated as:
G 3 (92
ENIE 2mm 6,3 ,

N e - o 3 . 2
P[ﬂ/:%]:l—]}”h:%]:1—5111111(52,5).

Similarly, the centre user SINR CDF P[yspr < T'|r < R.] can
be calculated as:

Py =+i] =

Plyser < T|r < R] = P[7 = P < T|r < R.]
+ Pl =%]Phs <Tlr < R] + Py
=%Phy < Tlr < R],

where
i 2
Ply=]= CF S+ =3 max(éz,%)’
S e G 1 _
Ply=»]=Py=15]= CTGE  max (LD 1.

All the conditional CDF of the SINR in each case can be calcu-
lated using the method described in Section I1I-A2.

2) Spectral Efficiency: When there are users in both the cell
central and the cell edge areas, the overall average spectral
efficiency of a SFR system can be determined as follows:

=CIAY + G305 + CIAT + G35 + G55,

where pf, g5, p{, p5 and p§ denote the achievable average spec-
tral efficiency corresponding to v{, 75, 7{, 75 and 5, respec-
tively. They can be calculated using (8) and (9) as:

ﬁSFR ,nor —

P =E:[p(77(2), 1)|r = Re],
Py =E:[p(73(2),3)|r = Re],
pi =E.[p(v7(2), 1)|r < R],
Py =E.[p(73(2), 1)|r < R],
ﬁg':Ez[p('Ys.() Dlr < Re].

Similar to the sFFR case, the problem of no user in a specified
area needs to be considered. Accounting for no user in the cell
edge and also the cell central area, the final average spectral
efficiency of a SFR system can be found:

Pe(Cipi + G + C5p5) + PelCip1 + G305)
+ (1 - P(: - PH)ﬁSFR,n()r-

PSFR =
(18)

200



Selected Publications

CHEN et al.: FRACTIONAL FREQUENCY REUSE IN DCO-OFDM-BASED OPTICAL ATTOCELL NETWORKS

TABLE II
SYSTEM PARAMETERS

Parameter Symbol Value
LED half-power semi-angle b1/2 60°
Vertical separation h 2.15m
PD area Apa I cm?
Modulation bandwidth w 40 MHz
PD responsivity Rpa 0.1 A/W
DC bias factor K 3

The cell edge spectral efficiency in a SFR system can be calcu-
lated as:
K,

e _ 3Kp GIRT + G55
PSFR = K :
e

K 2T T 1o

7+ (19)

IV. RESULTS AND PERFORMANCE ANALYSIS

In this section, the performance of the considered FFR
schemes in an optical attocell network in terms of SINR CDF,
average spectral efficiency and cell edge spectral efficiency
are evaluated. Interference mitigation and improvement in cell
edge and average spectral efficiency are expected by using FFR
schemes.

A. Parameter Configurations

The system parameters of the evaluated systems are listed
in Table II. These values are the default settings in the results
presented in this section if the parameters are not otherwise
specified. A ¢,/ of 60° is reasonable for lighting performance.
A vertical separation between a BS and a user h of 2.15 m
is considered due to a user equipment height of 0.85 m and a
ceiling height of 3 m. A PD physical area A,q of 1 cm? is the
generally acceptable in VLC systems [3], [29]. The 40 MHz
modulation bandwidth agrees with the 20 MHz flat bandwidth
that is provided by a phosphorescent white light LED with
equalisation [30]. A PD responsivity I2,q of 0.1 is suitable when
the receiver only accepts the blue component of light [3]. Since
only the negative samples of the OFDM signal after adding
the dc-bias is clipped, the dc-bias level  is equivalent to the
bottom clipping level; « is set to 3, since this value is sufficient
to minimise the clipping noise to a level that causes negligible
distortion in the transmission [31].

A single LED chip with a typical low rated output optical
power cannot provide sufficient optical power to meet the stan-
dard lighting requirements. Therefore, multiple LED chips are
integrated within an LED luminary, which provide much higher
power than a single chip. To simplify the radiation model, each
LED light luminary is treated as a point source. In this study,
the configuration of the BS output power takes the illumination
requirement into account. An average illuminance of at least
500 Ix and an illuminance uniformity of at least 0.6 is required
in an room used for writing or reading purposes [32]. In this
study, the required optical output power that fulfils the illumi-
nance requirement is found to be highly related to the cell radius
R. Therefore, the BS output optical power P, is configured
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TABLE IIT
BS ouTPUT OPTICAL POWER CONFIGURATION

cell BS output average illuminance
radius optical power illuminance uniformity
R [m] Popy [W] Ey [Ix] Uy
2 24 519 0.84
225 29 513 0.83
2.5 35 509 0.81
275 41 507 0.77
3 48 506 0.73
3.25 56 505 0.69
1 - ‘ ——
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Fig.9. Illuminance distribution in a room with 27 cells. The network deploy-

ment is the same as that shown in Fig. 2, except for the difference in cell radius.
The illuminance spatial distribution with R = 2 m is shown in the sub-figure
on the bottom right. The relative intensity of the LED output against wavelength
is shown in the sub-figure on the top left, which is used for the calculation of
illuminance.

based on the value of R. The considered configuration in this
study is listed in Table III. The corresponding illuminance dis-
tribution in a room with 27 cells (the cell deployment is shown
in Fig. 2) in the form of CDF is presented in Fig. 9. The notable
illumination results are summarised in Table III.

B. SINR Statistics Results

Fig. 10 shows the results of the SINR statistics based on
the two-layer hexagonal network model. Here the noise level is
Ny =1 x 102" A%/Hz and cell radius is R = 2.5 m. In the
FFR systems, 6 = 0.7 and § = 2. These results include the
calculation using (6), (13) and (17) in the analysis presented in
Section III using the numerical method, and the corresponding
empirical statistics obtained by Monte Carlo simulation. The
agreement between the two results validate the analysis. In ad-
dition, the simulation of the deployed networks are presented
to validate the accuracy of the estimation by using two-layer
network model. As expected, there is an acceptable difference,
less than 2 dB, between the results of two-layer network model
and those of the deployed network with only 12 cells (room
size 10.8 m x 12.5 m) due to the room edge effects. However,
with an increase of the number of cells, the difference between
the curves of the case with deployed network and that for the
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Fig. 10.  SINR statistics for different reuse schemes. The network deployment

in the room with 12 and 27 cells are the same as those shown in Fig. 5, except
for the difference in cell radius. System parameters: Ng = 1 x 1072! A%/Hz,
R =25m0 =0.7and 3 = 2.

two-layer network diminishes. In the case of 58 cells (room
size 26 m x 30 m), the SINR CDF differences decrease to be
in a range between 0.3 to 0.7 dB. Note that another source of
mismatch is the circular cell approximation of the Oth cell in
the two-layer network model. This mismatch is considered rea-
sonable in many cellular system analysis [28]. Therefore, the
performance of the two-layer network model is a reasonable
estimation to the practical optical attocell system.

As shown in Fig. 10, the FR system exhibits the worst SINR
as expected. In contrast, FFR schemes offer an improved SINR.
The sFFR system and the SFR system show improvements of
9.74 and 3.54 dB in terms of minimum SINR (at 10th per-
centile), respectively. In addition, they also show improvements
of 10.3 and 2.07 dB in terms of medium SINR, respectively.
Note that the bends in the FFR curves are the results of combin-
ing different SINR statistics in multiple regions in a cell and in
different sub-bands. These combinations can be observed in the
analysis in Sections III-B1 and III-C1.

C. Spectral Efficiency Results

In this section, average spectral efficiency, calculated using
(10), (16) and (18), is the metric to demonstrate the improve-
ment in the overall system capacity. In addition, average spectral
efficiency in the cell edge area, calculated using (11), (15) and
(19), is the metric to show the improvement in cell edge user
experience.

1) Effect of Cell Radius: Fig. 11 shows the average spec-
tral efficiency and the cell edge spectral efficiency results
with different cell radius R. In these results, 6 = 0.7, Ny =
1 x 1072! A%/Hz,and A = 1user/m?. Both the analytical cal-
culation and the simulation are presented. The close agreement
validates the related analysis. With a fixed ¢y, the increase
of cell radius results in a decrease in the interference between
users in adjacent cells [27]. In other words, a larger cell provides
better overall signal quality. In addition, a smaller cell leads to
a higher value of P, and P., which results in loss in average
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Fig. 11.  Average spectral efficiency and cell edge spectral efficiency against
cell radius R. System parameters: § = 0.7, Ny = 1 x 1072! A%/Hz and
) = 1 user/m?.
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Fig. 12.  Average spectral efficiency against §. System parameters: R =
2.5m, » = 1 user/m? and p=2.

spectral efficiency in FFR systems. Therefore, both the average
spectral efficiency and the cell edge spectral efficiency for any
reuse scheme is an increasing function of R.

The improvement of using sFFR is in the range from 5% to
14% in terms of average spectral efficiency and is in the range
from 19% to 47% in terms of cell edge spectral efficiency. The
improvement of using SFR is in the range from 0% to 5% in
terms of average spectral efficiency and is in the range from 21%
to 57% in terms of cell edge spectral efficiency. Generally, the
sFFR system achieves the highest average spectral efficiency.
The SFR system is more flexible, since it can achieve a good
balance between cell edge user performance and overall system
performance by adjusting parameter (3. Both sFFR and SFR
schemes improved the cell edge user experience significantly.

2) Effects of 6 and Noise Level: Fig. 12 shows the average
spectral efficiency against §. In the results, R = 2.5 m, A =
1 user/m? and 3 = 2 in SFR systems. As shown in Section II-
D, the channel assignment is proportional to the corresponding
coverage area for FFR systems. When 0 is too small, the majority
of the users are cell edge users who are assigned a reuse factor
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Fig.13.  Average spectral efficiency against user density A. System parameters:
§=07,R=25mN; =1x10"2" A?2/Hzand 3 = 2.

of 3, which considerably decreases the spectral efficiency of
the system. When ¢ is too large, fewer users can be covered
by the cell edge area. Consequently, average spectral efficiency
decreases significantly due to the increased interference received
by the cell centre users who are close to the edge of the cell
central area (r — R.). In addition, when ¢ is close to 0 or 1,
either P. or P, is significant, which also causes a decrease in
spectral efficiency.

Fig. 12 also shows the cases with different noise levels. Intu-
itively, the higher the noise level, the lower the average spectral
efficiency for systems with any reuse schemes. In addition, the
higher the noise level, the lower improvement that can be ob-
tained from the FFR schemes. For example, when considering
the improvement of the sFFR scheme with optimal ¢, the im-
provement in terms of average spectral efficiency is 15% if
there is no receiver noise. However, this improvement decreases
to 8% if the noise level is increased to Ny = 2 x 1072! A?/Hz.
Furthermore, it is noted that the noise level may affect the op-
timal configuration of . When noise is not considered, the
optimal ¢ for sFFR is around 0.7 and this is in line with [28]. In
the case of SFR, the optimal ¢ is around 0.55. However, with the
increase in the noise level, optimal s for FFR systems increase
to a slightly higher level.

3) Effects of Active User Density and Proportional Fairness
Scheduling (PFS): As shown in Section III-B2, the user den-
sity A is crucial to the value of P, and P,, which may cause
a significant effect on the system spectral efficiency. Fig. 13
shows the effect of user density on the average spectral effi-
ciency of different systems. In the results,§ = 0.7, R = 2.5m,
Ny = 1 x 1072 A%?/Hzand 3 = 2in SFR systems. Both FFR
systems show a similar trend with respect to the variations in the
A. Generally, if 2 is too small, the average spectral efficiency of
FFR systems decreases significantly. For example, in the case of
) = 0.1 user/m?, the FFR system exhibits an average spectral
efficiency lower than 1 bps/Hz, which is much lower than the
benchmark.

In order to solve the issue caused by low user density, PFS
[33] is considered in conjunction with the FFR techniques.
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With a given FR scheme, there are L different sub-bands for
transmission. The sub-band [ has K, subcarriers, where [ =
1,2,---, L. K, subcarriers in sub-band [ are assigned to user
n. Thus Z,}zl K, = K. Therefore, the data rate achieved

by user n can be calculated as follows:

L
Cn, - § Kl‘w,sl,na
=1

where s;,, is the achievable data rate by user n on a subcarrier
in sub-band . With a given system realisation, user locations
are determined. Therefore, all s; ,, are fixed for that realisation.
In this study, PFS aims at maximising the following objective
function:

(20)

Conventional per subcarrier PFS requires channel frequency
selectivity to converge to a robust solution. However, the as-
sumptions used in this study make the channel gain flat within
each sub-band. This causes problems in the convergence of
the scheduling solution by using the per subcarrier based PFS.
Therefore, an alternative algorithm is used to achieve the same
PFS function. The details of this modified PFS is introduced as
follows. A scheduling plan matrix is defined as:

Ky K1

Ky n Ki N

which lists the K ,, for all users in every sub-bands. Based on
a specified K, the corresponding set of user data rates can be
calculated as follows:

C1 (K1 K1)

C{K)} =
Oy (KN

The modified PFS algorithm is listed in Algorithm 1. The « in
Algorithm 1 is a forgetting factor for the calculation of average
user data rate C. The proof of Algorithm 1 maximising (20) is
shown in Appendix B.

PFS can achieve a good balance between spectral efficiency
and user fairness. More importantly, it can dynamically dis-
tribute spectral resources depending on the current load con-
dition. With this benefit of PFS, the sub-band availability con-
straint can be adjusted as follows: the whole sub-band assigned
to a cell is available to any active user in that cell. In the case of
no user in the cell edge (centre) area of the cell, PFS will assign
the resources preserved for edge (centre) users to centre (edge)
users. Note that although cell edge users achieve low SINR
by using the sub-band prepared for centre users, through ap-
propriate modulation and coding adjustment, transmission with
low spectral efficiency can be established [34], which is better
than the sub-band being unused. This is the reason for the PFS

Kp v)
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approach improving the FFR system performance when user
density is low. Under conditions where users are present in both
areas, PFS avoids assigning subcarriers in sub-bands for cen-
tre user to edge users, because these resources are extremely
inefficient for cell edge users. Consequently, the majority of
the transmission resources are assigned to the cell centre users.
Since PFS has the ability to keep the fairness between centre
and edge user, it will prevent the centre users accessing ‘good’
resources in the protected sub-band. Therefore, PES also avoids
assigning subcarriers in sub-bands for cell edge users to centre
users. This is the reason why the sub-band availability constraint
can be lessened when PES is used in FFR systems. Addition-
ally, due to the small number of users in an optical attocell, the
computational complexity of the PFS will be much lower than
the PFS in conventional RF cellular systems.

In Fig. 13, the average spectral efficiency of the FFR systems
with PFS are also demonstrated. It can be observed that PFS
effectively alleviates the spectral efficiency decrease for FFR
systems under the condition of low A. In addition, it is noted
that the performance of SFFR with PFS and A = 1 user/m? is
slightly worse compared with that without PFS. This is because
the data rate difference between centre users and edge users is
significant. Therefore, the PFS trades some spectral efficiency
for better fairness. In the case of SFR with . = 1 user/m?2, PFS
further increases the average spectral efficiency. This is because
the data rate gap between centre users and edge users is small.
Therefore, the PFS can gain additional spectral efficiency with
a low loss of fairness.

V. CONCLUSION

A DCO-OFDM-based optical attocell network with FFR
schemes was considered in this paper. An analytical frame-
work of the FFR application in an optical attocell network was
proposed. Both the sSFFR and SFR schemes were considered. A
method of calculating the statistics of the achievable SINR and
the average spectral efficiency in a two-layer network model was
presented. The numerical results show a close agreement with
the results of the Monte Carlo simulations. By comparing with
the networks deployed in a rectangular room, the performance of
the two-layer model was demonstrated to be a good estimation
of the practical optical attocell network. The performance of the
optical attocell network with FFR was evaluated and compared
with a benchmark system with full frequency reuse scheme. The
results showed that FFR schemes can effectively improve the
downlink SINR in an optical attocell network. In addition, FFR
schemes offer significant improvements in the cell edge spectral
efficiency of an optical attocell system. Furthermore, the aver-
age spectral efficiency is slightly improved. Also, the effects
of the key parameters were studied, such as cell radius R, cell
centre/radius ratio § and active use density A. It was identified
that the optimal value for § is 0.7 for sFFR and 0.55 for SFR.
With an increase in the noise level, these optimal values become
greater and the gain from FFR schemes decreases. In addi-
tion, a low user density A significantly decreases the achievable
average spectral efficiency. However, PFS can be used to effec-
tively alleviate this problem.
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Algorithm 1 : Proportional fairness scheduling
1: fori=1,2,...,Ldo
22 K =Kp=-=Kny=K/N
end for
4: C=C{K}
S:for!l=12...,Ldo
6: S — {Sl.l Si,2 . s[.Ni| and Sn — Sl.:r .
7
8

(95}

C,7Cy " Cy C,
Nmax = argmaxy SIL and Ny, = arg min, S,
if [(]‘,,,mdX < K, then

9: if K;,,,,., = 0then
10: Exclude S, ,, from S and go back to step 8.
11: end if

12: Kl.,nm;,x = KZJI,,,;.X +1, Kknm,,. = Kl,n,,..“ -1
13:  endif

14: end for

15: C=C(1 - a) + C{K}a

16: Iterate from step 6 to step 16 until K converge.

APPENDIX
A. SINR Simplification: A = 1

In VLC systems, the limiting factor of the LED transmitter is
its average optical power output. Therefore, it is reasonable to
calculate the maximum acceptable signal electrical power based
on the available optical power output of the LED transmitter. In
[35], it is shown in DCO-OFDM that:

P 02pt _ K:?
Pclcc,AC + 1%(} B 1+ K2’

where F,, is the average optical output of the LED trans-
mitter and « is a parameter reflecting the dc-bias level which is
givenas k = xpc/+/ Pelec,Ac. Then we can find that Pyjee ac =
R;Zpt/’iQ and
P2
opt

—_— A.l
K= 22 @A

Insert (A.1) and (1) in (3), it can be found that:

Pele(:,i.k‘ =

. . —m -3
I’fN(7n+1)2Ai‘Ile)dhz”’ +2 (rf,(:)-%—hQ)

2r)7(K=2)x”
(20"
TP ) T e
where

472 (K — 2) Ny W k?
(m + 1)2A2 RIQ)thHH»Z'

pd

Q

T KPZ,
B. Proportional Fairness Scheduling

In step 12 of Algorithm 1, K;,,, .. and K, . are adjusted
while other elements in K remain the same. In this proof, we
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only consider varying one of the L sub-bands [. The resource
allocation plan for other sub-bands remains the same. Since
Zn K,j_” = KZ’ Ki varies if K; changes its value.

Mmin L ax

Their relationship is shown as follows:

K, =M-K

Lnmax

>

NFNmin,Nmax

sTMmin

M=K - K;

nc

A variable K is defined to replace Kj . Then A can be
considered to be the function of & . Thus, we can write A as:

- ()
+ In (Cn,m.n <K>) -

lIl I('SIA.nm“x + § :Kl«,”mdxslﬂlumx
1£]

2

NFE N in Mo ax

In (Cn )

+ In (]W — K) 5+ ZKl,nm;,. Slnwin

1£0
+ ) In(C).
N Nin Mo ax
Then it can be found that:
WE) o S,
K -

If we let K = K, . according to step 7 of Algorithm 1, we

dA(K)
have that i

function at K;

[ Mmax

> 0. This means that A(K) is an increasing
. Therefore, if we slightly increase K, the
probability that A(K ) will increase is high. To guarantee the
convergence of Algorithm 1, the increment of K is minimised
to one, since the number of subcarriers has to be an integer. With
the updating of K in Algorithm 1, the values of elements in S
in step 6 of Algorithm 1 will converge to a same value. When S
converge for all sub-bands, A is maximised.

REFERENCES
[

Visible light communication (VLC)—A potential solution to the

global wireless spectrum shortage. (2011). GBI Research, Tech. Rep.

GBISCO17MR. [Online]. Available: http://www.gbiresearch.com/

[2] D. O’Brien, “Visible light communications: Challenges and potential,” in
Proc. IEEE Photon. Conf., Arlington, VA, USA, Oct. 2011, pp. 365-366.

[3] L.Zeng, D. O’Brien, H. Minh, G. Faulkner, K. Lee, D. Jung, Y. Oh, and
E. T. Won, “High data rate multiple input multiple output (MIMO) optical
wireless communications using white LED lighting,” IEEE J. Sel. Areas
Commun., vol. 27, no. 9, pp. 1654-1662, Dec. 2009.

[4] R. Mesleh, H. Elgala, and H. Haas, “Optical spatial modulation,”
IEEE/OSA J. Opt. Commun. Netw., vol. 3, no. 3, pp. 234-244, Mar. 2011.

[5] J. Armstrong, “OFDM for optical communications,” J. Lightw. Technol.,
vol. 27, no. 3, pp. 189-204, Feb. 2009.

[6] D. Tsonev, S. Sinanovic, and H. Haas, “Complete modeling of nonlinear

distortion in OFDM-based optical wireless communication,” J. Lightw.

Technol., vol. 31, no. 18, pp. 3064-3076, Sep. 15, 2013.

[71

[8]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

205

3999

M. Alouini and A. Goldsmith, ““Area spectral efficiency of cellular mobile
radio systems,” IEEE Trans. Veh. Technol., vol. 48, no. 4, pp. 1047-1066,
Jul. 1999.

H. Haas, “High-speed wireless networking using visible light,” SPIE
Newsroom, Apr. 19, 2013, doi:10.1117/2.1201304.004773.

D. Tsonev, H. Chun, S. Rajbhandari, J. J. D. McKendry, S. Videv, E. Gu,
M. Haji, S. Watson, A. E. Kelly, G. Faulkner, M. D. Dawson, H. Haas,
and D. O’Brien, “A 3-Gb/s single-LED OFDM-based wireless VLC link
using a gallium nitride pLED,” IEEE Photon. Technol. Lett., vol. 26,
no. 7, pp. 637-640, Apr. 2014.

J. Fakidis, D. Tsonev, and H. Haas, “A comparison between DCO-
OFDMA and synchronous one-dimensional OCDMA for optical wire-
less communications,” in Proc. IEEE 24th Int. Symp. Pers. Indoor Mobile
Radio Commun., London, U.K., Sep. 8-11, 2013, pp. 3605-3609.

G. W. Marsh and J. M. Kahn, “Channel reuse strategies for indoor in-
frared wireless communications,” IEEE Trans. Commun., vol. 45, no. 10,
pp. 1280-1290, Oct. 1997.

K. Cui, J. Quan, and Z. Xu, “Performance of indoor optical femtocell by
visible light communication,” Opt. Commun., vols. 298/299, pp. 59-66,
Jul. 2013.

B. Ghimire and H. Haas, “Self-organising interference coordination in
optical wireless networks,” EURASIP J. Wireless Commun. Netw., vol. 1,
no. 131, Apr. 2012.

T. Novlan, R. Ganti, A. Ghosh, and J. Andrews, “Analytical evaluation of
fractional frequency reuse for OFDMA cellular networks,” IEEE Trans.
Wireless Commun., vol. 10, no. 12, pp. 42944305, Dec. 2011.

T. Novlan, J. Andrews, I. Sohn, R. Ganti, and A. Ghosh, “Comparison of
fractional frequency reuse approaches in the OFDMA cellular downlink,”
in Proc. IEEE Global Telecommun. Conf., Miami, FL, USA, Dec. 6-10,
2010, pp. 1-5.

V. V. Huynh, N.-T. Le, N. Saha, M. Chowdhury, and Y. M. Jang, “Inter-
cell interference mitigation using soft frequency reuse with two FOVs in
visible light communication,” in Proc. Int. Conf. ICT Convergence, Jeju
Island, Korea, Oct. 15-17, 2012, pp. 141-144.

C. Chen, N. Serafimovski, and H. Haas, “Fractional frequency reuse
in optical wireless cellular networks,” in Proc. IEEE 24th Int. Symp.
Pers. Indoor Mobile Radio Commun., London, U.K., Sep. 8-11, 2013,
pp. 3594-3598.

J. M. Kahn and J. R. Barry, “Wireless infrared communications,” Proc.
IEEE, vol. 85, no. 2, pp. 265-298, Feb. 1997.

J. Barry, J. Kahn, W. Krause, E. Lee, and D. Messerschmitt, “Simulation
of multipath impulse response for indoor wireless optical channels,” J.
Sel. Areas Commun., vol. 11, no. 3, pp. 367-379, Apr. 1993.

A. Goldsmith, Wireless Communications. Cambridge, U.K.: Cambridge
Univ. Press, 2005.

G. Cossu, A. M. Khalid, P. Choudhury, R. Corsini, and E. Ciaramella,
“3.4 Gbit/s visible optical wireless transmission based on RGB LED,”
Opt. Express, vol. 20, pp. B501-B506, 2012.

A. M. Khalid, G. Cossu, R. Corsini, P. Choudhury, and E. Ciaramella,
“1-Gb/s transmission over a phosphorescent white LED by using rate-
adaptive discrete multitone modulation,” /IEEE Photon. J., vol. 4, no. 5,
pp. 1465-1473, Oct. 2012.

V. Jungnickel, V. Pohl, S. Nonnig, and C. von Helmolt, “A physical
model of the wireless infrared communication channel,” IEEE J. Sel.
Areas Commun., vol. 20, no. 3, pp. 631-640, Apr. 2002.

H. Rohling, Ed., OFDM: Concepts for Future Communication Systems,
Ist ed. Berlin, Germany: Springer-Verlag, 2011.

S. Dimitrov, S. Sinanovic, and H. Haas, “Clipping noise in OFDM-based
optical wireless communication systems,” /EEE Trans. Commun., vol. 60,
no. 4, pp. 1072-1081, Apr. 2012.

H. Elgala, R. Mesleh, and H. Haas, “Non-linearity effects and predistor-
tion in optical OFDM wireless transmission using LEDs,” Int. J. Ultra
Wideband Commun. Syst., vol. 1, no. 2, pp. 143-150, 2009.

C. Chen, I. Muhammad, D. Tsonev, and H. Haas, “Analysis of downlink
transmission in DCO-OFDM-based optical attocell networks,” presented
at the IEEE Global Telecommun. Conf., Austin, TX, USA, Dec. 8-12,
2014.

H. Zhu and J. Wang, “Performance analysis of chunk-based resource
allocation in multi-cell OFDMA systems,” IEEE J. Sel. Areas Commun.,
vol. 32, no. 2, pp. 367-375, Feb. 2014.

T. Komine and M. Nakagawa, “Fundamental analysis for visible-light
communication system using LED lights,” IEEE Trans. Consum. Elec-
tron., vol. 50, no. 1, pp. 100-107, Feb. 2004.

J. Grubor, S. C. J. Lee, K.-D. Langer, T. Koonen, and J. W. Walewski,
“Wireless high-speed data transmission with phosphorescent white-light



Selected Publications

4000

leds,” in Proc. 33rd Eur. Conf. Exhib. Opt. Commun., Berlin, Germany,
Sep. 16-20, 2007.

[31] S. Dimitrov, H. Haas, M. Cappitelli, and M. Olbert, “On the throughput
of an OFDM-based cellular optical wireless system for an aircraft cabin,”
in Proc. Eur. Conf. Antennas Propag., Rome, Italy, Apr. 11-15, 2011,
pp. 3089-3093.

[32] Light and Lighting—Lighting of Work Places—Part 1: Indoor Work
Places, European Standard EN 12464-1, Jun. 2011.

[33] T.-D. Nguyen and Y. Han, “A proportional fairness algorithm with QoS
provision in downlink OFDMA systems,” IEEE Commun. Lett., vol. 10,
no. 11, pp. 760-762, Nov. 2006.

[34] H. Burchardt, Z. Bharucha, H. Haas, and G. Auer, “Uplink interference
protection and fair scheduling for power efficient OFDMA networks,”
presented at the 8th Int. Workshop Multi-Carrier Systems Solutions,
Herrsching, Germany, May 34, 2011.

[35] J. Armstrong and B. J. C. Schmidt, “Comparison of asymmetrically
clipped optical OFDM and DC-biased optical OFDM in AWGN,” IEEE
Commun. Lett., vol. 12, no. 5, pp. 343-345, May 2008.

Cheng Chen (S’14) received the B.Eng. degree in electronic and electrical
engineering from the University of Strathclyde, Glasgow, U.K., in 2011, and
the M.Sc. degree in communications and signal processing from the Imperial
College London, London, U.K., in 2012. He is currently working toward the
Ph.D. degree in electrical engineering at the University of Edinburgh, Edinburgh,
U.K. His research interests include visible light communication networking and
interference mitigation.

Stefan Videv received the B.Sc. degree in electrical engineering and computer
science and the M.Sc. degree in communications, systems, and electronics from
Jacobs University Bremen, Bremen, Germany, in 2007 and 2009, respectively,
and the Ph.D. degree thesis titled techniques for green radio cellular com-
munications from the University of Edinburgh, Edinburgh, U.K., in 2013. He
is currently an Experimental Officer at the Li-Fi Research and Development
Centre, University of Edinburgh, and is working in the field of visible light
communications. His research interests include the prototyping of communica-
tion systems, smart resource allocation, and energy efficient communications.

JOURNAL OF LIGHTWAVE TECHNOLOGY, VOL. 33, NO. 19, OCTOBER 1, 2015

Dobroslav Tsonev (S’11-M’14) received the B.Sc. degree in electrical engi-
neering and computer science from Jacobs University Bremen, Bremen, Ger-
many, in 2008, the M.Sc. degree in communication engineering with specializa-
tion in electronics from the Munich Institute of Technology, Munich, Germany,
in 2010, and the Ph.D. degree in electrical engineering from the University of
Edinburgh, Edinburgh, U.K., in 2015. He is currently a Research Associate at
the Li-Fi Research and Development Centre, University of Edinburgh. His main
research interests include optical wireless communications with an emphasis on
visible light communications.

Harald Haas (S’98-AM’00-M’03) received the Ph.D. degree from the Univer-
sity of Edinburgh, Edinburgh, U.K., in 2001. He is currently the Chair of Mobile
Communications at the University of Edinburgh. He was an invited speaker at
TED Global 2011, and his talk has been watched online more than 1.6 million
times. He is the cofounder and the Chief Scientific Officer at pureLiFi Ltd.
He holds 31 patents and has more than 30 pending patent applications. He has
published 300 conference and journal papers including a paper in Science. His
main research interests include optical wireless communications, hybrid optical
wireless and RF communications, spatial modulation, and interference coordi-
nation in wireless networks. He first introduced and coined spatial modulation
and Li-Fi. Li-Fi was listed among the 50 best inventions in TIME Magazine
2011. He is a co-recipient of the best paper award at the /EEE Vehicular Tech-
nology Conference in Las Vegas in 2013 and in Glasgow in 2015. In 2012, he
was the only one who received the prestigious Established Career Fellowship
from the Engineering and Physical Sciences Research Council (EPSRC) within
Information and Communications Technology in the U.K. He received the Tam
Dalyell Prize 2013 awarded by the University of Edinburgh for excellence in
engaging the public with science. In 2014, he was selected by EPSRC as one of
the ten Recognizing Inspirational Scientists and Engineers Leaders.

206



Selected Publications

IEEE ICC 2016 - Optical Networks and Systems

Non-line-of-sight Channel Impulse Response
Characterisation in Visible Light Communications

Cheng Chen, Dushyantha Basnayaka and Harald Haas
Li-Fi R&D Centre, Institute for Digital Communications, The University of Edinburgh, Edinburgh, UK
E-mail:{cheng.chen, d.basnayaka, h.haas}@ed.ac.uk

Abstract—One of the important issues in an indoor visible
light communication (VLC) system is the multi-path (MP) effect
due to reflections. Generally, the MP effect can be charac-
terised by the channel impulse response (CIR). Methods based
on ray-tracing/Monte Carlo simulations are primarily used to
obtain these impulse responses, but this generally leads to time
consuming computer simulations. In this study, an analytical
approach is proposed to directly and accurately calculate the
non-line-of-sight (NLOS) components of the CIR due to the
interior surface reflections in a room. The proposed method
could be used in system-level simulations of a networked VLC
system (also referred to as a LiFi attocell network), which
requires a large number of channels with different transmitter
and receiver deployments to be generated in a computationally
efficient manner.

Index Terms—visible light communications, channel impulse
response, multipath effect.

[. INTRODUCTION

Wireless broadband Internet has become an essential com-
modity like electricity and water. At least a tenfold increase
of mobile data traffic is expected in next five years [1]. The
massive increase of the number of wireless access points
(APs) in the network, also referred to as network densification,
has been identified as a simple yet very effective method
to meet this exponentially increasing in wireless data traffic
demand. Human behavioural research shows that most of the
time people are in an indoor environment [2] when they
generate or consume wireless data. Hence, from the human
behavioural perspective, transforming the existing illumination
sources into wireless APs that provide both illumination and
broadband Internet access is a very effective method to densify
wireless networks. Visible light communication (VLC) is a
technology which enables the transformation of conventional
lighting infrastructures into high speed APs [3]. Such network
formed by visible light APs is also referred to as a LiFi attocell
network.

One of the most critical and limiting issues in an indoor
VLC system is the multi-path (MP) effect due to interior
surface reflections, which has often been neglected in research
studies. Knowledge of the channel information due to non-
line-of-sight (NLOS) paths is important in LiFi attocell sys-
tems which cover a wide area, and is important to produce
more realistic results. In addition, it is also useful when de-
signing specialized modulation schemes for NLOS VLC links.
Therefore, many researchers have explored methods to deter-
mine the channel impulse response (CIR) due to NLOS paths.

978-1-4799-6664-6/16/$31.00 ©2016 IEEE

A number of simulation methods are widely used to obtain the
CIRs. The most commonly used method was proposed in [4],
and it splits the reflection surfaces into large number of small
elements. The interactions between each pair of elements are
calculated. Although an accurate CIR can be obtained with a
very small element size, the computational complexity is very
high which leads to time consuming computer simulations. In
some studies on multiple input multiple output (MIMO) or
networked VLC systems, a large number of random channel
realisations are required. Therefore, a method to calculate VLC
indoor channels with a reasonable balance between accuracy
and efficiency is required. Some improved methods have been
proposed in [5], [6], which lead to shorter simulation time.
However, the gains are still not sufficient for large-scale system
level simulations. Some researchers have explored channel
models with lower complexity [7], [8]. However, for some
link deployment or frequency range, the accuracy of these
models is insufficient. VLC channel characterisation using a
commercial optical software named Zemax® has also been
considered by researchers [9].

In [10], an analytical ceiling bounce model was proposed
to characterise the NLOS CIR for diffused wireless infrared
links. In a VLC system, the deployment of the transmitter
and receiver is typically different from that in a diffused
infrared system. Motivated by this approach and the issues
mentioned, in this study, the work in [10] is extended and an
analytical model to generate the NLOS CIR for VLC links is
proposed. Firstly, the complicated NLOS paths are classified
into a number of categories. The signals travelling via the
paths in the same category are simpler to analyse. Then the
overall CIR is approximated as a superposition of these CIRs
for each category. In this paper, the CIR due to the paths
via a single wall reflection is considered. It is shown that
by combining the CIRs due to multiple wall reflections in
a room, the dominate characteristics of the overall CIR can
be obtained. Due to space limitations here, the calculations of
the CIRs due to higher order reflections will be presented in
a forthcoming publication.

The remainder of this paper is organised as follows: the
analytical results for the first order wall reflection CIR are
presented in Section II. In Section III, the NLOS CIR in
a cuboid room is considered. Also, the proposed method is
compared with a conventional method [6] in this case study.
Finally, the conclusions are given in Section IV.
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Fig. 1. The geometry of the transmission deployment with a single wall
reflection. The key geometric parameters required in the calculation include
Dy, Dry, R and H.

II. SINGLE WALL REFLECTION CHANNEL IMPULSE
RESPONSE

In a typical indoor VLC system, the transmitters are in-
stalled in the ceiling of a room and facing downwards, while
the receivers are lower heights depending on the use of the
mobile device. The receiver detector is assumed to be facing
upwards to the ceiling.

The transmission paths due to first order reflection are an
important factor in the NLOS channel, especially when the
link is close to the edge of the room. Due to the nature of the
transmitter and receiver deployment in VLC, the walls of the
room become the main reflectors for the first order reflections.
Therefore, the channel due to a single wall reflection is
considered. A scenario of a transmitter, a receiver and a wall
extending infinitely to the horizontal directions are assumed,
as shown in Fig. 1. In this scenario, the transmitter is D, and
the receiver is Dgr, away from the wall. The projection of the
transmitter on the wall is denoted as pry, and the projection
of the receiver on the wall is denoted as pr,. The Euclidean
distance between pr, and pry is H. In the considered wall
plane, point pry is R away from point pry in the horizontal
direction; and point pry is H away from point pry in the
vertical direction. It can be concluded that:

H? = H? + R%. (1)

The considered light source is assumed to follow a Lamber-
tian radiation pattern [11]. The mode number of the light
source of the considered transmitter is denoted as m, which
is determined by the half-power semiangle ¢/, as m =
—1/log2(cos ¢ ). The physical area of the photodiode (PD)
of the receiver is denoted as A,q. The case with full receiver
field of view (FOV) of vroy = 180° is considered. The
smaller the receiver FOV, the less the received NLOS signal

simulation
= analysis, channel 1
«eeee@nalysis, channel 2

2 100

Impulse response [
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Fig. 2. Single wall reflection channel impulse response results. Channel 1
parameters: / =2m, R =15m, Dpx =1.5m, Drx = 1.5m, ¢y/5 =
45°, Channel 2 parameters: H = 2.25m, R =2m, Dy = 2m, Dry =
2m, ¢y/5 = 60°.

power, as the range of the incident angle is reduced. The
reflectivity of the wall is denoted as p.

Proposition 1. Considering a VLC single wall reflection chan-
nel with the given parameters of H, R, Dtx, Drx, p, m and
Apa, the channel impulse response hyg g pr.., Dus,p,m,Apat (t)
can be calculated as:

Oma.

o Tmaxd7max
h(t):/f(rmax,@)T—f(rmin,f))

Tmindrmin

a9 @)

Omin

where f(r,0) is defined as (4), where R(v) is the ramp
function which is defined as:

v >0

v <0 )

ro)={ &
In (2), the terms ruax, Tmin, Omax and Oy, can be calculated
as:

H cos G(D%X—D?{X)—ct\/ﬁ
Tmin = { 2(02t271:12 cos? 9)
0

Hcos (D3, — D) +cty/B
2 (02t2 — A2 cos? 9) 7

st <t <tr
t>tr

)

(6)

Tmax =

6= (c2t2 — H? cos? 6) <02t2 —H? - 2D3 — 2D§x>
+(D%Xfl)lzkx)Q‘ (7)

U(Drx — Drx)m — arccos (y) :to <t <tr
emin = 0 it >ty )
(8)
0 | U(Drx — Dgrx)m +arccos(y) :to <t<tr
W 27 t >ty
9)
2
v = i 242 (?%x — D%{x) .
i 22 — {2 —2D2_—2D%

where ¢ denotes the speed of light; t denotes the time delay;
U(v) is the unit step function; and the time threshold ¢, and
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p(”L + I)DTxDRxApd I:R (% _ r(Hcos Gﬁ—Rsin 9))] R (% + r(H cos 0—Rsin 9))

H

f(r,0) = - . (4)
3 A2 2 ) 2 3 H? 2 )2
272 (7‘2 — Hrcos0 + - + DTX) (7'2 + Hrcosf + - + DRX>
)
R (RYY) TABLE I
< > i Rl D plil
Wy ! 1 T R
A A wall T [ Jore — TRy YTx YRx
! ; 2 [yTx — YRx| TTx TRx
3]
DY D,Rx i 3| [zrx —@rx| | Wr —yrx | Wi — yRx
4] Jyrx —yrx| | Lr =27« | Lr — xRy
YRx " ->¥<~ - -D“] i 'Y
i o) TABLE II
D[l] —
Rx = _
= quantities Symbol Value
YTx - < D[T‘l,]( i Room size L; x Wy x Hy 5mxbmx3m
D,[é]( Transmitter location (z7x, Y1x, Hr) (2,25,3) m
D%]( Receiver location (TR, YR, ZRx) (25,1,0.75) m
" Half-power semiangle b1/ 60°
T TRe L. oz PD physical area Apa 1 cm?
. Surface reflectivity [Pceil Pioor Pwall] [0.70.30.7]
" : } thi ti
I 1S section.
ZRx[m = === - ! III. NLOS CHANNEL IMPULSE RESPONSE IN A ROOM

x
Fig. 3. The top view and the side view of the geometry of the transmission
deployment in a cuboid room.
tt can be calculated as:

H? + (D1y + Dpy)?
to = . , (10)

\/H2/4+ D2 + \/JLA12/4+D§{x
=

c

(1)

In addition, the terms 9Z=ex and Zmix are given as (12) and
(13), respectively.

The proof of this proposition is given in the Appendix. Ex-
pression (2) includes a single integration operation, which can
be efficiently calculated using a standard numerical method.

Fig. 2 shows the results of the single wall reflection CIR
generated by the numerical calculation using (2). In addition,
the corresponding simulated results are presented for compar-
ison. In the remainder of this paper, all simulated results are
produced using the approach introduced in [6]. In the results,
the reflectivity of the walls and the physical area of the PD are
p=0.7and A,q = 1 cm?, respectively. For the first presented
channel, H =2m, R=1.5m, Dy, = 1.5 m, Dg, = 1.5 m,
¢1/2 = 45°. For the second presented channel, i = 2.25 m,
R =2m Dpy = 2m, Dry = 2 m, ¢y = 60°. In
both cases, the analytical results show close agreement to the
simulated results, which validates the analytical expressions in

In this section, the analytical CIR in a cuboid room based
on the expressions introduced in Section II is demonstrated
and compared with the corresponding simulated NLOS CIR.
Since there are four walls in a cuboid room, the analytical
NLOS CIR is approximated by the superposition of the single
wall reflection CIRs by the four walls of the room as:

Zh{HR DLl plil

Assume a cuboid room with a size of L, x W, x H,, a
transmitter located at (z1«, yrx, H,) and a receiver located at
(TRx, YRx, 2Rx). The origin of the coordinates is placed at one
of the corners of the room as shown in Fig. 3. The parameters
R0, Pl and DI in (14) are determined based on those
given in Table I, and H is calculated as H = H, — 2.

Fig. 4 shows the result of a NLOS CIR in a cuboid room
calculated using (14). The corresponding parameters are listed
in Table II. Considering the CIR results with delay less
than 20 ns, the analytically calculated CIR offers an accurate
estimation of the simulated CIR. The four spikes in the curves
correspond to the four first order reflections bounced by walls.
In the case of a delay greater than 20 ns, the simulated
result exhibits a higher received signal power due to higher
order reflections. The results further show that the accuracy
of the analytical CIR specially after 20 ns can be significantly
improved if part of the CIRs of second order paths are included
into (14). Because of space limitations, the analysis of the
NLOS CIR caused by higher order reflections is not presented
in this paper, but will be available in a future publication.

it manay (B (14)
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Fig. 4. NLOS channel impulse responses in a cuboid room.

IV. CONCLUSIONS

In this paper, an analytical method with low computa-
tional complexity for calculating the NLOS channel impulse
response was proposed. It has been successfully used to
approximate the impulse response of a NLOS VLC channel
in a cuboid room as an example. The analytical result is
compared with the channel impulse response generated using
a conventional ray tracing simulation, and it has been shown
that the proposed method offers very high accuracy for the
dominated first order multi-path components. The model will
be extended to higher order reflections in future studies.

APPENDIX
PROOF OF PROPOSITION 1

For a transmission via a single wall reflection path, the
optical power is radiated from the source to one of the points
on the considered reflector. Then, some of the reflected signal
power can be collected by the PD of the receiver. A different
point on the reflector gives a different length of the reflection
path, which results in different delay of the received optical
power. In order to relate the receiver optical power to the time
delay, the following problem is considered: which set of points
on the reflector offers a received power P collected by the PD
with a delay less than time ¢? Assuming that the reflector plane
is defined by a Cartesian coordinate x-y, the received power
P(t) can be written as P(t) = ffW(L) f(x,y)dxdy, where
W (t) is the set of points giving delays less than ¢; f(x,y)
denotes the channel direct-current (DC) gain of the reflection
path via point (z,y) on the reflector. Intuitively, the impulse
response could be obtained by calculating the derivative of
P(t) with respect to the delay ¢ [10]. Therefore, the CIR can

Fig. 5. The geometry of the single wall reflection transmission with 3-D
Cartesian Coordinates x-y-z.

be written as:

h(t) = é—it { / - f(my)d:vdy} .

Next, the objective is to calculate the expressions f(z,y) and
W (t). The channel DC gain of a single reflection is given as
[12]:

(A1)

p(m +1)Apq
212D2 D3
where D, denotes the Euclidean distance between the trans-
mitter and the considered point on the reflector; ¢; and
denote the radiant angle and the incident angle corresponding
to the transmission before the reflection; Do denotes the Eu-
clidean distance between the considered point on the reflector
and the receiver; ¢o and ), denote the radiant angle and
the incident angle corresponding to the transmission after
the reflection. In order to retrieve f(z,y), the location and
orientation of all of the important points need to be defined
in a 3-dimensional (3-D) Cartesian coordinate system z-y-z.
As shown in Fig. 5, the points on the reflector are within the
z-y plane, the x-axis is defined on the straight line across
the projection points pr, and pry. The direction of the z-
axis is from pgryx to prx. The origin is defined at the mid-

f=

cos"™ ¢y cos 1 cos ¢a cos g,
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® transmitter
® receiver
- W(t)

V(t)

Fig. 6. The geometry of the transmission deployment with W (¢) and V' (¢).

point of the segment between pry and pr.. Therefore, the
transmitter has a location of n, = %, 0, —DTX> and has

an orientation of ap, = (—%7 %,0 . The receiver has a
location of nry, = <f§,0., —DRy ) and has an orientation
of apx = (%,—%,0 . The considered point on the re-

flector is located at n, = (z,y,0) and the orientation is
a, = (0,0,—1). According to [4],

A 2
H
D%_<x2> +y2+D'2Tx7

L\ 2
b4
D} = <x+5> +y? + Di,,

and
arx (n, —n )T 4 _Hr Ry
T —nr 2 7
cos gy = —— le = DlH
T
cos iy = ap (nrx —np) _ Dy
1= " = ’
Dy Dy
T
COS¢ o ap (nRx - np) o DRX
= = )
Dy Dy
T H Hz—Ry
COQ’l/JQ _ ORx (np - nRX) 2 + H
T Do - Do

Therefore, the channel DC gain f(z,y) can be written as
(A.2), where the ramp functions are used to avoid the cases
of negative channel gain due to the incident angle or radiant
angle being greater than /2.

Then the expression for W (¢) is calculated. Parameter L
denotes the Euclidean distance between the transmitter and

the receiver, which can be calculated as:
L? = H? + (Drx — Dry)*. (A.3)

A photon travelling from the transmitter to the receiver via a
single reflection using less than time ¢ requires the reflection
points to fall in the interior of an ellipsoid [10], as shown
in Fig. 6. The foci of this ellipsoid are the locations of the
transmitter and the receiver. The function of this ellipsoid is
denoted as V'(¢). Then the integration region W (¢) should be
the intersection between the wall plane (= = 0) and the interior
ellipsoid V' (¢) as shown in Fig. 6.

In the 3-D Cartesian coordinates z-y-z, the transmit-
ter and the receiver are located at <§7O, —DTX) and

7%0, —Dgy ), respectively. For the convenience of calcu-
lating the function of W (), another 3-D Cartesian coordinates
2'-y’-z" system is used. In this coordinate system, the trans-
mitter and the receiver is located at (%, 0,0) and (—£,0,0),
respectively. Therefore, the function of V(¢) can be written

as:
2 /2 2

2 + 2 + 2 <
(ct/2)”  (et/2)" = (L/2)*  (ct/2)" = (L/2)?
The conversion between the two coordinate systems can be
achieved by [10]:

o coswg 0 sinwg
Jl=l o 1 o
2 —sinwg 0 coswp

where w is the rotation angle of the coordinates. It can be
calculated as:

1. (A4)

A—DT""Q'D x $in wg

O I
7DT"J§D“" COS W

+

T
Y
z

DTfoRx) ) (A6)

wp = arctan < I,
By inserting (A.3), (A.5) and (A.6) into (A.4), the following
inequality can be obtained:

A 2
Hx D3 — D2
2 2 _ Rx Tx
Tty (ct + 2ct )

1 N
-4 <02t2 — H?-2D%, — 2D§X) <0. (A7)

For the convenience of the following calculation, a polar
coordinate system r-6 is used to redefine the points on the
plane of the reflector, where r denotes the radius and 0 denotes
the polar angle. The origin of the polar coordinate is located
at the origin of the x-y Cartesian coordinate system. The
direction of the polar axis is superposed upon the z-axis.
Therefore, these two coordinate systems have the following
relationship:

(A.8)
(A.9)

In addition, the 2-dimensional integration in (A.1) is decom-
posed into two 1-D integrations as:

Omax  fTmax
h(t) = % [/ / f(r,())rdrdﬁ} , (A.10)

x =rcosb,

y = rsinf.
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p(m + 1) Apa Drx Drx [72 <

H _ Hx—Ry
2 H

)" (3 )

N 2
272 ((% +x) +y2+ D}

J(c

2

o5

-
2
2 > +y2+D’2rx>

- path 1 T4 transmitter

- path 2

o image .
receiver

- W(t)
(b)

rew(t)
(a)

Fig. 7. (a) Path 1 corresponds to the minimum delay ¢o. path 2 corresponds
to the threshold delay ¢r. (b) Two cases of W (t) with different ranges of 6
and r. left: to <t < t, right: ¢ > tp.

where f(r,6) can be calculated by inserting (A.8) and (A.9)
into (A.2). The expression of f(r,0) is as shown in (4).
Eventually, equation (A.10) can be simplified by using the
chain rule as shown in (2). Next, the objective is to calculate
the values of fuin, Omaxs Tmin, Tmax, 2222 and 9Cmie These
values are highly related to the value of time delay ¢. Among
all of the first order reflection paths, there is a shortest path,
shown as path 1 in Fig. 7 (a). Therefore, any time delay has
to be greater than the time that is required for the photon to
travel via this path . Intuitively, this minimum time delay
can be calculated by (10). In addition, there is another path
for the light reflected by the point located at the origin of the
coordinates, shown as path 2 in Fig. 7 (a). The time required
for the photon to travel via path 2 is defined as ¢, which can
be calculated by (11). Fig. 7 (b) shows that with a given 6
there is a limited range for r. In order to find the two bounds
Tmin aNd rmay, the inequality (A.7) is converted to an equation
with variables = and y replaced by » and 6 as:

c*t? (DR — D3)*
H cosf (D%X — D”er) r+ <c2t2 — H? cos? 9) r? =0.

- <H2 +2D% + 2D}, — ¢t — o

Then r is treated as the unknown of the equation. Two
solutions of r can be calculated by solving the equation. In
the case of ¢y < t < ¢, the origin is outside the region of
W (t) as shown in the plot on the left-hand side of Fig. 7 (b).
The range of r is between the two solutions of r. Moreover, to
make sure the existence of the solution to r, term (7) should
not be less than zero. Therefore, it requires:

2
o> S0y (Dt — Diy) '
H> 2 (2 - 2 - 203 - 2D3, )

2t2

In the case of ¢ > ¢, the origin is inside the region of W (¢)
as shown in the plot on the right-hand side of Fig. 7 (b). The

21

range of r is from 0 to one of the two solutions of r. In this
case, term (7) is always greater than zero. Therefore, there is
no extra restriction for the range of 6. So the expression of
Qrwax drwin ¢ 0 and Omax can be calculated as
, (6), (12), (13), (8) and (9), respectively.

expression (5), (
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Abstract—In this paper, an indoor visible light communication
(VLC) cellular network, referred to as an optical attocell network,
is analysed at system level. A line-of-sight (LOS) ray-tracing
model is used to characterise the light propagation and its effect
on the performance of an intensity modulation (IM) and direct
detection (DD) communication system. Orthogonal frequency
division multiple access (OFDMA) based on direct-current optical
orthogonal frequency division multiplexing (DCO-OFDM) is used
as a multi-user access scheme. The signal-to-interference-plus-
noise ratio (SINR) for a user with a random location in an
optical attocell is studied. An analytical approach to calculate
the statistics of the SINR is presented and verified by Monte
Carlo simulations. Moreover, average spectral efficiency is also
studied in order to estimate the downlink wireless capacity
of the optical attocell network. The spectral efficiency of the
system has been found to be strongly dependent on the radius
of an optical attocell and on the half-power semi-angle of the
light transmission profile. Guidelines for the configuration of the
relevant attocell parameters are provided. An optical attocell with
an average spectral efficiency of 5.9 bits/s/Hz is demonstrated for
an appropriate set of attocell parameters.

Index Terms—uvisible light communications, cellular networks,
optical orthogonal frequency division multiplexing and orthogo-
nal frequency division multiple access.

I. INTRODUCTION

The shortage of spectral resources in the radio frequency
(RF) region has sparked considerable research interest in the
field of optical wireless communications (OWC) for indoor
applications [1]. In particular, a lot of interest has been
directed towards the visible light spectrum. VLC can offer
data transmission and lighting functionality concurrently. A
VLC system can be realised with a light emitting diode (LED)
as a transmitter and a photodiode (PD) as a detector. Due
to the incoherent emission of the LED, coherent modula-
tion/detection techniques are not possible in VLC. Therefore,
intensity modulation with direct detection techniques have
to be used to encode data. VLC offers several advantages
over RF communication systems [2]. For example, a VLC
system generates virtually no electromagnetic radiation in
the RF spectrum region. Additionally, VLC is inherently
robust against eavesdropping. Furthermore, due to the intrinsic
properties of light there is no co-channel interference (CCI)
between VLC systems in adjacent rooms, which indicates that
the optical spectral resources can be reused aggressively in
space.

It is widely recognised that an increased spatial reuse
of spectral resources offers a considerable gain in wireless
capacity [3]. VLC offers a unique opportunity to create a
small-scale cellular network that can be embedded into a room
with multiple light fixtures, thereby further reducing the reuse
distance of the optical spectral resource. In this type of cellular
networks, each spatially separated lighting element is used
as a base station (BS), which covers multiple users in the
small area (typically 1-10 m?) underneath it. A system of this
kind offers full coverage to users in an indoor environment.
It is also expected to provide a considerable improvement in
wireless system capacity compare to RF communication. Op-
tical orthogonal frequency division multiplexing (O-OFDM)
has been researched as one of the prime candidates for
signal modulation in VLC [4], [5]. It provides an optimal
utilization of the communication resources through adaptive
modulation and coding (AMC). Moreover, O-OFDM offers a
straightforward multi-user access scheme which is referred to
as: OFDMA. Since the DC-bias in DCO-OFDM is harnessed
for illumination purposes [6], DCO-OFDM can be used to
achieve a high spectral efficiency in the downlink transmission.
When illumination is not required such as in the uplink, an
power and spectral efficient OFDM variant named enhanced
unipolar OFDM [7] can be used.

A number of studies on optical wireless networks have
been carried out. The authors of [8] have proposed a cellular
scheme to mitigate CCI using a larger spatial reuse distance
in an indoor infrared wireless communication system. In [9],
the performance of optical wireless hotspots was compared to
that achieved by an RF system. That study also investigated
the relationship between signal-to-noise ratio (SNR) and the
horizontal distance of a user from the cell centre. A VLC
system adopting cellular characteristics using a light shaping
diffuser was proposed in [10]. A small-cell optical cellular
network with full function of an RF cellular system has been
proposed in [6]. In an RF cellular system, a personal femtocell
is known as an attocell [11]. In [6], the optical small-cell
network is referred to as an optical attocell network. However,
unlike the personal RF attocell, the light properties and the
existing infrastructure readily allow for full wireless indoor
networking, but with cell sizes much smaller than that used
in heterogeneous RF wireless networks. An optical attocell
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network is characterised by multiple optical access points
(APs) where one AP serves multiple users, and multiple users
can communicate to one or more optical APs in the uplink. In
addition, it also allows for user mobility and enables handover.

In this paper, a system level analysis of the downlink trans-
mission in an optical attocell network based on DCO-OFDM
is proposed. The SINR for a user and system average spectral
efficiency are considered and investigated. Analytical method
to calculate the cumulative distribution function (CDF) of the
SINR and for the average spectral efficiency are provided and
validated by Monte Carlo simulation. The impact of important
parameters such as the radius of an optical attocell and the
half-power semi-angle of the light emission profile is also
studied.

The remainder of the paper is organized as follows: Sec-
tion II presents the system model of the considered optical
attocell network. Section III presents the analysis of the
SINR. Section IV presents the analysis of the average spectral
efficiency. Finally, conclusions are presented in Section V.

II. SYSTEM MODEL

The downlink geometric deployment in an optical attocell
network is illustrated in Fig. 1. The following assumptions are
made in order to simplify the analysis: i) BSs are placed in a
regular hexagonal lattice, since this deployment minimises the
overlap between coverage areas of adjacent BSs; ii) the ceiling
luminaries (BS downlink transmitters) are considered as point
sources and are facing downward; iii) each user has a downlink
receiver with a PD facing straight up; iv) the concentrator and
optical filter are assumed to have unity gain; v) the vertical
separation between a BS and a user is fixed with a specified
distance h; vi) the receiver field of view (FOV) is wide enough
for the users in a given cell to receive the signal from the
tagged BS and from the BSs in the six neighbouring cells
only. This FOV configuration guarantees a seamless coverage
of the system with a minimum number of interference sources.

A. Propagation Model

The reflection paths are omitted in this study for a number of
reasons. First of all, the optical OFDM techniques are adopted.
One of the motivations for using OFDM is that it is more
resilient to inter-symbol interference (ISI) with low complexity
equalisation in the frequency domain. Secondly, a deployment
in a large indoor environment with sparse reflection objects
(e.g. walls, furnitures) is assumed in this study, which has a
less dispersive channel power delay profile in the major part of
the room. In addition, a commercially available white LED is
assumed to be used in the considered system. A typical white
LED has a 3 dB bandwidth of about 20 MHz when combined
with a blue filter at the receiver side [12]. This means that
the sample period is long enough to have the signal power
from the LOS path and the short reflected paths (at most
15 m longer than the LOS path) fall into a single symbol
time slot. On the other hand, the ISI power caused by the rest
of the reflection paths is negligible (more than 30 dB smaller
compared to the LOS signal power). Therefore, only the LOS

Fig. 1.

g Downlink system link in an optical attocell network.

path is considered in the light propagation for the downlink
transmission. In other words, the users generally experience a
communication channel with a near-flat frequency response.
As shown in [13], the LOS optical channel can be well-
characterised by its direct-current (DC) gain. The DC gain
of the channel from BS; to an given user is given as:

(m + 1)APd cos™
2md?

where m denotes the Lambertian emission order, which is
given by m = —1n(2)/In(cos(®;/2)) where @, 5 is the half-
power semi-angle of the LED; Apq is the physical area of
the user receiver PD; d; represents the Euclidean distance
between BS; and the user; ¢; denotes the corresponding light
radiance angle; and 1; is the light incidence angle, in which
i =0,1,2,---. BSy corresponds to the tagged BS, while the
rest of the BSs are interfering BSs.

Gi = (i) cos(vhi), (1)

B. Orthogonal Frequency Division Multiple Access

The application of DCO-OFDM can be extended to an
OFDMA system to realise multi-user access in an optical atto-
cell network. The K frequency domain quadrature amplitude
modulated data symbols before the inverse discrete Fourier
transform (IDFT) are defined as X = [Xo X7 Xo -+ Xg_q].
Since an intensity modulated signal is a real-valued signal,
Hermitian symmetry is required to make the OFDM symbols
contain only real samples. This requires that X, = X5 _,,
where [|* is the complex conjugate operation. In addition,
Xo and X[/ are set to zero [5]. Consequently, only Ky =
K/2 — 1 symbols carry information. Through the K -point
IDFT and the addition of a DC-bias, the time domain OFDM
symbol can be described as follows:

K-1
x(t) =apo+ Y @k(t), t=0,1,--  K—1, (2)
k=0

i (t) = % exp < 27}?“) 3)
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where zpc is the DC-bias and @y (t) represents the signal
component at time ¢ which accounts for the modulated symbol
on subcarrier k. After the addition of a DC-bias, any remaining
negative samples are set to zero. Since the required cyclic-
prefix (CP) length is typically short in OWC [14], the effect
of adding a CP is omitted in this study. In a multiple access
version of DCO-OFDM, the K transmission channels are
shared by a number of users. Each user is allocated one or
more subcarriers for transmission. Assuming perfect sampling
and synchronization, the sample received at time ¢ of the
intensity modulated signal received by an given user on
subcarrier k& can be expressed as:

Yi(t) = 2ok ()GoRpa + > _ @i (t)GiRpa + m(t), (4)
ien

where @; 1,(t) is the transmitted signal from BS; on subcarrier
k at time ¢; In the case of i = 0, @ (t) is the desired
transmitted signal for the given user; R,q denotes the re-
sponsivity of the PD; and ng(t) represents the user receiver
noise signal on subcarrier k. The noise is dominated by shot
noise and thermal noise with a noise power spectral density
(PSD) of Ny. Therefore, nj has zero mean and a variance of
o,f = NoWsc, where W, is the bandwidth of each subcarrier.
Assuming a total intensity modulation bandwidth of W, W,
can be expressed as Wy, = W/K. The second term of y,
accounts for the received interference signal, where U is the
set of all of the interfering BSs. Because the channel has a
near-flat frequency response, the maganitude response over the
whole frequency band is assumed to be unity. Clipping noise
and non-linearities of the LED are not considered as these are
outside the scope of this study.

III. SIGNAL-TO-INTERFERENCE-PLUS-NOISE RATIO
ASSESSMENT

A. SINR model Setup

SINR is an important metric to measure the quality of
a wireless connection. Similar to the definition of SNR in
an IM/DD OWC system, SINR is defined as the ratio of
the received desired signal electrical power to the noise and
interference electrical power. Based on (4), the SINR for the
given user on subcarrier k is given as:

2 P2
Pclco,O,kGode

- 2 p2 2
Z Pelec.i,kGi de + O
el

Tk (6))

where Piec,i . denotes the electrical signal power transmitted
by BS; on subcarrier k. The conversion between the average
electrical power and the average optical power obeys the
following relationship in a DCO-OFDM system as [15]:
P, 02pt _ 52
Pelec,AC + IQDC 1+ k2’

(6)

7 AY
7 \
7 \
7 \
7 AY
7 \
7 \
ri(r,0) \
’
4
7
2R, )
’7
i -.3,/ >
polar axis
. O pole (BSy)
O BS;
A\ user

Fig. 2. Optical attocell network geometry model with a polar coordinate
system.

total electrical power for transmission excluding the DC-bias.
After rearranging (6), it can be found that:

Pelec,AC = Pozpt/)QZ- (8)

It is assumed that an equal power allocation is conducted over
the K —2 subcarriers that carry signals, and all BS transmitters
emit the same average optical power. Then:

P2

Protec,i :#)t 9
leciik = (7 g2 ©

B. SINR Statistics Analysis

In this subsection, we conduct an analysis of the statistics of
the SINR based on the randomness of the user locations. It is
assumed that the user location follows a uniform distribution
in an optical attocell. The objective is to find the CDF of the
SINR for a user. However, there are a number of variables
present in (1) which are related to user location. In order
to simplify the analysis, the following modification in (1) is
carried out. From Fig. 1, it can be found that:

h

cos(¢;) = cos(v;) = T (10)
d; = \/r? + h?, (11)

where 7; is the horizontal separation between BS; and the user.
Inserting (10) and (11) into (1) gives:
\ m+1
Gi _ (HZ + 1)21:'pdh (le n h2)7 7,.,2+3 .
With this step, the number of variables in the light propagation
model is reduced to one. By inserting (12) into (5) and by
rearranging, (5) can be rewritten as:

(r3 + h2)—m=3

12)

V= pp— ) (13)
K= -'EDC/ \V Pelec,AC7 (7) ZI/I(Tf + hZ) 3 + Q
S
where Popy = E[z(t)] = azpc is the average transmitted .00
optical power in Iv(vhich E[] is the ;xpectation operator, and Q A2 K2 NW (K — 2) (14)
—1 1 = .
Pacenc = EIXIC ) ad(t)] = 1o, Elw(1)] denotes the (G + D Apah i P Ry P R
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TABLE 1
SYSTEM PARAMETERS

Parameter Symbol Value

BS LED optical power Popt 10 W
vertical separation h 2.15m

Noise PSD No 1x10=21 A?/Hz
PD area Apd 1 cm?
PD responsivity Rpa 0.6 A/W
DC bias factor K 3

Since the observed optical attocell coverage area is rotational
symmetric, it is reasonable to determine the user location with
a polar coordinate system as shown in Fig. 2. The pole of
the coordinate is defined at the centre of the tagged cell. The
direction of the polar axis is shown in Fig. 2. The location
of a user is defined by two variables r and 6. The variable r
denotes the horizontal separation between user and the pole.
The variable ¢ represents the polar angle corresponding to
the user location. The location of a user in an optical attocell
is confined within a hexagon. Therefore, for a user with a
specified 6, the possible  should be within a in a specified
region. The smallest 7 is intuitively zero, while the maximum
possible r can be calculated as a function of 6 as:

Tmax(0) = R/ cos <9 mod g — %) , (15)

where R, is defined as the distance between the pole and
an edge of the optical attocell. The radius of the the cell is
denoted by R, which is defined as the distance between the
pole and a vertex of the cell boundary. The variables R. and
R satisfy the following relationship: R. = v/3R/2, see Fig. 2.

Furthermore, r; in (13) can be calculated from the user
location variables r and 6. Since the tagged BS is just located
at the pole of the coordinate, ry equals r. According to the
hexagonal layout of the BSs, we can find that BS; is located
at (2R., «;), where

=1,2,...,6. (16)

By considering the triangle with vertices at the pole, the given
user and the BS;, it can be shown that r, 6 and r; are related
to each other by the law of cosines as demonstrated in Fig. 2.
Therefore, r; can be calculated with the following expression:

ri(r,0) = \/r> —ARercos(0 — a;) + 4R2.  (17)

By applying the above variable substitution, (13) can be
modified to a function of the user location (r,6) as:

(,’.2 + h?)—m—3

y(r,0) = (18)

Mo

(Ti(T,9)2+h2)_77L_3+Q
i=1

In order to find the distribution of (r, ), the statistics of
and 0 should be known. The determination of the distribution
of r and # can be fomulated as a problem in geometric
probability. This can be solved by evaluating the volume ratio
[16]. For example, a point is uniformly distributed within a
given set III. Set /I is defined as a subset of III. Then the

1 T T T T
0.9 configuration 1
0l RT220m® =
0.7

0.6

CDF

0.5 configuration 4

0.4} R=2.5m,®y5 = 15° J
03 configuration 2 1

. R=2.5m,®,;/, =20°
0.2 !

’ O  analytical
0.1

simulation
0 =
-20 -10 0 10 20 30 40

SINR [dB]

Fig. 3. Cumulative distribution function of the SINR per subcarrier with
(R =225m, ®;/p = 60°), (R =25m, &,/ = 20°), (R = 1 m,
©;/9 =20°) and (R =2.5m, ®;/5 = 15°).

probability that the point falls in /I can be calculated as the
ratio of the volume of /I to the volume of III. Following this
approach, the conditional probability density function (PDF)
of r with a specified 6 and the PDF of 6 can be calculated as
follows:

2
Folrl0) = ﬁ (19)
.2 9
fo(0) = ;:/%;2) 20)

The conditional PDF of the SINR achieved by users located
at a position with a polar angle of # can be derived from (19)
with the PDF transformation rule as:

£,016) = 2

=75 ) 2D
‘%W(Tv 0) r=I(5]0)

where T'(7|6) is the inverse function of (18) with respect to
the variable 7 in the interval € [y(rmax(6), 0),v(0, 0)]. Using
(20) and (21), the joint PDF of 7 and € can be calculated by
adopting Bayes’ theorem as:

Jr0(7,0) = [1(710) fo(0).

Furthermore, by integrating (22) from 0 to 27, the PDF of
can be derived as:
27

H(y) = : fro(y,0)do.

Finally, the CDF of the SINR for a user can be calculated as:
BG) = [ B
Rl

Fig. 3 shows the SINR CDF numerical results of the analytical
approach for optical attocells with different configurations.
The system parameters are listed in Table. I. For each optical
attocell configuration, a Monte Carlo simulation of the system
is also carried out. The good agreement between the Monte
Carlo simulation results and the numerical results validates
the accuracy of the presented analytical approach. In order to

(22)

(23)

24
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demonstrate the effects of varying R and ®, 5, systems with
four specified configurations are presented.

A typical R of 2.25 m and a general Lambertian source
transmitter (®;/o = 60°) are used in the configuration 1
system, which achieves a median SINR of only 6.6 dB. By
adjusting R and @ /5, the median SINR achieved by a system
with the configuration 2 (R = 2.5 m, ®; /5, = 20°) increases
to 27.1 dB. This shows a 20.5 dB improvement relative
to the configuration 1. Using configuration 2 as a baseline,
configuration 3 and 4 systems are demonstrated to see the
effect of changing the value of R or @5, respectively. For
configuration 3 (R = 1 m, ®;,5 = 20°), the decrease of R
causes a significant drop of 18.8 dB in median SINR relative
to the configuration 2 system. In an RF cellular network, a
user in the cell centre always has an overwhelmingly shorter
distance to the tagged BS than the distance to any interfering
BS regardless of the cell radius. However, in an optical attocell,
this feature of proximity to the tagged BS for a cell centre user
is not so prominent. This is because the transmission distance
in an optical attocell network is determined not only by the
horizontal separation between a user and a BS, but also is
determined by the vertical separation h. Therefore, in the case
of which h is significant relative to the horizontal separations,
the users may experience interference power which is as high
as the desired signal power. For configuration 4 (R = 2.5 m,
&, /5 = 15°), the further dcrease of ®; /o causes a significant
drop of 14.2 dB in the guaranteed SINR (at the 10th percentile)
compared to the configuration 2 system. The variable @/,
determines m, which controls the radiation pattern of the LED,
thereby controlling the optical power spatial distribution at the
observed horizontal surface. For a specified R, ®,/, should
be carefully adjusted in order to guarantee enough power to
achieve full coverage in the cell and at the same time not to
introduce too much interference in adjacent cells. In the system
with configuration 4, ®; /5 = 15° is too small for edge users in
the optical attocell to have sufficient signal power to overcome
the noise level, which causes the poor system performance.

The parameters A,q, Popt, £ and R;,q determine the effect
of receiver noise only, since all of these parameters only exist
in the denominator of the noise term 2 in (18). As long
as practical constraints permit, these parameters should be
as large as possible to minimise the effect of the receiver
noise. In case the performance is limited by interference,
changing these parameters shows a minor impact on the user
performance. The configuration of /& is complicated and it is
typically determined by the indoor environment geometry and
the height of the user equipment. Therefore, its impact on the
user performance is outside the scope of this work, but it will
be considered in future work.

IV. AVERAGE SPECTRAL EFFICIENCY ASSESSMENT

The wireless downlink capacity of the optical attocell net-
work is also considered and studied in this work. A sim-
ple estimation can be conducted using the Shannon-Hartley
theorem to calculate the spectral efficiency of the optical
attocell network. Since the optical attocell network is based

Fig. 4. a is located at the pole, a2 has a radius of 0R. @ /5 is configured
to make the received optical power at ae; two times higher than the received
optical power at as.

on DCO-OFDM in the downlink, the spectral efficiency can
be expressed as [4]:
K -2

p(r,0) = 2K

Accordingly, the average spectral efficiency is calculated as:

2 Tmax (0)
E[p) = /0 (/0 ﬂ(r,9)fr(r9)d7’> fo(0)d0.  (26)

The results in III-B show that the appropriate configura-
tions of R and ®,/, are interdependent. Therefore, instead
of controlling ®, /5, a parameter J, which characterises the
relationship between I and @45, can be manipulated in order
to evaluate its effects on the average spectral efficiency. The
general function of § is to achieve coarse control of the
spatial distribution of the received optical power in an optical
attocell. It is realised by forcing the received optical power at
a specified region of the optical attocell to be half of the power
that is received at the cell centre. This concept is illustrated in
Fig. 4. The parameter ¢ is defined as a real number between 0
and 1. At the same time, a and oy are defined as two points
with » = 0 and » = JR, respectively. The polar angle of
the point is independent of the corresponding received optical
power. For a specified J, m needs to be adjusted to fulfil the
following criterion:

Popth,al = 2P0pth,a2~

log, (1 4+ ~(r,0)) . (25)

@n

By inserting (12) in (27), m can be determined as a function
of § as follows:

= (22 1) -5

The impact of the configuration of § and R on the achievable
average spectral efficiency is shown in Fig. 5. The relationship
between the average spectral efficiency and ¢ for R=1 m,
1.5 m, 2 m and 2.5 m is demonstrated. The other system
parameters used in this study are listed in Table. I. The
results show that as ¢ increases from 0.2, the average spectral

(28)
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Fig. 5. Average spectral efficiency versus § for R=1 m, 1.5 m, 2 m, 2.5 m. The
notation ‘ana’ denotes the analytical result, while ‘sim” denotes the simulated
result.

efficiency also increases initially. However, when § approaches
a value of around 0.3, the average spectral efficiency reaches
a peak value. With a further increase in ¢, the average spectral
efficiency decreases. All of the four cases for different values
of R show this same trend. It is interesting to note that with
a fixed §, the average spectral efficiency of the system is
higher for smaller values of R, which is a desired outcome
as it favours small cell deployment. Among the demonstrated
systems, the system for R = 1 m offers the highest average
spectral efficiency of 5.9 bits/s/Hz at § = 0.3. These results
indicate a general way to configure R and ®;/, with a given
setting for the other parameters. This can be achieved by
initially setting R to be as small as possible. Then, by finding
the value of ¢ for which the optical attocell network achieves
the highest average spectral efficiency. Fig. 5 also shows that
the optimal value of ¢ varies little with R. Finally, based on
the optimal 0, the corresponding ®, /5 can be evaluated using
(28).

Although the described method for optimising R and @4 /5
can lead to high average spectral efficiency, there are many
practical factors which further limit these parameters. For
example, R cannot be too small, since this would lead to
excessive handover requirements for moving users and would
lead to massive optical hardware installations. Moreover, a
LED with small ®,/ is undesired for illumination purposes.

V. CONCLUSION

This paper proposed a framework for the system-level
analysis of the downlink transmission in a DCO-OFDM-based
optical attocell network. An analysis for a LOS link in terms
of SINR and average spectral efficiency was proposed. The
impact of an optical attocell radius R and the impact of
the LED half-power semi-angle were analysed in terms of
achievable SINR and average spectral efficiency for a down-
link transmission. The results showed that these parameters

play key roles in achieving high SINR and spectral efficiency.
Guidelines for the configuration of R and ®;/5 to achieve
high average spectral efficiency were provided. An optical
attocell network achieving an average spectral efficiency of
5.9 bits/s/Hz was demonstrated. However, the impact of the
variations in the vertical separation between a BS and a user
and the impact of the variations in the receiver orientation
were not considered in this study. In addition, the effects of
shadowing and link blockage were omitted. These issues will
be considered in future work.
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Abstract—In this paper, the downlink signal-to-interference-
plus-noise ratio (SINR) statistics are analysed in a direct current-
biased optical orthogonal frequency division multiplexing (DCO-
OFDM) based optical attocell network with a Poisson point
process (PPP) cell deployment. An optical attocell system utilises
existing lighting fixtures in an indoor environment to function
as a small-cell cellular network. It uses each luminary as a base
station (BS) to serve multiple nearby mobile users. Similar to
a conventional radio frequency (RF) cellular system, the grid
cell deployment is restricted by many practical issues in an
optical attocell network. Therefore the performance of the system
with PPP cell deployment is considered in this study in order
to identify a lower bound for practical attocell networks with
irregular cell deployment. An analytical framework is presented
and compared with the computer simulations. Also the SINR
statistics with different cell deployments are compared and
discussed.

Index Terms—cellular network, optical attocell network, Pois-
son point process, visible light communication.

I. INTRODUCTION

With the development of wireless communication technol-
ogy and emergence of advanced mobile devices, there is a sig-
nificant increase in data traffic in wireless networks. The radio
frequency (RF) spectral resources is becoming insufficient to
meet the future demand. Researchers aim to solve this ‘spectral
crisis” in two ways. One of the methods is to explore new
spectral resources for wireless transmission. The commonly
considered frequency ranges are at the 60 GHz and optical
region. In particular, visible light communication (VLC) has
been researched because of three main characteristics [1]:
i) using visible light for wireless transmission is licence-
free; ii) it reuses the energy for lighting to provide an extra
data transmission function, which means it is energy-efficient.
iii) visible light cannot penetrate opaque objects. This property
means that VLC offers security benefits. Also it intuitively
avoids co-channel interference (CCI) between VLC systems
in adjacent rooms. In this study, light emitting diodes (LEDs)
and photodiodes (PDs) are used as the core components of the
VLC transceivers, and intensity modulation/direct detection
(IM/DD) techniques are used. The other method to deal with
the challenge of the limited spectrum is to improve the usage
efficiency of the existing spectral resource, such as adaptive

resource allocation and cognitive radio. In particular, reducing
the reuse distance of the spectrum resource offers significant
improvements in terms of area spectral efficiency [2].

The concept of optical attocell network combines the meth-
ods mentioned above. It uses the licence-free visible light
frequency band as the data transmission medium and an
extremely small spatial reuse distance [3]. In a large indoor
environment, typically many lighting devices are installed.
This gives a unique opportunity to set up a cellular system in
a single room, and this is termed an optical attocell network.
An optical attocell network uses each luminary as a base
station (BS) to serve multiple nearby users. This cellular sys-
tem achieves bi-directional communication links and supports
handover for moving users. The main limiting factors for the
performance of an optical attocell network are the modulation
bandwidth and the CCI between users in adjacent cells. To
solve the bandwidth issue, wide-band LEDs have been re-
searched and manufactured. A gallium nitride micro LED with
a much wider bandwidth than typical commercially available
white LED was considered in [4]. In addition, bandwidth-
efficient modulation schemes were proposed to maximise the
achievable throughput. In [5], [6], a data rate of 513 Mbps and
1 Gbps were achieved experimentally by using rate-adaptive
discrete multi-tone modulation with white LEDs, respectively.
In [4], a data rate of 3 Gbps was achieved by using a
similar modulation scheme with a micro LED. Another energy
efficient orthogonal frequency-division multiplexing (OFDM)
scheme was proposed in [7], termed enhanced unipolar OFDM
(eU-OFDM). It can enable energy and spectrum efficient
communication in scenarios where lighting is not required.
CCI degrades the signal quality received by users, especially
for cell edge users. Several interference mitigation techniques
were considered in optical attocell networks such as busy-burst
signalling [8] and fractional frequency reuse [9].

In a previous study, a semi-analytical approach was carried
out to evaluate the downlink transmission performance in an
optical attocell network with hexagonal cell deployment [10].
Such a hexagonal grid cell deployment is highly idealised in
RF cellular systems, which is considered to be obsoleted in
[11]. Instead, uneven cell deployment is more common due to

978-1-4799-5952-5/15/$31.00 ©2015 IEEE
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the difference in transmission power, mobile user density and
some geometric constraints such as obstacles for placing BS
in an ideal position. Therefore, Poisson point process (PPP)
cell deployment was introduced to analyse the performance of
cellular networks. The results show that the performance of
PPP model is a lower bound for a practical cellular system.
In addition, by considering the PPP cell deployment allows
tools from stochastic geometry to be used, which makes the
performance of the cellular network more tractable. The same
issue is also true for an optical attocell system. In an optical
attocell network, the hexagonal grid cell deployment is pos-
sible, but unlikely due to wiring complexity, uneven lighting
requirements and aesthetic quality. Therefore, in this study, a
worst case random cell deployment with PPP is considered
in an optical attocell network. An analytical framework for
the downlink signal-to-interference-plus-noise ratio (SINR)
statistics with PPP cell deployment is presented. In addition,
the results of the systems with different cell deployments are
compared to show the significance of the results with PPP cell
deployment.

The remainder of this paper is organised as follows: the
downlink system model in an optical attocell network is
presented in Section II. The PPP cell deployment and the
analytical SINR statistical results are introduced in Section III.
The performance of the systems with different cell deploy-
ments are compared in Section IV. Conclusions are given in
Section V.

II. DOWNLINK SYSTEM MODEL
A. Propagation Model

In this study, a room with large number of luminaries are
considered. Each luminary is treated as a point source. It is
assumed that the PD detector installed on the user mobile
device is facing upward. A full receiver FOV of 180° is
assumed as it can reflect the performance in the worst case
CCI. In addition, a wide FOV reduces the chance that the
serving BS is outside the FOV of the desired receiver. The
existence of line-of-sight (LOS) path is very likely due to
the existence of multiple nearby accessible BSs. Therefore,
the LOS channel direct current (DC) gain is used as the path
loss model [12]. Some experiments show that reliable VLC
connection without LOS path is also achievable [13], which
implies that the optical attocell cellular system is not just a
LOS system. Considering the i'" BS and a user of interest,
the channel DC gain between them is calculated as:

(m+1)Apq
27d?

where ¢ = 0,1,---; Apq is the physical area of the PD; d;
represents the Euclidean distance between the i*" BS and the
user; ¢; is the angle of radiance from the i™ BS; 1; is the
angle of incidence to the user; and m denotes the Lambertian
emission order, which is related to the LED half-power semi-
angle by m = —1In(2)/In(cos(®y/2)). The LED half-power
semi-angle @,/ indicates the angle of radiance at which the
emitted optical power is half of that emitted with ¢; = 0. In

G; = cos™ (i) cos(v;), 1

Fig. 1. LOS light propagation geometry.

this study, a fixed vertical separation h between BSs and the
user mobile device is assumed. The geometry of the above
model is illustrated in Fig. 1, which also shows the following
relationships: cos(¢) = cos(¢)) = #- and d; = \/r7 + h?,
where 7; is the horizontal separation between the i'" BS
and the user. Therefore, expression (1) can be converted to
a function of r; as follows:
m+1

%. )
27 (r? + h2) 2
Since the detector area is much larger than the wavelength,
small scale fading does not exist in an IM/DD VLC system.
Shadowing and the blockage issues are not considered in the
channel model in this study.

Gi(r;) =

B. DCO-OFDM Transmission

In an optical attocell system, a strong LOS connection
between a BS and a user is likely to be established as each
BS only covers the users close to it. Consequently, the multi-
path effect due to wall reflection is minor [14]. In addition,
OFDM is used in this system, which can eliminate the inter-
symbol interference (ISI) caused by the multi-path effect. This
offers a near-flat frequency response of the wireless channel.
Therefore, the multi-path effect due to wall reflection is omit-
ted in this study and the magnitude response over the whole
frequency band is assumed to be unity. Among several optical
OFDM schemes, DC-biased optical (DCO)-OFDM achieves
a high spectral efficiency. Therefore, it is used in the optical
attocell system to maximise the achievable data rate. Typically,
in order to overcome the distortion of the clipping noise, a high
optical power is required in a DCO-OFDM system. In this
study, it is assumed that both illumination and communication
functions are provided by the optical attocell system, which
means the optical power for downlink communication is high
[3]. It has been shown that a signal-to-noise ratio (SNR)
up to 70 dB is achievable in a single cell deployment with
such high output optical power [15]. At the transmitter side
of an OFDM system, a frequency domain symbol sequence
with K quadrature amplitude modulation (QAM) data symbols
are defined as: X = [Xy X; Xo -+ Xg_1]. An IM/DD
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system requires the time-domain OFDM signal to be real
and unipolar. In a DCO-OFDM system, X; = Xj._, and
Xo = X2 = 0 are required to ensure that the transmitted
signal is real [16], which is termed as Hermitian symmetry.
Here [-]* is the complex conjugate operation. Consequently,
only K=K /2 — 1 symbols carry information bits. On the
other hand, an unipolar signal is achieved by adding a DC-bias.
After the K-point inverse discrete Fourier transform (IDFT)
operation and the addition of the DC-bias, the time domain
OFDM symbol at time slot ¢ can be calculated as:

2mjkt

x(t) = zpc + ;} 77

K—1
t=0,1,--- . K—-1, (3)
where xpc denotes the DC-bias component; and j represents
the imaginary unit. After the addition of DC-bias, the re-
maining negative samples are set to zero. Since it is assumed
that the ISI caused by reflection is negligible, the required
cyclic-prefix (CP) length would in turn be short in an optical
attocell network. Therefore, the penalty of adding a CP is
also omitted in this study. Assume that the sampling and the
synchronization are perfect, the time-domain signal received
by the user device at time slot ¢ can be expressed as:

y(t) = 2o()GoRpa + > #i(1)GiRpa +1(t), (4
ien

where x;(t) denotes the transmitted signal from the iy, BS
at time slot ¢. In the case of ¢ = 0, x(o represents the
desired transmitted signal for the user of interest; 12,4 denotes
the responsivity of the PD; and n(t) represents the receiver
noise sample at time slot ¢. The second term of y(¢) denotes
the received interference signal, where 11 is the set of all
the interfering BSs. The receiver noise is modelled as an
Additive White Gaussian Noise (AWGN) with a noise power
spectral density (PSD) of Ny. Since the 0" subcarrier and the
K /2™ subcarrier are not used, () is drawn from a Gaussian
distribution with zero mean and variance of o2 = %NOW,
where W is the total available intensity modulation bandwidth.
By using appropriate DC-bias level, clipping noise can be
minimised to a level that causes negligible distortion in the
transmission [17]. Non-linearity effects of the LED can be
effectively mitigated by using pre-distortion techniques [18].
Therefore, it is trivial to consider these minor effects in this
study.

C. Signal-to-Interference-plus-Noise Ratio

SINR is an important metric to evaluate the connection
quality and the transmission capacity in a cellular system.
Based on the user received signal (4), the downlink SINR can
be calculated by:

2 P2
Pelec,OGU de

= 21:/1 PelecJG?Rf,d + o?’
i

(6))

where FPec,; denotes the electrical signal power transmitted
by BS; excluding the DC component, which is calculated
by Peec; = E [xf(t)}, where E[-] represents the expectation

20 T, I 2075
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Fig. 2. (a) Hexagonal cell deployment. (b) PPP cell deployment. (c) square
cell deployment. (d) HCPP cell deployment. The circles in the figure represent
the positions of the BSs, while the dots represent the positions of the users.

operation. In this study, no power control is considered, and
a fixed electrical power for each BS is considered, which
means Pelec,o0 = Felee,i = -+ = Pelee. The cases with
different electrical power for each BS can also be handled
by the analysis described in this paper, but it is omitted here
for simplicity. The relationship between the average electrical
power and the average optical power in a DCO-OFDM system
can be given as [16]:

Pozpt 772

= s 6
Pelec + ‘TQDC 1+ 7)2 ( )

n= fL'DC/ V PClCCv (@)

where 7 represents a DC-bias factor, which determines the
level of DC-bias depth. Increasing 7 would decrease the
clipping noise, but also decrease the amount of available
electrical power for a certain amount of average optical power.
After rearranging (6), it can be found that:

Poec = ngt/7/2~ ®

By inserting (8) and (2) into (5), the downlink SINR received
by the user can be rewritten as:

B (7‘(2) + h2)—m—3 B IS (9)
T e e T
ien
0- 472(K — 2)NgWn? (10)
KPZPT (m+ 1)2AidR?)th"”‘*'2 ’
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/\ user of interest o
O BS serves the user .
[ BS using same resources N

M BS using different resources n O

Fig. 3. PPP network deployment. Choose the closest BS as the serving BS.

Part of the remaining BSs causes interference to the user according the reuse
factor A.

-3 denotes the effect of desired

—m—

where S = (rd +h?)"~

signal power; T = 3 (712 + h2) ® denotes the effect of

i€l
interfering signal power; and 2 denotes the effect of receiver
noise variance.

III. POISSON POINT PROCESS NETWORK MODEL AND
SINR STATISTICS

The optical attocell cellular network model considered in
this study is similar to that presented in [11]. The two-
dimensional (2-D) positions of both the BS and the mobile user
are arranged according to a stationary homogeneous Poisson
point process with a fixed density. Each user is associated
with the closest BS to it. This results in coverage areas of
BSs following a Voronoi tessellation on the 2-D plane. The
cell deployment is shown in Fig. 2 (b).

Without loss of generality, the network model is simplified
as follows. The desired user is assumed to be located at the
origin. BSs are randomly distributed around the user based
on a PPP of density A. The network extends to infinity in all
directions. Note that CCI is the main concern of this study.
Thus, it is important to consider the users experiencing the
worst case CCI. Since interference is higher with an increase
of the neighbouring BSs, an infinite network offers this worst
case CCI condition. The first closest BS to the user (r( away
from the user) serves the user. A cellular system with a reuse
factor of A divides the available transmission resource into
A equal blocks. In a grid network, these resource blocks are
assigned to cells with a reuse pattern that avoids adjacent cells
using the same resource, thereby mitigating the CCI. However,
such a reuse pattern cannot be used in a PPP network as the
BS locations are independent from each other. Therefore, each
cell randomly selects one of the the A resource blocks for
transmission regardless of the location of these cells. This is
equivalent to amending the density of the interfering BSs to be
%. The simplified cellular network model is shown in Fig. 3.

Next, the main results of the SINR statistics achieved by
the system with PPP cell deployment is presented. Firstly,
the calculation of the probability density function (PDF) of
interference Y conditioning on ro, fy(v|rg), is considered.
However, the exact expression of fr(v|rg) is difficult to
calculate due to the mathematical complexity. Alternatively,

TABLE I
SYSTEM PARAMETERS
Parameter Symbol Value
BS LED optical power Popt 10 W
vertical separation h 225 m
Noise PSD No 1 x10~2Y A%/Hz
PD area Apa 1 cm?
PD responsivity Rpa 0.6 A/IW
DC-bias factor n 3
number of subcarriers K 512

an expansion based on the Gram-Charlier series and Laguerre
polynomials proposed in [19] is used to approximate the
distribution. In this approximation, the PDF is expanded as
a sum of gamma densities, which can be calculated if the
row moments of the distribution are known. Therefore, the
characteristic function ¢, (w) = E [e/*T|ry] is evaluated.
Based on the relationship between the characteristic function
and the cumulant generating function, the expression of the
n'® cumulant of T conditioning on o can be calculated as:

Am (To +h )1in(m+3)

#on(Tlro) = A(n(m+3) —1)

an

Then the corresponding n'" row moment can be calculated
recursively by the following relationship as:

1 n=0
K1 n=1

n—1 be 1
fcn+2< 1>mun4 n>2
Since the row moments are known, the approximated expres-

sion for fy(v|rg) can be calculated. Then the SINR CDF can
be calculated using the following equation:

Hn = (12)

Ply <T]=P[Y > §/T — Q]
= / / Fro () fr(v]ro)dudb,  (13)
0 JEZ-Q

where f, (b) = 2rAbe=A™" is the PDF of the distance
between the origin and the nearest node [20]. The final result
of P[y < T7 is concluded in (14). The detailed derivation will
be presented in a future publication.

The accuracy of (14) is evaluated by comparing its results to
the corresponding Monte Carlo simulations. The main system
parameters are listed in Table I. In the results, three systems
with different configurations are considered, as shown in
Fig. 4. Although the cell does not have a regular coverage area
for the system with the PPP cell deployment, it is important to
make sure that systems with different cell deployments have
the same BS density in order to achieve a fair comparison.
Assuming the system with a hexagonal grid cellular model
has a cell radius of R, the corresponding PPP network should
have a BS density of A = — = ?)g It can be found
that the numerical results of the analysm calculated using (14)
generally matches the corresponding Monte Carlo simulation,
except for a minor mismatch at the high SINR region. This
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n C{; <12 +a, 3 <1/T (b2 + h2)7n+3 -~ Q))

0027”\6 = ﬁ(! ?:O Cl"/u’ll (T)
Ply < T) = > 2i=0 O
by <71 / ehrd? ‘ ( n!T(a+n) =
n=| [o=!

0
(2m +5) (b2 + h2)""°

e db, (14)
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Fig. 4. The analytical and simulated results of the CDF of the downlink
transmission SINR achieved by PPP networks.

mismatch is caused by the approximation for fr(v|rg) which
uses the expansion introduced in [19]. The mismatch becomes
obvious when the overall interference level is very low.
Therefore, the best match can be observed for the system
with R = 1.5 m, <I>1/2 = 40°, A = 1 and noise distortion.
This is because, the noise variance is much higher than the
interference in the high SINR region. In another case with
R=25m, &/, =60° A =1 and without noise distortion,
the differences between analysis and simulation in the high
SINR region becomes significant due to the absence of noise
distortion. In the case with R = 2.5 m, ®;,5 = 60°, A=3
and noise distortion, the interference level is lower relative to
the cases with A = 1. Consequently, the differences become
even greater despite the presence of noise. However, generally
the distribution at low SINR region is of higher importance.
Thus, it is still valid to consider (14) to be an accurate result.

IV. SINR STATISTICS COMPARISON

For a system with a hexagonal cell deployment, the loca-
tions of BSs are fully correlated, which guarantees a minimum
distance between the desired user and the interfering BSs, as
shown in Fig. 2 (a). One of the fundamental characteristics of
light propagation from an optical source is that the received
signal power is constant along a circle centred at the source.
The hexagon shape provides the best approximation to this
circle compared to square or triangle. Therefore, CCI is
minimised in a hexagonal network. In contrast, the locations
of BSs are completely uncorrelated in a PPP network as shown

Fig. 5. The SINR statistics of systems with PPP, hexagonal, square and HCPP
cell deployments. The half-power semi-angle ®;,5 = 60° and the reuse
factor A = 1. The BS station density A = 0.062 BS/m? which corresponds
to R = 2.5 m in the case of hexagonal network. In the case of HCPP, the
protection distance ¢ = 2 m.

in Fig. 2 (b). In the worst case, BSs are extremely close to
each other, which causes significant CCI. Thus, similar to
[11], we expect to use the performance of the system with the
hexagonal (PPP) cell deployment as an upper (lower) bound
of the practical system performance. In order to demonstrate
this expectation, systems with these two cell deployments are
compared to the systems with the cell deployments that are
likely to be used in practice.

A. Square Network

The first potential cell deployment in practice considered
here is the square lattice cellular model, in which BSs are
placed on a square lattice as shown in Fig. 2 (c). This ar-
rangement is common in indoor lighting network deployment
due to several advantages, which include design simplicity,
providing good illumination uniformity and compliance to the
shape of a room.

In the square network, the cell size is controlled by a
parameter L which is defined as the distance between the two
closest BSs. In order to have a fair comparison, the density of
the BSs should be the same as the case with hexagonal network
and PPP network. This requires: L = v/Aco ~ 1.61R.

B. Hard-Core Point Process Network

In some cases, the room may not need uniform illumination.
For example, illumination is enhanced in the task areas!, while

!Area within which the visual task is carried out.
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less lighting is required in the remaining areas. This fact
would introduce an uneven lighting network deployment. In
this case, the position of BSs may be unregulated, but it is
unlikely to place two luminaries extremely close to each other.
Therefore, the Matérn type I hard-core point process (HCPP)
is considered to model the BSs position, as shown in Fig. 2 (d).

The HCPP is based on a PPP with the condition that the
shortest distance between any two nodes is greater than a
specified threshold c. To generate a set of nodes according
to a HCPP, a set of nodes following a PPP with a density of
Ay is necessary. Then each point is marked with a random
number. A dependent thinning process is carried out for each
marked node as follows: retain the marked node if there
is no other node within the circle centred at the marked
node with a radius of c. After the thinning, the HCPP nodes
density would be reduced. Therefore, to generate a HCPP
with density of A, the initial PPP density Ay has to be [21]:
Ao = —In(1 — Anc?)/mc2.

C. Results and Discussions

Fig. 5 shows the SINR CDF results with four different cell
deployments, namely hexagonal, PPP, square and HCPP cell
deployments. The system parameters follow those listed in Ta-
ble I. As expected, due to the independence of BS placement,
the PPP network shows the worst performance. It exhibits a
median SINR of about 2.5 dB. In contrast, the strict control of
BS location with hexagonal lattice mitigates the CCI, thereby
providing the best SINR performance with a median SINR of
about 6.9 dB. Due to the undesired approximation of a square
to a circle, the system with a square network offers a slightly
worse SINR than the the case of a hexagonal network. The
achieved median SINR is 6.5 dB. For the case of the HCPP
network, the achieved median SINR is about 4.6 dB, which
is better than the case of the PPP network because of the
minimum distance constraint. Therefore, it is concluded that
the downlink SINR performance in an optical attocell network
with a PPP (hexagonal) cell deployment can be considered as
a lower (upper) bound for the case of practical systems.

V. CONCLUSION

This paper presents a new analytical framework for the
system performance of an optical attocell network. The down-
link SINR statistics in a DCO-OFDM based optical attocell
network with PPP cell deployment have been considered.
An analytical expression for the statistics of SINR in PPP
network has been presented. The result shows the accuracy
of the expression. In addition, the SINR statistics of the PPP
network are compared to systems with hexagonal, square and
HCPP cell deployments. The results have demonstrated that
the system with PPP (hexagonal) cell deployment behaves as
an lower (upper) bound for the systems with square and HCPP
cell deployments. These results can be used to estimate the per-
formance of a practical optical attocell system without using
time-consuming computer simulations. Furthermore, they can
be used as benchmarks for further research on optical attocell
systems, and as a guideline for setting up a practical system.
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Abstract—Interference coordination in optical wireless cellular
networks using different frequency reuse techniques are discussed
and compared in this paper. On the one hand, full frequency
reuse maximises the system throughput at the cost of poor cell-
edge user performance. On the other hand, cluster-based static
resource partitioning offers good cell-edge user performance
at the cost of low system throughput. Fractional frequency
reuse (FFR) is introduced as a compromise between cell-edge
user performance and the system throughput with low system
complexity. Simulation results show that a guaranteed user
throughput of 5.6 Mbps and an average area spectral efficiency
(ASE) of 0.3389 bps/Hz/m? are achieved by the FFR optical
wireless system with appropriate power control factors. These
results show considerable throughput improvement compared to
both benchmark systems. It is also shown that by adjusting the
LED transmission optical power of a system using visible light
spectrum, the illumination requirement for an office room can
be satisfied without extra lighting facilities.

Index Terms—optical wireless communications, fractional fre-
quency reuse, co-channel interference and orthogonal frequency
division multiple access.

I. INTRODUCTION

Recent work has shown many advantages of optical wireless
(OW) technology [1]. These advantages make OW a suitable
candidate for improving the performance of heterogeneous
networks. OW uses visible light or infrared light which are
unregulated. Furthermore, inexpensive incoherent light emit-
ting diodes (LED) and photo diodes (PD) can be applied at the
transceiver, which lower the cost of the OW systems. In par-
ticular, OW system can be used in safety critical environments
where radio frequency (RF) transmissions are restricted. In ad-
dition, optical signals cannot penetrate opaque objects, which
means that the optical signal is confined to a single room or a
specific area. This makes OW particularly suitable for security
critical applications. In addition to security, this mitigates the
interference to adjacent rooms. In the multi-user OW system,
optical orthogonal frequency division multiplexing (O-OFDM)
based on optical intensity modulation (IM) and direct detection
(DD) can be used to realise an orthogonal frequency division
multiple access (OFDMA) cellular network [2].

The limited bandwidth of the IM/DD systems makes it
essential to reuse the finite available bandwidth to meet
the high throughput requirements. However, full frequency
reuse and ubiquitous system coverage result in co-channel
interference (CCI) between users in adjacent cells. Therefore,
cellular interference coordination must be considered. Several

978-1-4577-1348-4/13/$31.00 ©2013 IEEE

interference coordination techniques have been investigated in
the literature. On the one hand, the simplest method is to
apply traditional cluster-based resource partitioning [3]. This
technique assigns different sub-bands to neighbouring cells to
avoid CCI. However, this technique significantly reduces the
available bandwidth in each cell and restricts the achievable
peak data rates in the cell [4]. On the other hand, a self-
organising interference mitigation technique is proposed in [5].
It uses busy burst (BB) signalling and channel reciprocity of
the time division duplex (TDD) technique to define a dynamic
interference aware resource allocation solution for interfer-
ence coordination. However, its dynamic decision relies on
channel information feedback, which increases the overhead
of the transmission. A method that strikes a reasonable trade-
off between the overall spectral efficiency and the cell-edge
user throughput is fractional frequency reuse (FFR) [6]. It
partitions the available bandwidth for the cell-edge users to
avoid CCI and uses the full system bandwidth for the cell
centre users in an attempt to maximise the system throughput.
Once the system is established, users can simply choose
their transmission modes by comparing the received signal
to interference plus noise ratio (SINR) with a pre-determined
threshold. The system employing the BB protocol requires
extra mini time slots to feedback the channel information. In
contrast, FFR system exploits regular feedback to transmit the
mode decision. Therefore, FFR has the potential to achieve
effective interference coordination with low complexity and
better quality of service for the cell-edge users, thereby making
it a fairer system than full frequency reuse system.

To the best of our knowledge, this paper introduces FFR as
an interference coordination technique in an optical cellular
network for the first time. The corresponding simulations
demonstrate that FFR effectively improves the cell-edge user
throughput and the overall system throughput, relative to the
systems applying full frequency reuse and standard cluster-
based resource partitioning schemes.

The remainder of the paper is organised as follows. Sec-
tion II introduces the system model including LED array
deployment, transmission model and metrics. Section III in-
troduces the FFR applied to the OW system. Simulation
results and discussions are presented in Section IV. Finally,
we conclude the paper in Section V.
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Fig. 1. The inlay figure at the left top corner illustrates the arrangement of

the LED array. The main figure illustrates the coverage arrangement in a cell.
Each LED cluster in the LED array covers a different region of a cell.

II. SYSTEM MODEL
A. LED array deployment

Multiple LED arrays are used as APs serving the users
underneath them. They are distributed on the ceiling using
the hexagonal grid model to form a cellular network. An
LED array is composed of multiple LEDs with different beam
directions. Accordingly, the coverage area in the room is
divided into multiple cells. Each cell is divided into multiple
sub-cells to enable the discrete cell region division that will be
discussed in Section III. In addition, several low power LEDs
are integrated with the same beam direction to form a higher
power LED cluster to guarantee enough signal strength. An
LED cluster provides coverage for a single sub-cell. The spa-
tial alignment of all the beams of the LED clusters establishes
the cell coverage. Furthermore, the half-power angle should
be small (typically 10°) to confine most of the signal power
within each sub-cell [7]. An example LED array deployment
and the sub-cell coverage arrangement are illustrated in Fig. 1.

There are several advantages that result from using this
LED array deployment: 1) a small half-power angle results
in less CCI, 2) the received optical power distribution in the
cell is relatively uniform compared to an AP composed of a
single LED with wide half-power angle, 3) the deployment of
multiple sub-cells leads to a more accurate approximation of
the hexagonal cell shape.

B. Optical channel DC gain

The free space channel model between a transmitter at the
AP side and a receiver at the user side is introduced. Since the
signal at the receiver is dominated by the line-of-sight (LOS)
component, only the LOS path is considered while any multi-
path effects are disregarded. The optical channel DC gain from
the transmitter to the receiver is given by [7]

0+ DA cosm ()T (0)ge () cos(w). (1)

G= 2md?

Sub-band A
Sub-band B
Sub-band C
Sub-band A, B and C
INR above threshold

Fig. 2.
system.

Deployment of fractional frequency reuse in an optical wireless

where m denotes the Lambertian emission order which is
given by m = —1In(2)/In(cos(®1/2)), where @, /5 is the half-
power angle of the LED; A is the area of the PD; d is the
distance between the transmitter and receiver; ¢ is the radiant
angle; 1 is the incident angle; Ti(¢) is the optical filter gain
and g.(¢) is the concentrator gain which is given by

2

—L— 0<yY <V

goly) = { Trw D=0 = Ve @
0 > U,

where W, is the concentrator FOV and n denotes the internal

refractive index.

C. Metrics

The OFDMA system is assumed to experience a flat-fading
channel. This is valid for intensity modulated OW systems
which do not suffer from fading effects as the information
carrying signal is encoded in the intensity of the signal as
opposed to the in-phase and quadrature electric fields in
RF systems. The received SINR on each sub-carrier can be
expressed as [5]

i€L(n)

2
( Z deGn,i,uPn.i,,’u,> Foe

= NG

2
Z ( Z deGﬁ,i,uPﬁ,i,u> Foe + o?
n#En \i€l(n)

where R,q is the PD responsitivity; P, ;. is the LED optical
transmission power per sub-carrier from LED cluster ¢ of LED
array n to the user u; Gy, ;.. is the channel DC gain from LED
cluster 7 of LED array n to the user u; F, denotes the optical
to electrical conversion factor; L(n) is the set containing the
LED clusters contributing to the desired signal of LED array
n; I(n) is the set of the LED clusters contributing to the
interfering signal in LED array n and o? denotes the power
of the noise which is dominated by ambient light shot noise.
Modulation schemes are not considered in this paper. Instead,
we use the Shannon capacity formula to establish an upper
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Fig. 3. The cellular network arrangement in the simulated room.

bound on the downlink capacity. The achievable data rate per
sub-carrier is given by

Rsc = Bsc lOgZ(l + /7)7 (4)

where Bg. denotes the bandwidth of a sub-carrier. The consid-
ered data rate metrics are the user throughput and the system
throughput that refers to the aggregate throughput of all users
in a cell. To account for the average spectral efficiency in the
whole network and to highlight the short reuse distance in the
room, area spectral efficiency (ASE) is also considered as one
of the data rate metrics which is calculated by using [8] as

follows:
Z Ruser(u)
ues
=——"F (%)
K BsysAroom
where Ryser(u) is the data rate achieved by user u, S is the
set of all the users within the room, By denotes the total
system bandwidth and A,,on is the area of the room.

III. FRACTIONAL FREQUENCY REUSE IN OPTICAL
WIRELESS

The considered FFR technique is similar to the soft fre-
quency reuse (SFR) applied in an RF system. The entire
bandwidth is partitioned into several sub-bands, depending on
the reuse factor. In this case, the deployment with a reuse
factor of 3 for the cell-edge users is illustrated in Fig. 2. One
practical and simple method to partition a cell region is to
compare the received SINR of the user using full frequency
reuse with a pre-determined threshold [6]. The same approach
is applied in an OW system to achieve frequency reuse.
However, in an OW system the allocation of the sub-bands
is performed in a discrete manner rather than a continuous
one. In particular, the transmission of users in each sub-cell
is dominated by a single LED cluster. If any section of the
sub-cell experiences an SINR that is less than the threshold,
then the sub-cell is included in the exterior region and the
dominating LED cluster transmits on one of the available sub-
bands. Otherwise, the sub-cell is included in the interior region
and the corresponding LED cluster is permitted to use the
entire bandwidth for transmission. In this manner, each cell
is partitioned into an interior region and an exterior region.
Indeed, the interior/exterior user partitioning is a discrete
approximation of the continuous process when compared to
the FFR technique in RF systems. Since the centre users in

B o2}
[=} =1
=} =]

n
o
=}

llluminance [IX]

Width (y) [m]

Length (x) [m]

Fig. 4. The spatial distribution of the received horizontal illuminance on the
measurement plane in the room.

one cell share sub-band with edge users in adjacent cells,
the transmission power for edge users should be higher than
that for the centre users. Therefore, a coarse power control is
needed. The power control factor 3 is defined as

Pn, iU

ﬁ = Pn1‘7'7u7

where the LED cluster ¢ belongs to the set that dominates
the coverage of the exterior sub-cells while the LED cluster j
belongs to the set that dominates the coverage of the interior
sub-cells.

IV. RESULTS AND DISCUSSIONS

A cellular network is assumed in a 15.6 m x 9.0 m X 3 m
large office. The coverage area in the room is divided into 13
hexagonal cells and served by 13 LED arrays, as shown in
Fig. 3. The optical receivers are placed at a height of 0.85 m.
This is a typical desk height and defines the measurement
plane. The PD receiver is facing upward toward the ceiling.
The system uses OFDMA based on DC-biased optical OFDM
(DCO-OFDM) [2]. To achieve the lighting function concur-
rently, visible light is used. The system bandwidth is divided
into 512 sub-carriers. However, only 255 sub-carriers are
used for information data transmission due to the Hermitian
symmetry constraint. The performance of the system applying
FFR with a reuse factor of 3 for edge users is compared to
the benchmark systems which use full frequency reuse and
traditional resource partitioning with a static reuse factor of 3.
For simplicity, the downlink transmission power of each LED
is equally distributed among the sub-carriers that are used. For
the benchmark systems, this transmission power is fixed. For
the FFR system, the transmission power of the LEDs serving
the interior and exterior users are adjusted to maintain the
value of 3. The SINR threshold for FFR is set to 10 dB which,
after some initial investigations, was found to achieve a good
compromise between the edge user throughput and the overall
system throughput. To guarantee a fair comparison, the total
downlink transmission power of all systems is normalised. The
system parameters are listed in Table 1.
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TABLE 1
SIMULATION PARAMETERS

Parameters Values
Optical transmitter radiant power for transmission 63 mW
Transmitter semi-angle 10°
PD responsitivity 0.28 A/W
PD area 1.5 cm?
Optical filter gain 1.0
Concentrator refractive index 1.5
System bandwidth 20 MHz
Number of sub-carriers 512
Number of users 40
Noise power spectral density 1x 10~ 2TA2/Hz

A. Illuminance requirement

Aside from data transmission, the system should also guar-
antee the required illumination levels, which are 400 Ix for
reading purposes [9]. The spatial distribution of the horizontal
illuminance on the measurement plane is depicted in Fig. 4.
Above 90% of the area in the room receives illuminance of
above 400 Ix, which indicates that the illumination requirement
is mostly satisfied.

B. SINR performance

The SINR distributions in the room with full frequency
reuse and FFR are illustrated in Fig. 5 and Fig. 6, respectively.
As previously mentioned, the bandwidth is equally partitioned
into sub-band A, B and C for interference coordination in the
exterior region of the cell in the FFR technique. The first three
SINR spatial distributions depicted in Fig. 6 correspond to the
distributions of SINR on the sub-carriers in sub-bands A, B
and C, respectively. The last distribution D shown in Fig. 6 is
the average SINR distribution over all three sub-bands. In the
full frequency reuse system, the cell-edge user SINR falls in
the range of -2.6 dB to 9 dB. In contrast, in the FFR system,
since interference is mitigated for the exterior sub-cells by
applying traditional resource partitioning, there is an increase
in the SINR. Consequently, the SINR for the exterior region
of the cell is within the range of 26 dB to 36 dB. On the one
hand, in the full frequency reuse system, the cell-centre SINR
is within the range of 10 dB to 29 dB. On the other hand,
in the FFR system, the interference mitigation also improves
the cell-centre average SINR to the range of 24 dB to 32 dB,
as shown in Fig. 6.D. Therefore, significant improvement in
terms of overall SINR is achieved by using FFR relative to
the full frequency reuse system.

C. Throughput performance

It is assumed that 40 users are uniformly distributed in the
network. A proportional fair scheduler is used to allocate the
sub-carriers to multiple users in each cell. This achieves a good
trade-off between fairness and system throughput performance
[10]. Table II shows the average ASE of the entire network and
the guaranteed user throughput (measured at the first percentile
of the user throughput) achieved by the systems with differ-
ent techniques and parameters. Fig. 7 shows the cumulative
distribution function (CDF) of the downlink user throughput.
Fig. 8 shows the CDF of the downlink system throughput.

8 8 &
SINR [dB]

o

Length (x) [m]

Fig. 5. The spatial distributions of the received SINR on the whole frequency
band in the room for the system applying full frequency reuse with a receiver
FOV of 70°.
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Fig. 6.  Plot A, B and C correspond to the spatial distributions of the
received SINR on the sub-band A, B and C for the system using FFR,
respectively. The receiver FOV is 70° and the value of 3 is 4, which provides
a balanced performance in terms of overall system throughput and cell-edge
user throughput. The black region indicates the sub-band is unavailable to the
users in that region. Plot D correspond to the average SINR distribution over
all three sub-bands

In each figure, “FR” denotes the full frequency reuse system,
“RP” denotes the traditional resource partitioning system and
“FFR” denotes fractional frequency reuse system. In particular,
the curves corresponding to the FFR systems with 3 values
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Fig. 7. The CDF curves of the user throughput. “FR” denotes the full

frequency reuse system, “RP” denotes the traditional resource partitioning
system and “FFR” denotes the fractional frequency reuse system.

TABLE II
AREA SPECTRAL EFFICIENCY AND GUARANTEED USER THROUGHPUT

Frequency partitioning ASE Guaranteed user throughput
technique [bps/Hz/m?] [Mbps]
FR 0.2607 0.6
RP 0.1776 4.1
FFR, 3 =2 0.3389 43
FFR, 8 =4 0.3211 5.2
FFR, 8 =8 0.2937 5.6

of 2, 4 and 8 are presented in each figure. For the exterior
users in the system applying FFR, a power gain of (3 increases
the signal quality further. This results in a better performance
for the exterior sub-cells in the FFR system relative to a
system applying only traditional resource partitioning. The
improvement in terms of guaranteed user throughput is in the
range of 5% to 37%. All three sub-bands are available for
transmission for the interior users in the system applying FFR.
In addition, due to the interference mitigation, the average
SINR in the FFR scenario is higher than the SINR in the full
frequency reuse scenario as discussed in Section IV-B. This
improves the performance of the FFR system relative to the
two benchmark systems in terms of both the user throughput
and system throughput, as shown in Fig. 7 and Fig. 8. The
improvement relative to the full frequency reuse system in
terms of average ASE is in the range of 13% to 30%. On
the one hand, when § = 8, the cell-edge user throughput is
enhanced at the cost of cell-centre user throughput. In this
case, a guaranteed user throughput of 5.6 Mbps is achieved.
However, the average ASE is only 0.2937 bps/Hz/m?. On the
other hand, when 3 is decreased to 2, the SINR of the cell-
centre users is improved. This results in a higher average ASE
of 0.3389 bps/Hz/m? and a lower guaranteed user throughput
of 4.3 Mbps. In Fig. 8, it is shown that there is a small
proportion of the cells which have a relatively lower system
throughput of about 35 Mbps. This occurs when all users in
these cells are in the exterior sub-cells, which is reasonable due
to the low user density in each cell. In this case, the interior
sub-bands are idle which wastes bandwidth and results in a
lower system throughput. In future work, we will address this
issue.

—FR
08r|...Rpp
—&—FFR,=2
" 0.6 FFR,B=4
a FFR,B=8|
(@]
0.4+
0.2f
c. " - & ,’1 L I L L
0 20 40 60 80 100
system throughput [Mbps]
Fig. 8. The CDF curves of the system throughput.

V. CONCLUSIONS

This paper addressed the issue of interference coordination
in an optical wireless OFDMA cellular network deployed in
an office environment by using FFR. The performance of the
system applying FFR was compared to systems that used full
frequency reuse and cluster-based resource partitioning with
a reuse factor of 3. The results showed that FFR improves
the system in terms of cell-edge users throughput and overall
system throughput relative to the two benchmark systems. In
addition, by adjusting the power control factor 3, the perfor-
mances of cell-centre and cell-edge users can be balanced to
meet the design requirements.
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Abstract—In future visible light communication (VLC)
systems, networked multi-cell operation is required to
achieve seamless coverage and high data rate in typical
indoor environments. We refer to this type of cellular
network as optical atto-cell network. In such network, co-
channel interference (CCI) between adjacent optical atto-
cells limits the performance of the network. In order to
maximise system throughput and improve signal quality in
the whole coverage area, it is necessary to mitigate CCIL.
In this paper, the concept of multi-point joint transmission
(JT) is adapted to a VLC cellular network. It can generally
be described as concurrent data transmission from multiple
cooperating base stations (BSs) to a mobile station (MS). In
a VLC JT system, strong CCI is avoided by co-ordinated
transmission and, in addition, we exploit a particular
characteristic of intensity modulation (IM) systems. This
is that signals always superimpose constructively which is
in stark contrast to radio frequency (RF)-based systems.
Therefore, the cell-edge user signal to interference plus
noise ratios (SINRs) can be improved. The results show
that the JT scheme improves the median SINR by 16.4 dB
compared to a full frequency reuse system. Additionally,
a JT system exhibits a 67.6% improvement in terms of
median system throughput compared to a static resource
partitioning system with a reuse factor of 3.

Index Terms—visible light communications, joint trans-
mission, co-channel interference and orthogonal frequency
division multiple access.

I. INTRODUCTION

Recent work has shown that optical wireless (OW)
technology has significant potential to provide high
speed wireless transmission in an indoor environment
[1]. In addition, an OW system uses unregulated band-
width and can be applied where radio frequency (RF)
transmission is restricted. Therefore, OW is a suitable
candidate for a complementary technology to RF com-
munications. Inexpensive light emitting diodes (LEDs)
and photo diodes (PDs) can serve as front-end elements.
Visible light communication (VLC) technology has the
potential to realise the functions of illumination and data
transmission at the same time. This could lead to lower
installation costs and improved power efficiency. In order
to achieve communication to multiple roaming mobile
stations (MSs) in an office or home indoor environment,

978-1-4799-2851-4/13/$31.00 ©2013IEEE

a cellular network composed of small optical atto-cells
is proposed. The goal is to achieve seamless coverage
and high spectral efficiency. An optical atto-cell network
can be realised by installing multiple LED access points
(APs) in the ceiling of a room with careful alignment.
Each AP acts as a base station (BS) and covers the
users within its illumination region. If a MS moves out
of the coverage region of an AP, handover techniques
will guarantee seamless wireless service provision by
ensuring that the MS is always served by the most
suitable AP.

In an optical atto-cell network, using the same fre-
quency resources in adjacent cells causes co-channel
interference (CCI). This significantly degrades the sig-
nal to interference plus noise ratio (SINR) available
to a cell-edge user, thereby resulting in high outage
probability and low data rate. Therefore, interference
coordination techniques are required to mitigate CCI.
Several approaches are considered in the literature. The
simplest approach is applying traditional static resource
partitioning [2] by splitting cells into clusters. Within
a cluster, frequency resources are allocated in an or-
thogonal fashion. In this manner, interfering users are
separated in space to mitigate CCI. Decreased available
bandwidth in each cell is the main drawback of this
approach, which significantly limits the user data rate.
A busy-burst-based self-organised interference coordi-
nation technique is proposed in [3]. It uses the uplink
signal to acquire channel information and applies a
dynamic interference-aware resource allocation scheme.
The busy-burst signalling approach shows significant
improvements in terms of fairness and spectral efficiency
relative to the static resource partitioning approach. An-
other technique to mitigate CCI is to adapt the concept of
joint transmission (JT) [4] to optical atto-cell networks.
In a JT system, a MS can be served by multiple nearby
BSs, thereby improving the acquired signal quality.
Since this approach substitutes interference signals with
desired signals, the received SINR can be significantly
improved, especially for the cell-edge MSs. However,
many challenges such as backhaul constraints, accurate
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synchronisation and multi-path fading effects limit the
performance of JT systems. In a VLC system, due to
the special features of intensity modulation and direct
detection (IM/DD) [5], it is possible to overcome these
difficulties in an optical atto-cell network. The authors
in [6] demonstrate that it is possible to achieve a
multi-point cooperative transmission scheme in a single
user VLC system in a small indoor environment with
improved optical power gain and reduced bit error rate
(BER). The contribution of this work is to adapt JT to
the downlink transmission in an optical atto-cell network
in order to mitigate CCI and improve the cell-edge
user performance in terms of received SINR and system
throughput.

The remainder of the paper is organised as follows.
Section II describes the system models. Section III
describes the proposed JT scheme. This includes the
system characteristics, JT framework and frequency
resource planning. Section IV presents the simulation
results and discussions. Finally, we conclude the paper
in section V.

II. SYSTEM MODEL

The system of interest is deployed in a large indoor
environment. The entire coverage area is divided into
Ny, cells with hexagonal shape. N, BSs each equipped
with an LED array are located at the centres of their
corresponding cells providing two-way communication
to MSs. Each LED array is composed of 7 LED clusters.
Since a single LED cannot provide sufficient optical
power for communication or illumination, multiple low
power LEDs with the same beam direction form a high
power LED cluster, which works as a large LED to
reach the required power level. Despite the small half-
power semiangle of a single LED (20° LED semiangle
at half power), each cluster has a slightly different beam
direction to cover a different small region of the total
coverage area. Each LED cluster is denoted by a tuple
v = (i,n) showing that it is the iy, LED cluster within
the ny, LED array, where ¢ € [1,2,---,7] and n €
[1,2,- -+, Nap]. Direct-current-biased optical orthogonal
frequency division multiplexing (DCO-OFDM) [7] is
used in order to realise orthogonal frequency division
multiple access (OFDMA) which provides the means
to achieve multiple access and combat inter-symbol
interference (ISI).

A. Channel

Due to the employment of highly directional LEDs,
the signal power from reflected paths is low. Besides, a
cyclic prefix is considered in the OFDM frame which
mitigates the impact of inter-symbol interference (ISI)
and a single tap equaliser can be used. Therefore, the

e

LED array

- single point transmission region
@ multiple point joint transmission region

Fig. 1. Multi-point joint transmission.

optical channel can be accurately approximated by the
line-of-sight (LOS) path. It is valid to consider the
channel DC gain only. The channel DC gain G from
an LED to a PD detector is given by [5],

% cos™ (¢) T (¢)ge(¥) cos(yp), (1)

where A denotes the physical area of the PD detector; d
is the distance between the LED and the PD detector; ¢
represents the radiation angle at the transmitter side; v
represents the incidence angle at the receiver side; Ty(¢))
models the optical filter gain which is assumed to be 1
in this work; g.()) denotes the concentrator gain and m
is the Lambertian emission order. The ideal concentrator
has a gain of:

G =

TL2
9c(¥) = {Si‘” v Vsvste @)
0 > W,
where W, models the receiver FOV and n denotes the
internal refractive index. The Lambertian emission order
is related to the transmitter semiangle at half-power @/,
by m = —In(2)/ In(cos(®y/3)).

B. OFDMA

In an OFDM system, the modulation symbols are con-
verted to OFDM symbols by using the inverse discrete
Fourier transform (IDFT) of size K as follows:

T = L K_lx e ('27rtk> 3)
Ty = — E X —tk ),
VR & UE

where xj, denotes each of the K data symbols that are
used to compose the OFDM symbol, x;. Due to the re-
quirement for real-valued OFDM symbols, a Hermitian
symmetry constraint must be imposed in the frequency
domain. Therefore, only half of the total subcarriers
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Fig. 2. Plot A and B are the joint transmission frequency plan 1 and
2, respectively.

carry information. Multiple access is realised by allocat-
ing different subcarriers to different users. Additionally,
a DC-bias and signal clipping are introduced to ensure
that the OFDM symbols are positive. The DC-bias and
signal clipping are set in a manner that the additional
noise is negligible [8]. Although the DC bias carries no
information, this portion of power is not wasted since
the luminous power must be high enough to meet the
illumination requirement. The illuminance should be at
least 400 Ix for reading purposes [9].

C. SINR

SINR is used as the metric to evaluate the received
signal quality at a specified user on each of the allocated
subcarriers. The received SINR ~x(u) of MS u on
subcarrier & is defined as [10]

14
’yk(u) _ veV (u) 7

2
Z < Z NIPopt,kdesz,'u) F’OE‘I‘O'2
aFu \DEV (i)
“

where N; denotes the number of LEDs per cluster;
Pyt 1 is the optical power of an LED used on subcarrier
k; V(u) is the set which contains all the tuples of LED
clusters serving user u, and the number of the serving
LED clusters for a user varies from 1 to 3; R,q models
the PD responsitivity; G, is the channel DC gain from
LED cluster v to MS wu; @ denotes the users that reuses
the same subcarrier k in the system, Fog is the optical
to electrical conversion factor and o2 represents the
electrical additive white Gaussian noise (AWGN) power
on each subcarrier. The noise power is dominated by
ambient light shot noise and receiver thermal noise. The
effects of other noise sources such as clipping noise are
omitted since their contribution is negligible. Therefore,
the noise power is defined by [3],
4KwT By
Ry
where ¢ is the charge of an electron; I,y denotes the

current due to background light; Bs. denotes the band-
width of a subcarrier; K}, is the Boltzmann constant; 1T’

2
( Z ]leopt,kdeGv,u> FOE

02 = Zthng(: + (5)

Fig. 3. The area of the region specified by the blue dashed lines (cell
coverage area) equals the area of the region specified by the red solid
curves. This implies that the JT2 system has the same reuse factor as
that of a full frequency reuse system.

models the absolute temperature and Ry is the feedback
resistance of the transimpedance amplifier (TIA).

In this paper, the downlink user capacity is computed
using the Shannon-Hartley theorem:

Clu)= > Belogy(l+v(w),  (6)

keM (u)

where M (u) represents the set of subcarriers allocated
to user u. Lowpass frequency response and non-linear
current to optical power transfer function of the LED
are not considered here in order to simplify the system
model. It is assumed that the detrimental impact of these
imperfections are reduced by a proper system design [8].

III. JOINT TRANSMISSION IN VLC
A. Characteristics

In an optical atto-cell network, many system specific
properties support the implementation of JT: 1) a very
high-speed low-latency connection between BSs is easy
to realise due to the short physical distance between
BSs; 2) there is no fading effect in IM/DD systems due
to constructive combination of intensity modulated sig-
nals; Therefore, extra coding and strict synchronisation
requirement are unnecessary; 3) since only the LOS path
is significant, the time differences between the arrival of
signal components from different BSs are small relative
to a symbol period; 4) an OFDM-based system has an
inherent ability to combat ISI. Applying JT not only
improves the communication quality at cell-edges, but
also makes the connection more reliable. Since three
LOS channels exist simultaneously as a result of the
proposed cellular structure, data connection can still be
guaranteed for the case that one or two LOS paths are
blocked.

B. Framework

Fig. 1 shows the JT system model assumed in this
paper. Among the 7 LED clusters in an LED array, the
central one works in the single point transmission mode
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covering the users in the cell-centre. Each of the other
6 exterior LED clusters in an array faces one of the 6
vertices of the hexagonal cell. Since every three adjacent
cells have a common vertex, three exterior LED clusters
from different adjacent arrays cover a cell corner region.
This region is defined as a JT region which is centred
at a vertex of a cell. Since there are 6 corners in each
cell, there are six JT regions around an LED array. We
assume that the system has an uplink system in order to
allow MSs to communicate with BSs, and each MS is
able to determine the downlink signal strength.

The working mechanisms of the system are described
as follows: 1) the central LED cluster of each array trans-
mits a pilot signal to all MSs with a unique sequence
to identify the corresponding LED array; 2) each MS
selects the BS providing the strongest signal as a primary
BS and selects the BSs providing the second and the
third strongest signals as the secondary BSs; 3) a MS
estimates the received SINR by considering the signal
from the primary BS as a desired signal and the other
signals as interference; 4) if the SINR is above a pre-
determined threshold which determines the maximum
BER for reliable data transmission, the user replies to
the BSs through uplink channel requesting single point
transmission from the primary BS; 5) otherwise, the user
replies to the BSs requesting JT from the primary and
the secondary BSs. Then, the BSs use a predetermined
look up table to select the appropriate LED clusters for
transmission. With a given BS cooperation set, the look
up table provides the tuples of LED clusters that are used
to serve the MS using JT. For example, if the cooperation
set includes BSs A, B and C, the LED clusters which
cover the region closest to the common vertex shared by
cell A, B and C are selected to provide JT.

C. Frequency Planning

Since the magnitude response of the channel is flat,
scheduling is simplified. We assume that the subcarriers
are evenly distributed among the user population in the
coverage area. Fig. 2 illustrates the frequency reuse

TABLE 1
Parameters Symbol Values
Equivalent LED optical power Popt 63 [mW]
LED semiangle at half-power [P 20°
LED centre luminous intensity 1(0) 57.7 [ed]
Number of LEDs per cluster N 40
PD responsitivity Rpd 0.28 [A/W]
PD physical area A 1.5 [cm?]
Receiver field of view U, 70°
LED modulation bandwidth w 20 [MHz]
JT SINR threshold Jth 10 dB
Current due to background light Tpg 5100 [pA]
Feedback resistance of TIA Ry 6 [k2]
LED cluster beam direction angle a 38.13°
E/O conversion factor For 19

pattern. For the first plan shown in Fig. 2 (A), the
frequency band is divided into two subbands. The first
subband is reused in each single point transmission
region, while the second subband is reused in each multi-
point JT region. The number of subcarriers in single
point transmission subband N is set as follows:

Ast Npand -‘
Att)tal

where Ay denotes the total combined area of single
point transmission regions, Ay denotes the total cov-
erage area and Npanq denotes the number of all subcar-
riers. The number of subcarriers in the JT subband, N,
is calculated by (8) as

th = Npand — Nst- (8)

N = [ G

This frequency allocation plan ensures spatially uniform
availability of frequency resources. This is to support
the assumptions of a uniform user distribution as well
as equal target data rate of all users in the network.
However, there is no interference mitigation between
adjacent JT regions. Therefore, low SINRs are achieved
at the boundaries of two adjacent JT regions. For the
second plan shown in Fig. 2 (B), the subband for JT
regions is divided into two partitions as follows:

Nje1 = Nje2 = [(Nband — Net) /2] ()

The two JT subbands are reused in a pattern such that
adjacent JT regions always use different subbands in
order to mitigate CCI. The subband for single point
transmission remains the same. This frequency plan
offers improved receiver SINR performance, but fewer
number of subcarriers are available in the JT regions. For
convenience, the JT systems with frequency plan 1 and 2
are defined as JT1 system and JT2 system, respectively.

In a full frequency reuse system, the whole frequency
band is permitted to be used in each cell. Within a cell
coverage area (hexagon indicated by blue dashed line
boundaries in Fig. 3), subcarriers are not reused. In a
JT2 system, the entire set of subcarriers are prevented
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Fig. 5. SINR distribution of the system using (A) full frequency reuse
(B) joint transmission 1 (C) joint transmission 2.

from being reused within the region bounded by red
solid curves in Fig. 3. The area of this region is exactly
equal to the coverage area of a cell. Therefore, the reuse
factor of a JT2 system is equivalent to the one in a full
frequency reuse system.

IV. RESULTS AND DISCUSSIONS
A. Simulation setup

The investigated downlink cellular network scenario
is deployed in a 15,6 m X 9 m x 3 m office room
with a total of 13 LED arrays. It is assumed that
mobile devices with a PD receiver are located 0.85 m
above the floor, which is the typical height of a desk
top. All PD receivers are facing upward towards the
ceiling. The IFFT/FFT size of the applied OFDMA
system is 512. For simplicity, no power control is applied
and all LEDs have the same average optical transmit
power. The phosphor-based white LED described in [9]
is used in the system model. Since only the optical
power of blue light is used for communication purposes,
the effective optical power is 50% of the total power.
40 users are uniformly distributed in the room. Key
simulation parameters are listed in Table I. Because the
main contribution of this paper is to demonstrate the
potential gain in terms of SINR and throughput achieved
by JT systems, some of the system parameters including
Dy /9, a, 1t and U, are determined empirically in order
to guarantee reasonable system performance while it
is recognised that an optimisation of these parameters
would potentially further enhance the system perfor-
mance.

CDF

30 35 40

5 20 25
SINR [dB]

Fig. 6. Cumulative distribution function of received SINR. FR refers
to full frequency reuse system, RP, RF=3 refers to static resource
partitioning system with a reuse factor of three, JT1 refers to joint
transmission system 1 and JT2 refers to joint transmission system 2.

B. Benchmark systems

The JT systems are compared against two bench-
mark systems. One of the benchmark systems uses full
frequency reuse (FR) with a reuse factor of one. The
other system uses traditional static resource partitioning
(RP) with a reuse factor of three [2]. The simulation
parameters for them are the same as for the JT systems
in order to guarantee a fair comparison.

C. Illumination function

For a VLC system, it is important to fulfil the lighting
requirements. Fig. 4 illustrates that the majority of
the area (more than 90%) in the room benefits from
illuminance within the required range. For better lighting
performance, extra lighting fixtures without communi-
cation function can be installed to complement the low
illuminance at room edges.

D. Receiver SINR

Fig. 5 shows the SINR distribution for the different
systems. The benchmark FR system achieves the worst
SINRs. For the JT1 system, the cell-edge SINRs are
improved compared to the FR system, especially for the
users near the centre of JT regions. However, due to
the lack of interference mitigation between adjacent JT
regions, the users at the boundaries between adjacent
JT regions achieve poor SINR. In contrast, in the JT2
system, the same frequency band is not reused in adja-
cent JT regions. Therefore, the cell-edge user SINR is
further improved (above 30 dB) compared to the JT1
system at the cost of spectrum reuse. Fig. 6 presents
the cumulative distribution function (CDF) of the SINRs
in different systems. It demonstrates that JT1 and JT2
systems exhibit a 4.1 dB and a 16.4 dB improvement,
respectively, in terms of median SINR relative to an FR
system.

E. Downlink throughput

Fig. 7 and Fig. 8 show the CDF of the downlink
system throughput and the user throughput in the dif-
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ferent systems. The system throughput is defined as
the aggregate data rate in the given optical cell, while
the user throughput is defined as the transmission data
rate achieved by a single MS. With the largest reuse
factor, the RP system achieves the lowest median system
throughput of 34.9 Mbps. In contrast, an FR system with
a reuse factor of one achieves a higher median system
throughput of 42.3 Mbps. As discussed in section III-C,
the JT2 system has the same reuse factor as the FR
system. In addition, the JT2 system exhibits strong
robustness to CCI. Therefore, the JT2 technique achieves
a median system throughput of 56.3 Mbps, which is sig-
nificantly higher than both the FR and the RP systems.
However, the maximum number of subcarriers a user
could use is determined by his location and is limited by
the size of the respective subband. Therefore, the peak
user throughput for the JT2 system is lower than the JT1
system. Since the JT1 system enforces a more aggressive
frequency reuse, it achieves the highest median system
throughput of 58.5 Mbps. The JT1 and the JT2 systems
show a 67.6% and a 61.3% improvement compared to
the RP system, respectively. The JT scheme also shows
improvement in terms of the guaranteed user throughput
(defined as the minimum data rate with 90% confidence)
compared to the benchmarks. The JT1 and the JT2
systems achieve a 6.3 Mbps and a 7.5 Mbps guaranteed
user throughput, respectively. These numbers are 100%
to 140% higher than the guaranteed user throughput
achieved by an FR system.

V. CONCLUSIONS

This paper addressed multi-point joint transmission
in indoor optical atto-cell networks in order to achieve
seamless coverage, high data rate and multiple access.
The performance of a cellular system that applies joint
transmission was compared to the performance of a full
frequency reuse system and a static resource partitioning
system with a reuse factor of three. The results showed
that the joint transmission systems achieved higher cell-
edge SINRs compared to a full frequency reuse system.

0.8

0.6

CDF

0.4
—A— RP,RF=3

—B—JT
JT2

0.2

0 10 20 30 40 50 60
user throughput [Mbps]

Fig. 8. Cumulative distribution function of the user throughput.

In addition, a joint transmission system also achieved
67.6% improvement in terms of median system through-
put compared to a static resource partitioning system.
However, the downside of joint transmission systems is
that they need extra signalling overhead.
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