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Abstract

This thesis presents new configurations that (i) utilise the available bandwidth to the maximum

efficiency in multiple subband multiple-input multiple-output (MIMO) synthetic aperture radar

(SAR) and (ii) employ all of the phase centres in orthogonal waveform encoding MIMO SAR.

These configurations enable us to image a wider swath with a higher cross-range resolution

compared to the conventional orthogonal waveform encoding MIMO SAR. Two different mul-

tiple subband MIMO SAR configurations are proposed. The first one makes use of multiple

contiguous narrow receiving beams with different phase centres which permits the use of a

pulse repetition frequency (PRF) lower than the total Doppler bandwidth. Echoes correspond-

ing to different transmitted subband waveforms are processed jointly without separating them

at the receiver using a bank of bandpass filers (BPFs) to utilise the bandwidth to the maximum

efficiency (i.e. there is no need to add guard bands between the adjacent subband spectra). Dig-

ital beamforming (DBF) on receive in elevation is proposed to mitigate the effect of interbeams

overlapping on the azimuth ambiguity characteristics. The second proposed multiple subband

MIMO SAR configuration has an advantage over the first in that the beamwidths of all trans-

mitters and receivers are the same. The beams simultaneously illuminate the same imaging

area which overcome the receiving interbeams overlapping problem without employing DBF

on receive in elevation. This reduces the implementation complexity. The proposed orthogonal

waveform encoding MIMO SAR configuration employs multiple contiguous azimuth beams.

It uses all of the phase centres including the spatially overlapping ones to reduce the minimum

operating PRF that should be satisfied to avoid aliasing in the azimuth dimension. The received

signals in all proposed configurations are processed as the solution to system identification

problems using the principle of displaced phase centres (DPC). This, in turn, facilitates the use

of linear frequency modulated (LFM) waveforms for transmission and, hence, gains all the in-

herent benefits of these waveforms. The impulse response in the range dimension is identified

using a proposed frequency domain system identification (FDSI) estimation algorithm instead

of a matched filter. The length of the transmitted waveform is not a function of the channel

impulse response length in the range dimension which makes the proposed algorithm suitable

for a stripmap SAR application. The estimated range profile obtained using the FDSI-based

algorithm has ideally a zero sidelobes level which is the property interrange cell interference

(IRCI) free.



Lay Abstract

Synthetic aperture radar (SAR) imaging such as TerraSar-X has an advantage over the optical

instrument in a way that it can form the image regardless of the weather conditions (i.e. during

night and cloudy weather). It has many potential applications in remote sensing (i.e. climate

change monitoring) and mapping the surfaces of planets from the satellites. In this thesis,

different SAR configurations are proposed in a way that multiple transmitters and receivers are

better utilised to improve the resolution of the formed image.
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Chapter 1
Introduction

1.1 Problem Description and Motivation

Synthetic aperture radar (SAR) imaging is used to obtain a reflectivity map of a particular scene

[1]. It has the advantage over the optical instrument in that it can construct the image (i.e. re-

flectivity map) regardless of the weather conditions. The range profile, which is the impulse

response along the direction of the antenna boresight, in SAR consists of a large number of

scattering points. Therefore, the estimated range profile is required to be of a high range reso-

lution with low sidelobe levels so that scattering points with a low reflectivity are not masked

by bright scattering points. Interrange cell interference (IRCI) is a term used in the literature [2]

[3] [4] to describe the sidelobes effects of a scattering point on the adjacent range cells which

increases proportionally with the number of range cells [2].

Conventional single-input single-output (SISO) SAR involves a tradeoff between obtaining the

desired wide swath width and high cross-range resolution. As a result, single-input multiple-

output (SIMO) SAR and multiple-input multiple-output (MIMO) SAR are proposed in the lit-

erature [5][6][7] to resolve this contradicting requirement. Two different types of MIMO SAR

are considered in the thesis, namely, multiple subband MIMO SAR and orthogonal waveform

encoding MIMO SAR.

According to the literature [8] [9], most of the multiple subband MIMO SAR algorithms employ

a bank of bandpass filters (BPFs) to separate the echoes corresponding to each transmitted

subband waveform. The leakage among the spectra of the transmitted subband waveforms

degrades the performance of the estimated range profile. Accordingly, a guard band must be

added between the spectra of the adjacent subband waveforms which affects the bandwidth

utilisation efficiency.

Orthogonal waveform encoding MIMO SAR simultaneously emits multiple orthogonal wave-

forms into the area to be imaged and the echoes due to the different transmitted waveforms

can be separated at the receiver by employing different matched filters. This can be used, with
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further processing, to reduce the minimum pulse repetition frequency (PRF) required to avoid

aliasing in the azimuth dimension. This is due to the extra phase centres introduced by the

use of multiple transmitters along with multiple receiving channels. The phase centres in the

conventional orthogonal waveform encoding MIMO SAR, for the case that the same antenna

arrays are used for transmission and reception, are not fully exploited because the spatially

overlapped ones carry the same information (i.e. share the same Doppler bandwidth) [10].

Recently, there has been a considerable interest in remote sensing to enhance the high resolution

wide swath (HRWS) imaging capacity of SAR systems [11] [12]. Therefore, it is aimed in this

thesis to address and minimise the effects of the IRCI in the formed SAR image, fully utilise

the bandwidth in multiple subband MIMO SAR to maximum efficiency and more effectively

use the phase centres introduced by orthogonal waveform encoding MIMO SAR.

1.2 Organisation

The thesis covers two different types of MIMO SAR, namely, multiple subband MIMO SAR

(Chapter 3, Chapter 4 and Chapter 5) and orthogonal waveform encoding MIMO SAR (Chapter

6). The following provides a brief description of the chapters:

Chapter 2 provides the literature review and principles needed for the rest of the chapters.

It addresses the main challenge of the conventional SISO SAR, which is the contradicting

requirement between obtaining the desired wide swath and high cross-range resolution and

how SIMO SAR and MIMO SAR configurations are utilised to overcome such tradeoff. In

addition, a brief description of different types of SIMO SAR and MIMO SAR is provided.

Different techniques of range profile estimation are described and the relative weaknesses and

strengths are discussed in the context of SAR imaging applications. Finally, a preliminary study

on system identification formulation of MIMO radar is provided. The results of this study were

published in [13].

Chapter 3 presents the first technical chapter in which a bandpass filters based multiple subband

MIMO SAR is proposed. Two SAR modes of operation are considered, namely, stripmap SAR

and sliding spotlight SAR. In this chapter, the received signals of the MIMO SAR is formulated

as system identification problems which is then used to estimate the impulse response in the

range dimension using the proposed FDSI-based estimation algorithm. Moreover, the resulted

azimuth ambiguity from using a PRF lower than the Doppler bandwidth is removed using a set
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of spatial filters and azimuth deramping for the case of sliding spotlight SAR. The results of

this chapter were published in [14] and [15].

Chapter 4 is the second technical chapter in which a new multiple subband IRCI-free MIMO

SAR configuration is proposed to obtain an HRWS imaging. The beams of the transmitters in

the proposed configuration are wide and multiple contiguous receiving subbeams with different

phase centres and squint angles are utilised in the azimuth direction. In addition, the synthesis of

wide transmitting beams from a narrow antenna beam is described in order to attain the desired

SNR and use the same antenna for transmission and reception. The proposed configuration

is IRCI-free although no guard bands are added between the adjacent spectra of transmitting

subband waveforms which allows us to utilise the available bandwidth to maximum efficiency.

The length of the waveform is not a function of the channel impulse response length in the range

dimension, which makes the proposed configuration suitable for stripmap mode of operation.

Moreover, the azimuth ambiguity characteristics of the proposed configuration is analysed and

digital beamforming (DBF) on receive in elevation is proposed in order to mitigate the effect

of interbeams overlapping. Finally, a PRF lower than the total Doppler bandwidth is used to

obtain an HRWS imaging without experiencing azimuth ambiguities. It is due to the multiple

narrow azimuth beams formed on receiving. The results of this chapter were published in [16]

and [17].

Chapter 5 is the third technical chapter in which the multiple subband MIMO SAR configura-

tion proposed in Chapter 4 is extended in a way that the beamwidths of the transmitters and

receivers are the same and they simultaneously illuminate the same imaging area which over-

comes the receiving interbeams overlapping without the need of DBF on receive in elevation.

In addition, echoes corresponding to all transmitted subband waveforms are processed jointly

at the receiver without separating them using a bank of BPFs. This allows the utilisation of

the available bandwidth to maximum efficiency. A PRF lower than the Doppler bandwidth is

used to obtain an HRWS imaging and the resulted azimuth ambiguities are removed using a

set of spatial filters applied on the received signals formulated as MISO system identification

problems. The results of this chapter were submitted in [18].

Chapter 6 presents the fourth technical chapter in which a new orthogonal waveform encoding

MIMO SAR is proposed to map wider image swaths with higher cross-range resolution as

compared with the conventional MIMO SAR. The proposed configuration utilises all the phase

centres including the spatially overlapping ones which allows to use a lower operating PRF
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as compared to the conventional MIMO SAR. It is due to the multiple contiguous azimuth

beams which makes the echoes, whose effective phase centres are overlapped, occupy different

Doppler bandwidths. The waveforms used for transmission consist of a sequence of LFM

waveforms which share the same bandwidth and have the same centre frequency. The estimated

range profile is free from interrange cell interference (IRCI) which is a result of using an FDSI-

based estimation algorithm instead of matched filters. Echoes corresponding to different phase

centres are separated at the receiver using DBF on receive in elevation. The results of this

chapter are published in [19] and [20].

Finally, the thesis is concluded in Chapter 7. In addition, possible future work is discussed.

1.3 Publications

Conference Papers:

• M. AlShaya, M. Yaghoobi and B. Mulgrew, ”Frequency Domain System Identification

for High Resolution IRCI-Free Collocated MIMO Radar,” 2018 15th European Radar

Conference (EuRAD), Madrid, 2018, pp. 134-137.

• M. AlShaya, M. Yaghoobi and B. Mulgrew, ”Frequency Domain System Identification

for Wide Swath High Resolution IRCI-Free MIMO SAR,” 2019 IEEE Radar Conference

(RadarConf), Boston, MA, USA, 2019, pp. 1-6.

• M. AlShaya, M. Yaghoobi and B. Mulgrew, ”Stepped Frequency IRCI-Free Sliding Spot-

light MIMO SAR,” 2019 16th European Radar Conference (EuRAD), PARIS, France,

2019, pp. 73-76.

• M. AlShaya, M. Yaghoobi, and B. Mulgrew, “Multiple-Beam IRCI-Free MIMO SAR,”

in Proc. Int. Radar Conf. (RADAR), Toulon, France, 2019.

• M. AlShaya, M. Yaghoobi, and B. Mulgrew, “Resolution Enhancement in High Resolu-

tion Wide Swath MIMO SAR,” in 2020 IEEE International Radar Conference, Wash-

ington DC, 2020.
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Journal Papers:

• M. AlShaya, M. Yaghoobi and B. Mulgrew, ”High-Resolution Wide-Swath IRCI-Free

MIMO SAR,” in IEEE Transactions on Geoscience and Remote Sensing, vol. 58, no. 1,

pp. 713-725, Jan. 2020.

• M. AlShaya, M. Yaghoobi, and B. Mulgrew, “Ultra High Resolution Wide Swath MIMO

SAR,” in in IEEE Journal of Selected Topics in Applied Earth Observations and Remote

Sensing, vol. 13, pp. 5358-5368, 2020, doi: 10.1109/JSTARS.2020.3021914.

Undergoing Review Papers:

• M. AlShaya, M. Yaghoobi, and B. Mulgrew, “IRCI-Free Multiple-Subband MIMO SAR,”

in in IET Radar, Sonar & Navigation, (Undergoing Review).
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Chapter 2
Background and Literature Review

This chapter provides the basic background and principles required for the rest of the chapters

of the thesis. In addition, it gives a review of the work done in the literature in the field of

multiple-input multiple-output (MIMO) synthetic aperture radar (SAR).

The first section of this chapter discusses the basic principles of radar and the second section

gives the concept of MIMO radar. The third section provides the principles of SAR along

with different modes of operation. In addition, it describes different methods for range profile

estimation in the context of single-input single-output (SISO) SAR. The fourth and fifth sec-

tions discuss different types of single-input multiple-output (SIMO) SAR and MIMO SAR. The

section after this, provides a preliminary study on system identification formulation of MIMO

radar. The last section summarises the chapter.

2.1 Radar Principle

Radar is an electromagnetic sensor system used in both civilian and military sectors to detect

and estimate the parameters of different targets (i.e. objects). It was first used just prior to the

second world war [21]. Radar systems can be classified in accordance to the the waveforms

transmitted and locations of the transmitter and receiver as will be explained next [22].

2.1.1 Radar Classifications Based on The Transmitted Waveform

Radar systems can be classified in accordance the type of the transmitted waveform into the

following:

• Pulsed Radar: in which the transmitted waveform is a series of pulses as shown in Fig.2.1.

The velocity (v) and range (R) of the target can be estimated by measuring the Doppler

shift (fd) of the echo and the delay (τd) between the transmitted pulse and the corre-

sponding echo, respectively. The following can be used for the target velocity and range
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Figure 2.1: Transmitted and return pulses in pulsed radar. PRI denotes pulse repetition inter-
val.

estimation:

R =
cτd
2

(2.1)

v =
λfd
2

(2.2)

where c and λ denote the speed of light and wavelength, respectively. It should be pointed

out that any waveform such as linear frequency modulated (LFM) or phase coded mod-

ulation waveforms can be used in the pulse transmission. Pulsed radar is considered

throughout the thesis.

• Continuous Wave (CW) Radar: in which, as the name indicates, the waveform is trans-

mitted continuously. The range of the target in CW radar cannot be estimated for the case

when the transmitted signal is unmodulated unlike the case of the velocity (v) estimation

which can be performed by measuring the Doppler shift of the echoes. A frequency mod-

ulated continuous wave (FMCW) radar is introduced to estimate the range by observing

the delay between the current frequency modulation of the transmitted signal and the

corresponding frequency modulation of the echoes as shown in Fig.2.2.

2.1.2 Radar Classifications Based on The Transmitter and Receiver Locations

Radar systems can be classified in accordance to the transmitter and receiver locations into the

following:

• Monostatic radar: in which the transmitter and receiver are colocated as shown in Fig.2.3.

7



Background and Literature Review
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Figure 2.2: Frequency modulation variation in FMCW radar.

In this configuration, the time delay between the transmitter and the target is the same as

the one between the target and the receiver. In addition, the angle of departure (ϕ) is the

same as the angle of arrival (θ). Monostatic radar is considered throughout the thesis.

• Bistatic Radar: in which the transmitter and receiver are well-separated as shown in

Fig.2.4 and the time delay between the transmitter and the target may not be the same as

the one between the target and receiver which makes the target localisation not as simple

as the one in monostatic radar. In this configuration, the target can be localised by solving

the bistatic triangle [21]. In addition, bistatic radar can be generalised into multistatic

radar when the number of transmitter and/or receiver is greater than one. Multistatic radar

outperforms monostatic radar in detecting targets with stealth technology [23]. Bistatic

radar is considered only in the preliminary study in Section 2.6.

2.2 MIMO Radar

The MIMO concept has been recently introduced into the field of radar [24][25]. MIMO radar

can be viewed as a general case of a phased array radar for the case when the transmit an-

tenna elements emit linearly independent waveforms. Echoes corresponding to the transmitted

waveforms can be extracted at the receiver using a bank of matched filter.

MIMO radar can be categorised based on the locations of the antenna arrays into the following

[22]:
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Colocated Transmitter and Receiver

Tx Rx

Target
Tx

Rx

Figure 2.3: Monostatic radar configuration in which τTx = τRx and ϕ = θ. τTx denotes the de-
lay between the transmitter and target, τRx denotes the delay between the receiver
and target, ϕ, and θ are the angles of departure and arrival, respectively.

Considerable distance between Tx and Rx

Tx Rx

Target

Tx Rx

Figure 2.4: Bistatic radar configuration. τTx denotes the delay between the transmitter and
target, τRx denotes the delay between the receiver and target, ϕ, and θ are the
angles of departure and arrival, respectively.
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Figure 2.5: Virtual array construction in colocated MIMO radar. N denotes the number of re-
ceiving antennas, λ is the wavelength, dt, and dr denote the separation between the
adjacent transmitting antennas and receiving antennas, respectively. BMF stands
for bank of matched filters.

• Distributed MIMO radar [26][27]: in which widely separated antennas are employed

to make use of the spatial diversity, which mitigates the effect of the received power

fluctuations ”scintillations” and improves the performance of moving target detection

(MTD) [28]. The fluctuations of the energy reflected from a target depend on the range

and direction of the target as it is composed of many scatterers [29]. Therefore, when the

transmitting antennas are placed far apart in space, different aspects of the target can be

obtained which reduces the effect of scintillations.

• Colocated MIMO radar [30][31]: in which the transmitters and receivers are closely

spaced arrays such that the angle of arrival (AoA) is the same as the angle of departure

(AoD). As the transmitting waveforms are orthogonal, a virtual array can be constructed

to improve the spatial resolution as shown in Fig.2.5 for the case when (θ = ϕ). In

addition, this configuration has shown to offer direct applicability of adaptive array pro-

cessing algorithms [32][33][34], higher sensitivity to detecting targets of low velocities

[35], parameters identification with better performance [36][37][32] and higher resolu-

tion [38][24].
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2.2.1 Signal Model

Consider a narrowband MIMO radar system with an array of M antenna elements at the trans-

mitter and an array of N antenna elements at the receiver as shown in Fig.2.5. A set of M

orthogonal waveforms xm(t), (∀m = 1, 2, , ...,M) are emitted through the transmitting array.

The baseband received signal at the nth receive antenna reflected from a target located at the

position (ϕ, θ) can be expressed as

yn(t) =

M∑
m=1

L−1∑
l=0

σle
−j2πFcτle−j2πFcγme−j2πFcβnxm(t− τl − γm − βn) + wn(t) (2.3)

where τl and σl denote the delay and the radar cross section (RCS) of the scattering point

located at the lth range cell, respectively. L is the total number of range cells in the range

profile, Fc denotes the carrier frequency in Hz and wn(t) denotes the nth receive antenna noise

which is assumed to be zero mean complex Gaussian noise. γm and βn denote the time delay

differences between themth transmit antenna to the transmitting array reference point (i.e. first

transmit antenna) and from the nth receive antenna to the receiving array reference point (i.e.

first receive antenna), respectively, and can be expressed as follows:

γm =
mdt sin(ϕ)

c
,m = 1, 2, ...,M (2.4)

βn =
ndr sin(θ)

c
, n = 1, 2, ..., N (2.5)

where dt denotes the separation between the adjacent transmitting antennas, dr is the separation

between the adjacent receiving antennas, ϕ, and θ denote the angle of departure and angle of

arrival, respectively. The received signal in (2.3) can be rewritten under the assumption that the

baseband signal xm(t − τl) does not change significantly as it travels across the array [39] as

follows:

yn(t) ≈
M∑
m=1

L−1∑
l=0

σle
−j2πFcτlxm(t− τl)e−j2πFcγme−j2πFcβn + wn(t) (2.6)

2.2.2 Virtual Array Concept

In each receiving antenna, the echoes corresponding to the orthogonal transmitted waveforms

can be extracted using a bank of matched filters. The received signal in (2.6) for the case of
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colocated MIMO radar (ϕ = θ) can be expressed as the following:

yn(t) =
M∑
m=1

L−1∑
l=0

σle
−j2πFcτlxm(t− τl)e−j2πfv((n+αm)) + wn(t) (2.7)

where fv = dr
λ sin(θ) and α = dt

dr
. Consider the case when α = N as shown in Fig.2.5, the

(N ×M) signals extracted from (2.7) (∀n = 0, 1, ..., N − 1) using a bank of matched filters

(BMF) can be viewed as the signals received by a virtual array with (N ×M) elements. The

(N ×M) degrees of freedom are obtained with only N + M physical array elements. The

relation between the functions that characterise the locations of the transmitting array gT (x),

receiving array gR(x) and virtual array gv(x) can be expressed as [35]

gv(x) = (gT ∗ gR)(x) (2.8)

gT (x) =
M∑
m=1

δ(x− xT,m) (2.9)

gR(x) =
N∑
n=1

δ(x− xR,n) (2.10)

where ∗ denotes convolution, xT,m ∈ R3 and xR,m ∈ R3 are the locations of the mth trans-

mitting antenna and nth receiving antenna, respectively. Using the concept of the virtual array,

additional spatial sampling can be obtained which improves the spatial resolution.

The core issue in MIMO radar is to come up with orthogonal waveforms that meet the following

criteria as reported in [40]:

1. The waveforms should be as orthogonal as possible despite their time delays.

2. The waveforms should have a constant envelop in the frequency domain to maximise the

signal to noise ratio.

3. The waveforms should have low peak to average power ratio (PAPR) to maximise the

efficiency of the transmitter modules.

4. The waveforms should share the same frequency band with the same bandwidth so that

the range resolution is not reduced.

The fourth criterion can be relaxed for the case of colocated MIMO Radar in such a way that

the transmitting waveforms do not share the same frequency band and a single waveform can
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be formed at the receiver by the use of digital beamforming (DBF). This is possible because all

targets radar cross section coefficients between the transmit and receive antennas are the same

[40].

2.3 SAR Principle

SAR imaging has the advantage over the optical instrument in a way that it can construct the

image regardless of the weather conditions (i.e. during night and cloudy weather). The ex-

tremely long aperture in SAR system, which is impractical to build, is created by exploiting the

relative motion between the antenna in SAR system and the imaging scene [41].

2.3.1 SAR Modes

The long synthetic aperture in SAR system is usually implemented by placing the radar on a

moving platform (i.e. airplane or satellite) from which the scene to be imaged is illuminated

continuously with the emitted radar pulses. The echoes corresponding to the emitted radar

pulses are received in sequence and processed coherently to form the image [41]. The synthetic

aperture can be implemented in a different way in which the radar is stationary by utilising the

movement of the target to be imaged. This implementation is called inverse SAR (ISAR) [42].

Conventional SISO SAR has a tradeoff between the desired wide swath width and high cross-

range resolution. Accordingly, SIMO SAR [43] and MIMO SAR [5][6][7] have been proposed

in the literature to overcome this contradiction. In this section, the following basic SAR modes

will be briefly described:

• Stripmap mode.

• Spotlight mode.

• Sliding spotlight mode.

2.3.1.1 Stripmap SAR

A SAR system in this mode, which is mounted on a moving platform (i.e. airplane or satellite)

with a side-looking antenna, travels along the y-axis at a velocity of vp as shown in Fig.2.6. A

series of pulses are emitted by the radar and their corresponding echoes are recorded. The point
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target P in Fig.2.7 enters the radar beam when the SAR system is located at position A and

exits the beam when the SAR system is at point C. A representation of the 2-D recorded raw

data matrix is shown in Fig.2.8 where it is clear that the trajectory of the point scatterer changes

with each transmitted pulse. The first dimension of the recorded data matrix known as fast time

defines the time duration for operation of each pulse and corresponds to the sampled signal in

the range dimension (i.e. the range orthogonal to the flight path). The second dimension of the

data matrix known as slow time defines the time at which pulses are transmitted along the flight

path (i.e. azimuth dimension). The synthetic aperture length Ls is determined by calculating

the distance between point A and point C. The distance between the SAR system and the point

target P is the closest and denoted by R0 when the SAR system is located at point B. The

instantaneous slant range between the SAR system and the point target can be expressed as a

function of the slow time η and approximated using a Taylor series expansion to the second

order as follows [44]:

R(η) =
√
R2

0 + (vpη)2

≈ R0 +
(vpη)2

2R0
(2.11)

The 3-dB beamwidths of the mainlobe in the azimuth (i.e. cross-range) and elevation directions

can be expressed as follows [45]:

θaz,3dB =
0.886λ

La
(2.12)

θel,3dB =
0.886λ

Ha
(2.13)

where La denotes the antenna length in azimuth, Ha is the antenna height in elevation, and λ

is the carrier wavelength. The ground swath width Wg and beam footprint length Lb can be

approximated as follows [45]:

Wg ≈
0.886λR0

Ha cos(θi)
(2.14)

Lb ≈
0.886λR0

La
(2.15)

where θi denotes the incident angle. The Doppler bandwidth Bd in stripmap SAR can be
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Figure 2.6: Stripmap SAR configuration. La denotes the antenna length in azimuth, Ha is
the antenna height in elevation, h denotes the platform height, P is a point target
located at the swath centre, R0 denotes the minimum distance to the swath centre,
vp is the platform velocity, Wg, and Lb are the ground swath width and beam
footprint length, respectively.
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Figure 2.7: Elevation view of stripmap SAR configuration. P is a point target located at the
swath centre, vp is the platform velocity, h denotes the platform height, Lb, and Ls
denote the beam footprint length and synthetic aperture length, respectively.
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Figure 2.8: A representation of the 2-D recorded raw data matrix.
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calculated as follows for the case of boresight direction [43]:

Bd ≈
2vp
La
≈ vp

∆cr
(2.16)

where ∆cr denotes the cross-range resolution. The pulse repetition frequency (PRF), fp = 1
Tr

where Tr denotes the pulse repetition interval (PRI), must be larger than the Doppler bandwidth

in order to avoid aliasing in the Doppler spectrum, but increasing fp arbitrarily may result in

range ambiguities as Tr needs to satisfy the following condition:

2Tr >
Wg sin(θi)

c
(2.17)

where c denotes the speed of light. The following condition must be satisfied to avoid ambigu-

ities in both azimuth and range dimensions [46]:

vp
∆cr

< fp <
c

2Wg sin(θi)
(2.18)

In (2.18), one can see that increasing Wg results in a coarser cross-range resolution ∆cr for

a given fp, while a finer cross-range resolution leads to a decrease in the swath width Wg.

Accordingly, it is not possible to improve both of the swath width and the cross-range resolution

at the same time. This tradeoff is addressed in the literature by introducing SIMO SAR and

MIMO SAR. Throughout the thesis, MIMO SAR configuration will be considered.

2.3.1.2 Spotlight SAR

The radar beam in spotlight SAR is steered towards the centre of the imaging scene during

the illumination time as shown in Fig.2.9. This implies that the scene to be imaged is always

illuminated by the radar beam which makes the synthetic aperture length longer than the one in

stripmap SAR. As a result, the cross-range resolution is much higher than the one in stripmap

SAR and it is a function of the data acquisition length unlike the case of the stripmap SAR in

which the cross-range resolution is a function of the antenna beamwidth [44]. However, the

azimuth width (i.e. imaging scene area) is limited as it is a function of the antenna beamwidth

unlike the case of the stripmap SAR in which the azimuth width is a function of the data

acquisition length.

Due to the continuous steering of the antenna beam in the spotlight SAR, the Doppler centroid is
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Ls

h

Tx/RxTx/RxTx/Rx

Figure 2.9: Spotlight SAR configuration. P is a point target located at the swath centre, vp is
the platform velocity, h denotes the platform height, Lb, and Ls denote the beam
footprint length and synthetic aperture length, respectively.

time-varying unlike the case of of the stripmap SAR in which the Doppler centroid is constant.

The azimuth frequency course as function of slow time of different scatterers of the two SAR

modes are shown in Fig.2.10. Table 2.1 summarises a comparison between spotlight SAR and

stripmap SAR [44].

Attribute Spotlight SAR Stripmap SAR
Antenna Steering Real-time steering towards the

centre of the imaging scene.
Fixed beam

Synthetic aperture It is the same for all scatterers in
the scene.

Scatterers located at different az-
imuth locations have different syn-
thetic apertures.

Cross-range resolution Function of the data acquisition
length.

Function of the antenna beamwidth.

Imaging azimuth width Function of the antenna
beamwidth.

Function of the data acquisition
length.

Doppler centroid Time-varying Constant
Overall Doppler bandwidth Bd +Ba Bd

Table 2.1: A comparison between spotlight SAR and stripmap SAR
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Figure 2.10: Azimuth frequency of four scatterers as a function of slow time in (a)Spotlight
SAR and (b)Stripmap SAR. fd denotes the Doppler frequency, η is the slow time,
Ts denotes the synthetic aperture time, Bd, and Ba are the Doppler bandwidth
of a single scatterer and the extra bandwidth resulted from having a time-varying
Doppler centroid, respectively.

2.3.1.3 Sliding Spotlight SAR

Sliding spotlight SAR offers a tradeoff between the long illumination swath of the stripmap

SAR and the high cross-range resolution of the spotlight SAR [47]. This mode of operation

provides better azimuth resolution than the stripmap mode and longer imaging azimuth width

than the spotlight mode by steering the radar beams during the illumination time towards a

point located beyond the centre of the imaging scene as shown in Fig.2.11. Sliding spotlight

mode has been successfully used in synthetic aperture radar imaging satellite TerraSar-X [48].

The azimuth bandwidth for a single point target in the sliding spotlight can be expressed as the

following [49]:

BD =
2vp
LaA

(2.19)

where vp is the platform velocity, La is the length of the radar antenna and A is the sliding

factor defined as the ratio between the radar platform velocity and the velocity of the antenna
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Figure 2.11: Sliding spotlight SAR configuration. h0 denotes the platform height, h1 is the
shortest distance between the scene and the focus point, vp denotes the platform
velocity. Ls and Lb denote the synthetic aperture length and antenna footprint
length on the ground, respectively.
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beams movement on the ground which can be expressed as follows:

A =
h1

h1 + h0
=
vf
vp

(2.20)

where h0 denotes the platform height, h1 is the shortest distance between the scene and the fo-

cus point, vp, and vf denote the platform velocity and the velocity of the antenna beam move-

ment on the ground, respectively. The overall azimuth signal bandwidth for the illuminated

swath can be expressed as the following:

Boverall =
2vp
La

+
2vp
La

Ls
Lb

(1−A) (2.21)

where Ls and Lb denote the synthetic aperture length and antenna footprint length on the

ground, respectively.

2.3.2 Range Profile Estimation Methods

The SAR imaging system basically measures and processes the returns from the ground clutter

which can be used to form the image. The range profile in SAR consists of a large number

of scattering points rather than a small number as in the case of the classic radar mode (i.e.

which is primarily used for detection and tracking). Accordingly, it is desirable to have a high

range resolution with low sidelobe levels in the estimated SAR range profile so that the scatter-

ing points with low reflectivity are not overwhelmed with bright scattering points. The effects

of the sidelobes of a scattering point on the adjacent range cells is known as interrange cell

interference (IRCI) which increases proportionally with the number of range cells and weak

scatterers could be masked by the strong ones accordingly [2]. Four different range profile esti-

mation methods, namely, stretch processing, matched filter, cyclic prefix (CP) based orthogonal

frequency division multiplexing (OFDM), and system identification are briefly explained next.

2.3.2.1 Stretch Processing

The stretch processing also known as deramp compression processing is commonly used in the

conventional SISO SAR and SIMO SAR because of its implementation simplicity to process

a high bandwidth LFM waveform. The stretch processing reduces the sampling frequency as

the baseband frequency offset is directly proportional to the scatterer range [50]. The process

of stretch processing is illustrated in Fig.2.12 in which the received signal is mixed with a
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Figure 2.12: Representation of stretch processing

reference signal generated by a local oscillator (LO) [51]. The scatterer with a larger delay is

associated with a higher residual frequency (i.e. beat frequency fb). Next, the output of the

mixer goes through a lowpass filter (LPF) and then is digitised using an analogue to digital

converter (ADC). Finally, the fast Fourier transform (FFT) of the digitised signal is computed

to obtain the estimated range profile (i.e. compressed output).

The relationship between the delay of the target and the beat frequency can be derived from the

geometry of the deramp range compression shown in Fig.2.13 as the following:

fb =
B

∆t
τd (2.22)

where B is the bandwidth over which the reference signal is swept, τd, and ∆t denotes the

scatterer delay and the listening time over which the returns are expected, respectively. It

should be noted that it is not possible to use stretch processing with waveforms other than LFM

waveform which is the main drawback but there is some effort in the literature to allow the use

of a non-linear LFM waveform [52].

2.3.2.2 Matched Filter

The matched filter is a special type of filter which is widely used in radar signal processing. The

impulse response of the matched filter is determined in a way to maximise the signal to noise
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Figure 2.13: Deramp range compression geometry. fb denotes the beat frequency, B is the
bandwidth over which the reference signal is swept, τd, and ∆t denotes the scat-
terer delay and the listening time over which the returns are expected.

ratio (SNR) of a single target in white Gaussian noise. Therefore, the detection probability is

maximised [53]. The impulse response of the matched filter hMF [n] = x[−n] is a conjugated

and time reversed copy of the transmitted signal x[n]. In other words, the output of the matched

filter is simply a deconvolution of the received and transmitted signals which can be expressed

as follows:

ĥ[n] =
∞∑

k=−∞
y[k]hMF [n− k] (2.23)

where ĥ[n] is the estimated range profile, y[n] denotes the received signal. The performance

of the matched filter is determined by its auto-correlation function (i.e. point spread func-

tion (PSF)) and the output peak SNR of the matched filter is independent of the transmitted

waveform and can be expressed as the following for the case when the noise is additive white

Gaussian of zero mean and power spectral density of N0/2 [54]:

SNR =
2E

N0
(2.24)

where E denotes the energy of the input signal. The fact that any transmitted waveform can

be utilised in the matched filter (i.e. the SNR is a function only of the waveform energy and

noise power) makes it widely used in MIMO SAR to separate the echoes corresponding to each
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transmitted orthogonal waveform by passing the received signal through a bank of matched

filters [55].

It is worth pointing out that the matched filter is optimal for detection which is not the case

in SAR imaging as it is desired to estimate the range profile from the received signal which is

a superposition of a large number of scattering points returns. As a result, the matched filter

might not be optimal (i.e. the matched filter provides the maximum SNR for the case of a single

scatterer in white Gaussian noise).

2.3.2.3 Cyclic Prefix Based Orthogonal Frequency Division Multiplexing (CP-OFDM)

A CP-OFDM waveform has been used in communications systems [56][57]. It has the ad-

vantage that the intersymbol interference (ISI) channel can be converted into multiple ISI-free

subchannels under the assumption that sufficient cyclic prefix is used. Inspired by the commu-

nications systems, a CP-based OFDM waveform is proposed in SAR systems [2][4] to estimate

the range profile in a way that the sidelobes level is ideally zero which is the property of IRCI-

free. It should be noted that the IRCI-free property in SAR systems is analogous to the ISI-free

property in the communications systems in a way that each range cell of the range profile is

considered as a single path in the communication channel.

The use of the cyclic prefix allows the approximation of the interaction between the transmitting

signal and the range impulse response as a circular convolution [58]. For the sake of simplicity,

the estimation of the range profile will be described for the case when the azimuth time η is

zero. The baseband discrete time received signal can be expressed as the following [2]:

u[n] =

L−1∑
l=0

h[l]s[n− l] + w[n], n = 0, 1, ..., N + 2L− 3 (2.25)

where L and N denote the length of the range profile to be estimated and the number of sub-

carriers used in the OFDM, respectively. h[l] is the impulse response to be estimated, w[n]

denotes the additive white Gaussian noise and s[n] is the transmitted sequence with CP. It

should be noted that the transmitted signal with CP is s = [s[0], s[1], ..., s[N +L− 2]]T , where

[s[0], ..., s[L − 2]]T = [s[N ], ..., s[N + L − 2]]T . The vector [s[0], s[1], ..., s[N − 1]]T is the

inverse discrete Fourier transform (IDFT) of N subcarriers whose complex weight is defined

by [S[0], S[1], ..., S[N − 1]]T . On receive, the first and last L − 1 samples are removed [40]
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and the received signal can be expressed in a matrix form as the following:

u = [u[L− 1], u[L], ..., u[N + L− 1]]T

= Hś + w (2.26)

where ś = [s[L− 1], s[L], ..., s[N + L− 2]]T ,w = [w[L− 1], w[L], ..., w[N + L− 1]] and H

is an N ×N cyclic, square and Toeplitz matrix that consists of cyclically shifted copies of the

N dimensional vector hp

hp =

[
h[0], h[1], ..., h[L− 1], 0, ..., 0︸ ︷︷ ︸

N−L

]T
(2.27)

Next, The OFDM demodulator performs a discrete Fourier transform (DFT) on the vector u

defined in (2.26) and the impulse response can be estimated in the frequency domain as the

following [4]:

Ĥp(k) =
U(k)

Ś(k)
(2.28)

The range profile can be then obtained by applying an N -point DFT. It is worth pointing out

that the length of the pulsewidth in CP-based OFDM SAR should be at least equal to the length

of the channel to be estimated which is not practical in some applications such as stripmap

SAR. The authors in [3] proposed an algorithm to make most of the cyclic prefix zeros to solve

the problem of energy efficiency but introduced a tradeoff between having a constant modulus

waveforms in the frequency domain and low peak to average power ratio (PAPR) waveforms.

2.3.2.4 System Identification

In this section, the received signal of the conventional SISO SAR is formulated as a system

identification problem. Next, a frequency domain system identification (FDSI) based algorithm

[59] is described to estimate the impulse response in the range dimension instead of a matched

filer. The estimated range profile using the FDSI-based algorithm has ideally zero sidelobes

level. The algorithm proposed in [59][60] is independent of the waveform transmitted and the

length of the waveform transmitted is not a function of the channel impulse response to be esti-

mated which makes it suitable for stripmap SAR. It should be noted that the noise suppression

capability is improved when the waveform length is greater than the channel to be estimated as

stated in [59].
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The baseband received signal at the receiver can be expressed as

y(t, η) =
L−1∑
l=0

σle
−j2πFcτl(η)x(t− τl(η)) + w(t) (2.29)

where t and η denote the fast time and slow time, respectively. Fc denotes the carrier frequency

in Hz, x(t) is the transmitted waveform, σl is the radar cross-section (RCS) of the scattering

point located at the lth range cell of the swath, τl(η) is the round trip delay of the lth scattering

point, and w(t) is additive white noise generated by the receiver.

The received signal in (2.29) is sampled from the range cell that corresponds to the near range

to the range cell that corresponds to the far range with a sampling frequency of fs = 1/Ts. The

signals are also sampled in the azimuth dimension with a sampling frequency of fp = PRF,

which is the pulse repetition frequency. The discrete time version of the received signal can be

expressed as follows:

z[nt, na] =
L−1∑
l=0

h[l, na]x[nt − l]+w[nt]

0 ≤ nt ≤ K + L− 1 (2.30)

where,

h[l, na] =σle
−j2πFcτl(na)

=σle
jφl(na) (2.31)

K is the length of the waveform transmitted, nt, and na are the range and azimuth time indices,

respectively.

The estimation of the impulse response in the range dimension will be described for a given

azimuth bin (i.e. a single pulse). The received signal in (2.30) can be written in a matrix form

for a given azimuth bin (na) as

z[na] =
[
z[0, na], z[1, na], ..., z[K + L− 1, na]

]T
= Xh[na] + w[na] (2.32)
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where,

h[na] =
[
h[0, na], h[1, na], ..., h[L− 1, na]

]T
, (2.33)

w[na] =
[
w[0, na], w[1, na], ..., w[K + L− 1, na]

]T
, (2.34)

the matrix X is of dimension (K + L− 1)× L which can be expressed as follows:

X =



x[0] 0 . . . . . . 0

x[1] x[0] 0
... x[1]

. . .
...

x[K − 1]
...

...
. . . 0

0 x[K − 1] x[0]

0 0
. . .

... x[1]
...

...
. . .

...

0 0 . . . 0 x[K − 1]



(2.35)

The matrix X can be made circulant and accordingly, the channel impulse response h in (2.32)

is zero padded by (K − 1) as follows:

z[na] = XC

 h[na]

0(K−1)


︸ ︷︷ ︸

hp[na]

+w[na] (2.36)

The channel impulse response can be estimated as follows:

ĥp[na] = X−1
C z[na] (2.37)

The estimation in (2.37) can be performed easily in the frequency domain by exploiting the

discrete Fourier transform (DFT) structure of XC after being decomposed as follows:

XC = Fdiag{X}FH (2.38)

where X is the Fourier transform of the first row of the matrix XC and F is the DFT matrix. It

should be noted that the last (K − 1) elements of ĥp should be forced to be zero, which can be
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Figure 2.14: The PCA geometry. Tx, Rx, C, P denote, respectively, the positions of the trans-
mitter, receiver, virtual phase centre and single scatterer. θ denotes the bearing
of the scatterer.

seen as a noise removal step.

It is worth pointing out that the Doppler shift effect due to the platform motion, which can be

represented as a stretching or a compression of the signal in time [61], is addressed in [58]. It

is concluded that the Doppler shift effect on the range profile estimation using the FDSI-based

algorithm is negligible in comparison with the matched filter and will not affect the performance

of the estimation under typical operating conditions for many SAR systems.

2.3.3 The Principle of Displaced Phase Centre (DPC)

The principle of displaced phase centre (DPC) can be introduced by first considering the ge-

ometry of phase centre approximation (PCA) shown in Fig.2.14 in which Tx is the position of

the transmitter at a given azimuth time and Rx denotes the position of the receiver at the instant

of the reception of the echo from a scatterer located at P. The concept of the PCA is to replace

the true bistatic location by a virtual monostatic one located midway between the transmitter

and receiver as shown in Fig.2.14. The PCA holds when (d2/(4rp) � λ) where d denotes the

separation between the transmitter and receiver and λ is the wavelength [41].

The principle of DPC is used in the context of multi-aperture SAR configuration [43] which
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consists of a receiver n separated by ∆xn from the transmitter. The azimuth impulse response

haz,n(η) for a point scatterer at the azimuth time η = 0, slant range R for a carrier wavelength

λ can be expressed as the following under the assumption of a straight sensor trajectory [43]:

haz,n(η,∆xn) = e−j
2π
λ

(√
R2+(vpη)2+

√
R2+(vpη−∆xn)2

)
(2.39)

where vp denotes the platform velocity. Quadratic approximation of (2.39) can be expressed as

the following [43]:

haz,n(η,∆xn) ≈ e−j
4π
λ
Re−j

π∆x2
n

2λR e−j
2πv2

p(η−(∆xn/(2vp))2)

λR (2.40)

≈ haz(η − (∆xn/(2vp))e
−j π∆x2

n
2λR (2.41)

where haz(η) denotes the monostatic azimuth impulse response. The multi-aperture point scat-

terer azimuth response is a time delayed version of the monostatic response in addition to a

constant phase shift as expressed in (2.41). The relationship, in the azimuth frequency do-

main, between the multi-aperture response Haz,n(fa) and monostatic response Haz(fa) can be

described by the filter Hn(fa) as expressed below:

Haz,n(fa) = Hn(fa)Haz(fa) (2.42)

where,

Hn(fa) = e−j
π∆x2

n
2λR e

−j π∆xn
vp

fa (2.43)

The principle of DPC will be used throughout the thesis.

2.3.4 Image Formation Algorithms

Several image formation algorithms are proposed in the literature and each has its advan-

tages and disadvantages. Some of the algorithms are range-Doppler algorithm (RDA) [62],

wavenumber domain algorithm [41], and chirp scaling (CS) algorithm [63]. RDA has the sim-

plicity of one-dimensional operations although it operates in range and azimuth frequency do-

main, which makes it an efficient imaging technique. In addition, it solves the problems of

azimuth focusing and range cell migration correction (RCMC). However, it has some of the

disadvantages such as the requirement of an interpolator for the RCMC. Wavenumber domain

algorithm has the advantage of dealing directly with the natural polar coordinate system but it
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requires an interpolator to match the range-dependent RCMC parameter variations [41]. CS

algorithm was developed in a way to eliminate the need for an interpolator for the RCMC. It is

based on the scaling principle in which a frequency modulation is applied to a chirp-encoded

signal. CS algorithm is used throughout the thesis due to its computational simplicity [41]. A

full description of CS algorithm is provided next.

2.3.4.1 Chirp Scaling Algorithm

The received signal defined in (2.30) will be used to describe the image formation algorithms.

The first phase function of the chirp scaling algorithm equalises all range migration trajectories

to a reference range rref by multiplying (2.30) in the range-Doppler domain with the following:

zs(nt, fa) = z(nt, fa)HCS,1(nt, fa)

= z(nt, fa) exp

[
jπk(fa; rref)a(fa)

(
ntTs −

2R(fa; rref)

c

)2] (2.44)

where,

R(fa; rref) =
rref

β(fa)
= rref(1 + a(fa)), (2.45)

1

k(fa; rref)
=

1

kr
− 2λrref(β

2(fa)− 1)

c2β3(fa)
, (2.46)

β(fa) =

√
1−

(
faλ

2vp

)2

, (2.47)

kr is the modulation rate of the transmitted chirps and the azimuth frequency fa varies within

the following range:
−PRF

2
≤ fa ≤

PRF

2
(2.48)

The next step is to estimate the range impulse response at every Doppler frequency using one

of the range estimation algorithms described previously (i.e. matched filter or FDSI-based es-

timation algorithm) . The bulk RCMC is then performed by multiplying the estimated impulse

response in range frequency-Doppler domain with a phase term expressed below

HRCMC(fr, fa) = exp [j4πrrefa(fa)fr/c] (2.49)
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The data is then converted into range time-Doppler domain to compensate for the residual phase

and perform azimuth compression using the following matched filter:

HCS,2(nt, fa; rref) = exp

[
j2πrref

vp

√
f2
am − f2

a

]
exp[j∆ϕ(fa, rref)] (2.50)

where,

∆ϕ(fa, rref) =
4π

c2
k(fa)a(fa)(1 + a(fa))(r − rref)

2, (2.51)

fam =
2vp
λ and r = cntTs

2 . The inverse azimuth Fourier transform is finally computed to obtain

the image.

2.3.5 Digital Beamforming (DBF) on Receive in Elevation

A small size transmitting antenna is employed in an HRWS imaging application to illuminate

a large footprint on the ground as shown in Fig.2.15. In addition, a large receive antenna with

multiple subapertures in elevation is adopted to attain the desired SNR in the formed image

[64]. The size of each receiving subaperture is generally smaller than the transmitting antenna

in order to ensure the reception of the echoes from the illuminated area. The received signals at

each receiving elevation subaperture is separately amplified, down-converted and digitised as

illustrated in Fig.2.16. The posteriori combination of subaperture signals using any beamformer

algorithm such as linearly constrained minimum variance (LCMV) beamformer algorithm [65]

can be used to form beams with adaptive shape as shown in Fig.2.15. Moreover, the knowledge

about the elevation directions of the scatterers can be used to perform the following [66][67]:

1. Suppression of spatially ambiguous echoes from the ground.

2. Improvement of the gain of the receiving antenna without a reduction of the imaged area.

3. Suppression of spatially localised interferences.

4. Obtaining more information about the dynamic behaviour of the scatterers.

2.4 SIMO SAR

SIMO SAR is introduced to address the tradeoff between obtaining the desired wide swath

and high cross-range resolution in conventional SISO SAR. The minimum PRF in SIMO SAR
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Figure 2.15: Combination of multiple receiving subapertures in elevation.
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Figure 2.16: The schematic of digital beamforming (DBF) on receive. LNA and ADC stand
for low noise amplifier and analogue to digital converter, respectively. Image
formation algorithm is performed in SAR processor block.

32



Background and Literature Review

Tx/Rx2Rx1 Rx3

Tx phase centre

Rx phase centres
Rx1 equivalent phase centre
Rx2 equivalent phase centre
Rx3 equivalent phase centre
Rx equivalent phase centres

d

d/2

Figure 2.17: Locations of the phase centres in SIMO SAR. d denotes the separation between
the the adjacent receivers.

should satisfy the inequality PRF ≥ Bd/Kp where Bd denotes the Doppler bandwidth and

Kp is the number of effective phase centres which corresponds to the number of receivers.

The locations of the effective phase centres in SIMO SAR, for the case when the number of

receivers is three, are as illustrated in Fig.2.17. SIMO SAR can be categorised into three major

types as follows [64]:

• Single-phase centre multiple beam (SPCMB).

• Displaced phase centre multiple beam (DPCMB).

• Single phase centre on transmit and displaced phase centre on receive (SPCT-DPCR).

2.4.1 SPCMB SIMO SAR

Single phase centre multiple beam (SPCMB) SIMO SAR is proposed in [64][68][66][44] where

multiple narrow azimuth receive beam having a single phase centre but with different squint

angles are formed. Wide Doppler bandwidth is synthesised from the Doppler spectra of the

receiving azimuthal echo signals. The system PRF needs only to satisfy the Nyquist rate of the

partial Doppler bandwidth corresponding to each narrow receiver beam. Therefore, the PRF

can be reduced by a factor of N for a given azimuth resolution, where N denotes the number
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Figure 2.18: WTNR implementation of SPCMB SIMO SAR. vp denotes the platform velocity.

of receivers. Two different configurations are proposed to implement SPCMB SIMO SAR,

namely, wide-transmit narrow-receive (WTNR) implementation and narrow-transmit narrow-

receive (NTNR) implementation.

The system geometry of WTNR implementation is illustrated in Fig.2.18, for the case of three

receivers, where a wide transmit beam in azimuth is used to illuminate the entire synthetic aper-

ture length and multiple narrow receive beam with different squint angles are used for reception.

On the other hand, the NTNR implementation shown in Fig.2.19 employs multiple contiguous

narrow beam in azimuth with different squint angles for both transmission and reception. The

signal processing in both implementations is the same but azimuth ambiguity characteristics are

different as will be described next. The spectral distribution of SPCMB SIMO SAR is shown

in Fig.2.20 where it is clear that the squint angles of the narrow receive beams are translated

into different Doppler centroids.

The main challenging of SPCMB SIMO SAR is the interbeams suppression which is required

to reduce the azimuth ambiguity level. This is the result of the overlap between the sidelobes

of the receive beams with the mainlobes of the adjacent beams.
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Figure 2.19: NTNR implementation of SPCMB SIMO SAR. vp denotes the platform velocity.
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Figure 2.20: Spectral distribution of the echo signal in each receiving beam in SPCMB SIMO
SAR. fdci denotes the Doppler centroid of the echo signal in the ith receiver.

35



Background and Literature Review

2.4.1.1 Azimuth Ambiguity Analysis

The azimuth beams of the receivers are not ideal and the sidelobes of the receive beams will

overlap with the mainlobes of the adjacent azimuth beams.

Without loss of generality, raised cosine function is used to generate the transmit and receive

beam patterns in the azimuth ambiguity analysis. The transmitter beam in WTNR implementa-

tion isN times wider than any receive beam so that the one-way normalised azimuthal transmit

and receive power patterns can be expressed as the following [69]:

Gt(θ) =

(
sinc

(
UTx(θ))

cos(πUTx(θ))

1− 4(UTx(θ))2

)2

(2.52)

Gr,n(θ) =

(
sinc

(
URx,n(θ − θn)

) cos(πURx,n(θ − θn))

1− 4(URx,n(θ − θn))2

)2

(2.53)

where,

UTx(θ) =
πLa
Nλ

sin(θ), (2.54)

URx,n(θ) =
πLa cos(θn)

λ
sin(θ) (2.55)

for (n = 1, 2, ..., N ). θn and La denote the squint angle of the nth receiver and the antenna

azimuth length of the receiver, respectively. The normalised equivalent combined power pattern

of the broad transmit beam and the nth narrow receive beam can be expressed as follows:

Gn(θ) =

(
sinc

(
UTx(θ))

cos(πUTx(θ))

1− 4(UTx(θ))2

)2(
sinc

(
URx,n(θ − θn)

) cos(πURx,n(θ − θn))

1− 4(URx,n(θ − θn))2

)2

(2.56)

The 3-dB width of the combined pattern in (2.56) is 30% wider than the narrow receive beam

[70]. Therefore, the PRF should be 30% higher than the ideal case in order to achieve the

desired azimuth ambiguity level. The azimuth ambiguity to signal ratio (AASR) for the nth

receive beam in WTNR implementation can be computed as follows [44]:

AASRn =

∑∞
k=−∞
k 6=0

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx) G
2
n(f + kfr)df∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx) G
2
n(f)df

(2.57)

where fdc,n is the Doppler centroid of the nth receiver, fr is the PRF, and Bd,Rx is the Doppler
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bandwidth of a single receiver.

The azimuth ambiguity is different for the case of NTNR implementation. It consists of two

components in which the first component is the same as the conventional SISO SAR, while the

second component is due to the echoes which are transmitted by the other beams. The AASR

in this case can be expressed as follows [44]:

AASRn =
Pn,ambig

Pn,sig
(2.58)

where,

Pn,ambig =

∞∑
k=−∞
k 6=0

[ ∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)
G2
r,n(f + kfr)df+

∑
m6=n

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)
Gr,n(f + kfr)Gr,m(f + kfr)df

]
, (2.59)

Pn,sig =

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)
G2
r,n(f)df +

∑
m 6=n

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)
Gr,n(f)Gr,m(f)df, (2.60)

2.4.2 DPCMB SIMO SAR

Displaced phase centre multiple beam (DPCMB) SIMO SAR shown in Fig.2.21 is first pre-

sented in details in [70] where a broad beam transmit antenna is used to emit radar pulses and

multiple receiving aperture used for reception are placed along the azimuth dimension and sep-

arated by an appropriate distance to obtain uniform sampling of the total received signal. In

addition, the PRF should be selected in a strict way in order to guarantee uniform sampling,

which may contradict the timing diagram selection and affect the azimuth ambiguity suppres-

sion. The reconstruction of a nonuniform sampled signal is proposed in [43] using a set of

reconstruction filters or DBF with a null steering technique. DPCMB SIMO SAR has been

implemented successfully in TerraSAR-X and Radarsat-2 [64].
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Figure 2.21: DPCMB SIMO SAR configuration. d and vp denote the distance between the
adjacent receivers and the platform velocity, respectively.

2.4.3 SPCT-DPCR SIMO SAR

Single phase centre on transmit and DPC on receive is an improvement of DPCMB SIMO

SAR in a way that the wide transmit beam is obtained (i.e. synthesised) by combining multiple

narrow transmit beams instead of using a small transmit antenna. The wide transmit beam

is synthesised from a narrow transmit beam by sequentially emitting multiple subpulses in a

single PRI [66]. Each transmitted subpulse is associated with a different transmit narrow beam

as shown in Fig.2.22. This operation allows to attain the desired SNR by using a large transmit

antenna. Each receiver in this configuration consists of Nel elevation channels which allows

the use of DBF on receive in elevation.

Furthermore, the use of DBF on receive in elevation described in Section 2.3.5 along with a

synthesised wide beam can be used to suppress the receiving interbeams overlapping. This

is because echoes corresponding to different subpulses (at each instant of time) arrive from

different elevation angles. Therefore, it is possible to separate them by digital beamforming on

receive in elevation using the relation between time delay and elevation angle in a side-looking

radar imaging geometry. One of this operation drawbacks is the enlargement of the blind area

due to the increase of the transmit window size (i.e. multiple subpulses are transmitted in a

PRI). The AASR at the nth receiver in this configuration can be expressed as the following
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Figure 2.22: Generation of a synthesised wide transmission beam from a narrow beam. (a)
Transmission directions sequence of the transmitter where d denotes the separa-
tion between the adjacent receivers. (b) Timing structure of a single PRI where
x(t) is the transmitted waveform, td, and tsw denote the delay between the sub-
sequent transmitted subpulses and the beam switching time, respectively. Each
receiver consists of Nel elevation channels.

[44]:

AASRn =
Pn,ambig

Pn,sig
(2.61)

where,

Pn,ambig =

∞∑
k=−∞
k 6=0

[ ∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)
G2
r,n(f + kfr)df+

∑
m6=n

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)
Gr,n(f + kfr)Gr,m(f + kfr)∆nmdf

]
, (2.62)

Pn,sig =

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)
G2
r,n(f)df +

∑
m6=n

∫ (fdc,n+0.5Bd,Rx)

(fdc,n−0.5Bd,Rx)
Gr,n(f)Gr,m(f)∆nmdf,

(2.63)
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∆nm(r) =

∫ (m−n)td+τp/2
(m−n)td−τp/2 G

2
el(t− 2r/c)dt∫ τp/2

−τp/2G
2
el(t− 2r/c)dt

, n 6= m (2.64)

τp is the transmitted subpulsewidth, r is the slant range, Gel denotes the receiving elevation

antenna pattern, and ∆nm is a reduction factor caused by the interbeams suppression (IBS)

operation [71]. According to [66], it is sufficient to shape the receiving elevation beam such

that the range ambiguities remain below a given level (i.e. −25dB).

2.5 MIMO SAR

MIMO SAR has been first introduced in [72] where it is stated that it is possible to obtain a

high resolution wide swath image due to the extra phase centres introduced by the use of the

multiple transmitters along with the multiple receiving channels. MIMO SAR can be used in

different applications such as the following [44]:

• High resolution wide swath (HRWS) imaging: The number of effective phase centres

in MIMO SAR, for the case when the same antenna arrays are used for transmission

and reception, is M + N − 1 where M and N denote the number of transmitters and

receivers, respectively. This allows a further reduction in the PRF which widens the

swath for a given azimuth resolution. Throughout this thesis, the application of a HRWS

imaging is considered.

• Ground moving target indication (GMTI) [73]: A long virtual array steering vector can be

constructed in MIMO SAR using the phase differences among the transmitting antennas

along with the receiving antennas. This increases the degrees of freedom which improves

the performance of clutter suppression and slowly moving target detection using space-

time adaptive processing (STAP).

• Accuracy improvement in height measurement of interferometer [74]

MIMO SAR can be categorised based on the operation schemes [64] as follows:

• Orthogonal waveform encoding MIMO SAR.

• Multiple subband MIMO SAR.

• Beam-space MIMO SAR.
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Figure 2.23: Locations of the phase centres in MIMO SAR. d denotes the separation between
the the adjacent receivers.

2.5.1 Orthogonal Waveform Encoding MIMO SAR

Orthogonal waveform encoding MIMO SAR simultaneously emits multiple orthogonal wave-

forms into the area to be imaged and the echoes due to the different transmitted waveforms

can be separated at the receiver by employing different matched filters. The minimum PRF

in MIMO SAR should satisfy the inequality PRF ≥ Bd/Kp, where Bd denotes the Doppler

bandwidth and Kp is the number of independent phase centres which is, for the case that the

same antenna arrays are used for transmission and reception, equal to M + N − 1 where M

and N denote the number of transmitters and receivers, respectively [10]. The locations of the

independent phase centres for the case when M = N = 3 are as shown in Fig.2.23.

The most challenging issue in this type of MIMO SAR is the design of multiple orthogonal

waveforms in such a way that the waveforms are orthogonal to each other regardless of the

time delays and Doppler shifts [10][75]. The authors in [76][36] use up and down-chirps to

generate a more sophisticated waveform consisting of a sequence of multiple subpulses in such

a way that each subpulse is simply a superposition of multiple chirped signals. Short-term shift

orthogonal waveforms are proposed in [10] which uses digital beamforming on receive in ele-

vation to suppress distant scatterers. The authors in [77][78] proposed a technique to perfectly

separate the echoes corresponding to the transmitted orthogonal waveforms based on echoes

compression. The transmitters in this technique, apart from the simultaneous transmissions, are
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required to alone emit several times to obtain their private inner-aperture channels after which

match filtering is used to concentrate the energy of the solely radiated orthogonal waveforms.

MIMO SAR waveforms based on azimuth phase coding (APC) and digital beamforming are

proposed in [79] where multiple waveforms are emitted simultaneously. Echoes corresponding

to the transmitted waveforms are well separated by implementing azimuth digital beamforming

technique.

A detailed analysis of different MIMO radar waveforms is provided in [80]. According to the

analysis, time division multiple access (TDMA) waveforms are perfectly orthogonal but this

approach suffers from a significant loss of the transmit power. For code division multiple access

(CDMA) waveforms, it is not possible to obtain good auto and cross-correlation properties in

a single sequence. In frequency division multiple access (FDMA) waveforms, each transmit

antenna emits at different carrier frequency. The mere use of FDMA waveforms will restrict

the range resolution to correspond to the bandwidth of a single transmitting waveform (i.e.

subband waveform) [81][82]. A class of LFM based MIMO waveforms along with DBF in

elevation is proposed in [83] which employs short-term shift-orthogonal waveforms, which is

described next, in which shifted copies of chirp waveforms that share the same carrier frequency

and cover the same bandwidth are used. Echoes due to different transmitted waveforms are

separated at the receiver using DBF on receive in elevation and null-steering technique.

Short-term shift-orthogonal waveforms (STSOW) is proposed in [84]. The transmitted signals

in this class of waveform is partly orthogonal. For the case of two transmitters, the cross-

correlation between the two transmitted signals, xi and xj , can be expressed as the following:∫
x∗i (t)xj(t+ τ)dt = 0 ∀τ ∈

[
− τp

2
,
τp
2

]
, i 6= j (2.65)

where τp denotes the pulsewidth. One choice of the waveforms that can be used for transmission

and satisfy (2.65) is to make xi a normal up-chirp while xj a shifted up-chirp. The transmitted

signals in the time-frequency plane is shown in Fig.2.24. The cross-correlation between the

two transmitted waveforms, , xi and xj , is illustrated in Fig.2.25 where it is clear that the two

waveforms are almost orthogonal for the mutual time shifts within the interval τ ∈
[
− τp

2 ,
τp
2

]
.
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Figure 2.24: Short-term shift-orthogonal waveforms in the time-frequency plane.
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Figure 2.25: The cross-correlation of the transmitted waveforms xi and xj .
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2.5.2 Multiple Subband MIMO SAR

Multiple subband MIMO SAR emits multiple radar waveforms with different carrier frequen-

cies simultaneously [64]. This would allow to increase the transmitted bandwidth significantly

and the narrowband assumption is relaxed to the individual transmitted subband. This type of

MIMO SAR is mainly used to improve the range resolution instead of obtaining more effective

phase centres in the azimuth than that of SIMO SAR.

Most of subband MIMO SAR algorithms in the literature [8] [9] use a bank of bandpass filters

(BPFs) at the receiver to separate the subbands. However, the overlapping between the adjacent

subbands will affect the performance of the range profile estimation. Therefore, a guard band

needs to be added between the adjacent subbands so that they can be separated at the receiver

using a bank of BPFs [9] which would affect the bandwidth utilisation efficiency.

2.5.2.1 Received Signal Model

Consider a narrowband MIMO SAR system with an array of M antenna elements at the trans-

mitter and an array of N antenna elements at the receiver. A set of M known subband wave-

forms (i.e. LFM waveforms) xm(t), (∀m = 1, 2, , ...,M) in which each occupies a portion

of the total transmitting bandwidth are emitted through the transmitting array. The baseband

received signal at the nth receive antenna can be expressed as

yn(t, η) =
M∑
m=1

L−1∑
l=0

σle
−j2πFcτl,mn(η)xm(t− τl,mn(η)) + wn(t) (2.66)

where,

τl,mn(η) =
Rl,m(η) +Rl,n(η)

c
, ∀m,n = 1, 2, 3 (2.67)

Rl,m and Rl,n are the slant range from the mth transmitter to the lth scattering point and

from the nth receiver to the lth scattering point, respectively, and can be expressed under

the assumption of a straight sensor trajectory and approximated using Taylor expansion to the
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second order as follows [44]:

Rl,n(η) =
√
R2
l + (vpη + (N − 1− n)d)2 − 2Rlvpη sin(θn)

≈ Rl − vp sin(θn)(η + (N − 1− n)
d

vp
) +

v2
p cos2(θn)(η + (N − 1− n)d/(vp))

2

2Rl

(2.68)

where vp is the platform velocity, d is the separation between the adjacent transmitters/receivers,

θn denotes the squint angle of the nth receiver, and Rl is the slant range to the lth scatterer

when η = 0 (i.e. the slant range of the closest approach). Quadratic approximation ofRl,m(η)+

Rl,n(η) can be expressed as the following (see Appendix A for the derivation):

Rl,m(η) +Rl,n(η) ≈ 2Rl,m(η − ∆ymn
2vp

)θ=θn +
∆y2

mn

4Rl
(2.69)

where ∆ymn denotes the separation between the mth transmitter and the nth receiver. The

azimuth impulse response haz,mn when the signal is transmitted by the mth transmitter and

received by the nth receiver is determined by the distance of the transmit and receive path,

which can be expressed as

haz,mn(η) = e−j
2π
λ

(Rl,m(η)+Rl,n(η)) (2.70)

The received signal in (2.66) is sampled from the range cell that corresponds to the near range

to the range cell that corresponds to the far range with a sampling frequency of fs = 1/Ts. The

signals are also sampled in the azimuth dimension with a sampling frequency of fp = PRF.

The discrete time version of the received signal can be expressed as follows:

zn[nt, na] =
L−1∑
l=0

hmn[l, na]xm[nt − l] + wn[nt] (2.71)

where,

hmn[l, na] =σle
−j2πFcτl,mn(na)

=σle
jφl,mn(na) (2.72)

nt and na are the range and azimuth time indices, respectively. This received signal model will

be used throughout the thesis.
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2.5.3 Beam-space MIMO SAR

Beam-space MIMO SAR [85][86] shown in Fig.2.26 is used to obtain a high resolution ultra-

wide swath imaging by concurrently emitting a sequence of subpulses in a PRI by multiple

transmitters. Different subswaths, at a given time, are illuminated by different subapertures

in azimuth and DBF on receive in elevation is used to separate the echoes due to different

transmitted subpulses by exploiting the one-to-one relation between the delay and the receiving

angle in the side-looking radar geometry. It should be noted that the emitted radar subpulses

have the same waveform encoding and share the same carrier frequency. Beam-space MIMO

SAR is usually incorporated with burst imaging mode such as Scan SAR in order to image the

blind area between different subswaths as shown in Fig.2.26. The main disadvantage of this

mode is the high complexity of implementation [64].

vp

h

x

y

z vp

h

x

y

z

Subswath 1 Subswath 2 Subswath 1 Subswath 2

(c)

PRI

x(t) x(t)Transmission direction at the first intra-pulse time

Transmission direction at the second intra-pulse time

td

tsw

(a) (b)

Figure 2.26: Beam-space MIMO SAR configuration.(a) Transmission directions sequence of
the 1st transmitter. (b) Transmission directions sequence of the 2nd transmitter.
(c) Timing structure of a single PRI transmitted by the mth transmitter where td,
and tsw denote the delay between the subsequent transmitted subpulses and the
beam switching time, respectively.
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2.5.4 MIMO SAR Technical Challenges

One of the fundamental challenges in MIMO SAR is the orthogonality between the different

transmtted signals which needs to be ensured for arbitrary shifts [84][10] in orthogonal wave-

form encoding MIMO SAR. The orthogonality can be ensured if the waveforms are transmitted

at different times and/or with different frequencies. However, this is not desirable for geophysi-

cal measurement [84]. Many mutual orthogonal waveforms are proposed in the literature which

cover the same frequency band [7][75][76] but the signal energy after range focusing from all

unmatched waveforms is still present in the focused signal. Moreover, the smeared energy (i.e.

which can be seen as noise) from the unmatched waveforms may even exceed the energy of the

focused image response depending on the number of the transmitted waveforms. A solution to

this challenge is to employ short-term shift orthogonal waveforms described previously along

with DBF on receive in elevation [10]. One other solution which is recently proposed in the lit-

erature [87] is based on a segmented phase code (SPC) waveform in which the separation of the

echoes from close elevation arrival angles is done using a simple time-shift weighting process-

ing while the echoes received from far elevation angles are separated using a range bandpass

filter in addition to a DBF technique.

One of the other challenges is motion errors due to the presence of the atmospheric turbulence

which causes deviations of the platform trajectory from the nominal positions as well as alti-

tude. This error needs to be eliminated in order to meet the quality requirement of the high

resolution SAR image [88]. High-precision navigation systems such as on-board global posi-

tioning system (GPS) and inertial navigation units (INUs) are used to account for such errors

[41]. If such systems are not reachable, signal processing-based motion compensation methods

are applied [89][90][91]. Throughout the thesis, a straight sensor trajectory is assumed (i.e. the

motion error is assumed to be compensated for).

2.6 Preliminary Study on System Identification Formulation of MIMO

Radar

A preliminary study on formulating MIMO radar as a system identification problem is de-

scribed. Next, an FDSI-based estimation algorithm is proposed to estimate the range profile

instead of a matched filter. The proposed algorithm allows the use of partially correlated wave-

forms (i.e. LFM waveforms) and the sidelobes in the estimated range profile are ideally zero
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Figure 2.27: MIMO radar configuration. ϕ and θ denote the angle of departure and angle of
arrival, respectively. dt and dr are the separation between the transmitting and
receiving antenna elements, respectively.

which is the property of IRCI-free. In addition, the length of the transmitted waveform is not

a function of the channel impulse response to be estimated and the narrowband assumption is

relaxed to the bandwidth of a single transmitted waveform. This preliminary study is published

in [13].

2.6.1 Received Signal Model

Consider a narrowband MIMO radar system with an array of M antenna elements at the trans-

mitter and an array of N antenna elements at the receiver as shown in Fig.2.27. A set of M

known subband waveforms (i.e. LFM waveforms) xm(t), (∀m = 1, 2, , ...,M) in which each

occupies a portion of the total transmitting bandwidth are emitted through the transmitting ar-

ray. The baseband signals reflected from a target located at the position (ϕ, θ) and received at
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all receiving antennas can be expressed in a vector form as follows:

y(t) = [y1(t), y2(t), ..., yN (t)]T

= [e−j2πFcβ1 , ..., e−j2πFcβN ]Tu(t) + [w1(t), ..., wN (t)]T

= ar(θ)u(t) + w(t) (2.73)

where,

u(t) =

M∑
m=1

L−1∑
l=0

σle
−j2πFcτlxm(t− τl)e−j2πFcγm (2.74)

yn(t), ∀(n = 1, 2, ..., N) is as defined in (2.6) and ar(θ) is the receiving array manifold vector.

The received signal after DBF can be expressed as

z(t) = aHr (θ)y(t)

= aHr (θ)ar(θ)u(t) + aHr (θ)w(t)

= Nu(t) + v(t)

= N
L−1∑
l=0

σle
−j2πFcτl aTt (ϕ)x(t− τl)︸ ︷︷ ︸

b(t−τl)

+v(t) (2.75)

where at(ϕ) denotes the transmitting array manifold vector and can be expressed as follows:

at(ϕ) = [e−j2πFcγ1 , ..., e−j2πFcγM ]T (2.76)

2.6.2 Impulse Response Estimation

It is assumed that the set of transmitted waveforms x(t) are not perfectly orthogonal. Thus,

there might be some overlapping in the frequency domain. In our case, a set of LFM waveforms

are used in such a way that each LFM waveform occupies a subband of the total available

spectrum. The received signal in (2.75) is sampled from the range cell that corresponds to

the minimum range to the range cell that corresponds to the maximum range with a sampling

frequency fs so that the discrete time version of the received signal can be expressed as

z[n] = N
L∑
l=0

h[l]b[n− l] + v[n], 0 ≤ n < K + L− 1 (2.77)
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where K is the length of the waveform transmitted and h[l] is the channel impulse response

that needs to be estimated which can be expressed as

h[l] = σle
−j2πfclTs (2.78)

where Ts = 1/fs is the sampling interval. The discrete time received signal in (2.77) can be

written in a matrix form as

z =
[
z[0], z[1], ..., z[K + L− 1]

]T
= NBh + v (2.79)

where,

h =
[
h[0], h[1], ..., h[L− 1]

]T (2.80)

v =
[
v[0], ..., v[K + L− 1]

]T (2.81)

the matrix B is of dimension (K + L− 1)× L which can be expressed as

B =



b[0] 0 . . . . . . 0

b[1] b[0] 0
... b[1]

. . .
...

b[K − 1]
...

...
. . . 0

0 b[K − 1] b[0]

0 0
. . .

... b[1]
...

...
. . .

...

0 0 . . . 0 b[K − 1]



(2.82)

If the angle of departure (ϕ) is known at the receiver, the matrix B can be computed at the

receiver and the impulse response h can be estimated in the same way as described in Section

2.3.2.4. The FDSI-based impulse response estimation algorithm will be used in all of the pro-

posed MIMO SAR configurations in the thesis to demonstrate the performance of the algorithm

for the case when the input SAR signal has a non-flat spectrum.
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Figure 2.28: The spectra of the transmitted waveforms.

2.6.3 Simulation Results

The following subsection shows the numerical results of our proposed frequency domain sys-

tem identification estimation algorithm for MIMO radar using a set of partially correlated LFM

waveforms and compare it with the results obtained using the CP-OFDM based waveforms [4].

We then show the effect of the DBF pointing error on the performance of the proposed method.

It is assumed in the simulation that the Doppler shift in the received signal when the target

moves has been compensated for at the receiver. The effect of the Doppler estimation error is

the same as the effect of DBF pointing error which is considered in one of the scenarios.

2.6.3.1 Performance of Range Profile Reconstruction

Assume there are M = 4 transmit antennas, N = 4 receive antennas and both of the transmit

and receive arrays are uniform linear arrays with a half wavelength element spacing. The chan-

nel impulse response length is assumed to be L = 256 which corresponds to the tracking zone.

The spectra of the transmitted waveforms are shown in Fig.2.28 in which each waveform occu-

pies a subband of 2.5MHz and the total bandwidth of the receiver is Btot = M × 2.5MHz =

10MHz. Accordingly, the range resolution of the system should be 15m. In order to demon-
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Figure 2.29: The normalised point spread function of MIMO-FDSI method and LFM-MF
method for the case when a scatterer falls exactly in the range cell.

strate the free interrange cell interference property of the proposed method, we compare the

point spread function of the proposed method with the conventional LFM waveform with a

bandwidth of 10MHz using matched filter for the case when a scatterer falls exactly in the

range cell as shown in Fig.2.29. In addition, the point spread function when the scatterer falls

between two range cells is shown in Fig.2.30. In both cases, the proposed FDSI-based algorithm

outperforms the matched filter. This is because the FDSI-based algorithm takes into account

the fact that the spectrum of the combined signal is not flat unlike the case of the matched filter

which assumes a flat spectrum.

Next, consider a scenario in which there is a target that occupies four range cells in which

the width of each range cell is 15m which corresponds to the range resolution using the total

bandwidth Btot. The estimated channel impulse response for an SNR = 10dB is shown in

Fig.2.31 where it is obvious that the range profile is recovered perfectly.
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Figure 2.30: The normalised point spread function of MIMO-FDSI method and LFM-MF
method for the case when a scatterer falls between two range cells

Figure 2.31: Estimated range profile for the case of an extended target.
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2.6.3.2 Influences of Transmit and Receive DBF Errors

Consider the simulation parameters in section 2.6.3.1. The error in the estimation of the angle

of arrival will cause a degradation in the SNR because the full gain of the array is not obtained.

Suppose that the transmit DBF pointing error is (∆θ = 2o) and there is a point target located

in the 128th range cell. Our proposed MIMO-FDSI method will be compared with the CP-

OFDM method described in [40]. The total number of subcarriers used in CP-OFDM method

is Ns = 256 which corresponds to the channel length L. Each transmit antenna uses N0 = 64

subcarriers. The length of the cyclic prefix should be at least equal to (L−1) = 255 which is the

one used in the simulation in order to prevent the range cell interference. In addition, Zadoff-

Chu sequences [40] defined below are used as the weighting coefficients for the subcarriers in

the discrete frequency domain.

Wm(k) =


√
Mejφm,p , k = Mp+m for some integer p with 0 ≤ p < N0

0 , else
(2.83)

where,

φm,p = − π

N0
(p+ 〈N0〉2)µmp (2.84)

k ∈ [0, Ns − 1] and µm is a positive integer less than and relatively prime to N0. The use

of a cyclic prefix does not allow full utilisation of the transmitted energy as it is removed at

the receiver. The spectra of the transmitted waveforms used in the proposed MIMO-FDSI are

shown in Fig.2.28. The estimated range profile using both methods is illustrated in Fig.2.32 for

the case when the SNR is 40dB where it is clear that our proposed method exhibits robustness

to the pointing error unlike the CP-OFDM method which produces spurious peaks.

The robustness of our proposed algorithm to the DBF pointing error is studied by counting

the average number of spurious peaks whose levels exceed a certain threshold, which has been

chosen to be slightly above the noise level, for different SNRs at different DBF pointing errors

as shown in Fig.2.33 in which the number of Monte-Carlo simulation runs is 1000. The results

in Fig.2.33 are expected because the spurious peaks are greater than the noise floor for high

SNR and they will be below the noise floor as the SNR gets lower. In addition, It is obvious

from Fig.2.33 that our proposed algorithm is shown to have no spurious peaks above the noise

floor as long as the pointing error is below 3o.
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Figure 2.32: Estimated range profile for the case of DBF pointing error using MIMO-FDSI
method and CP-OFDM method for an SNR of 40dB.

Figure 2.33: The average number of spurious peaks at different DBF pointing errors.
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2.7 Summary

SIMO SAR and MIMO SAR have been proposed in the literature to address the tradeoff be-

tween the desired wide swath width and high cross-range resolution in conventional stripmap

SISO SAR. Most of the multiple subband MIMO SAR algorithms in the literature use a bank

of bandpass filters at the receiver to separate the subbands but the overlapping between the ad-

jacent subbands will affect the performance of the range profile estimation. Therefore, a guard

band needs to be added between the adjacent subbands so that they can be separated at the

receiver which would affect the bandwidth utilisation efficiency. The main application of mul-

tiple subband MIMO SAR is to improve the range resolution by transmitting more bandwidth

while the narrowband assumption is relaxed to the individual transmitted subband. Orthogonal

waveform encoding MIMO SAR provides more effective phase centres than SIMO SAR and

the minimum PRF should satisfy the inequality PRF ≥ Bd/Kp where Bd denotes the Doppler

bandwidth and Kp is the number of independent phase centres which is, for the case that the

same antenna arrays are used for transmission and reception, equal to M + N − 1 where M

and N denote the number of transmitters and receivers, respectively. Most of MIMO SAR

algorithms employ a bank of matched filters to separate the echoes corresponding to different

orthogonal transmitted waveforms but the matched filter is optimal for detection which is not

the case in SAR imaging as it is desired to reconstruct the range profile from the received signal.

Accordingly, an alternative method based on FDSI will be employed in MIMO SAR as will be

presented in later chapters.

56



Chapter 3
Bandpass-Filter Based Multiple

Subband IRCI-Free MIMO SAR

3.1 Introduction

In this chapter, we propose a new bandpass filters based multiple subband technique based on

frequency domain system identification (FDSI) to estimate the channel impulse response in the

range dimension for MIMO SAR. The estimated range profile has the property of IRCI-free.

In addition, a low pulse repetition frequency (PRF) which is less than the Doppler bandwidth

is used to obtain a wide swath and the resulted Doppler aliasing is recovered using a set of

spatial filters. Two modes of operation are considered, namely, stripmap MIMO SAR (A = 1)

and sliding spotlight MIMO SAR (0 < A < 1). It is worth pointing out that the proposed

FDSI-based estimation algorithm, in this chapter, will be used to estimate the range profile in

all proposed configurations in the thesis.

This chapter is divided into sections. Section 3.2 describes how the azimuth ambiguity is re-

moved when the PRF used is lower than the Doppler bandwidth and Section 3.3 provides the

derivation of the proposed FDSI-based algorithm to estimate the impulse response in the range

dimension. Finally, simulated data is used in Section 3.4 to validate the effectiveness of the

proposed algorithm. The last section summarises the chapter. The results of this chapter were

published in [14] and [15].

3.2 Azimuth Ambiguity Removal

Consider a narrowband sliding spotlight MIMO SAR geometry with an array of M antenna

elements at the transmitter and an array of N antenna elements at the receiver as shown in

Fig.3.1 where the radar beams are steered during the illumination time towards the point O

located beyond the centre of the imaging scene.

Using the received signal model described in Section 2.5.2.1, the discrete time version of the
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Tx1/Rx1 Tx2/Rx2

𝑑 
vp

𝜃1 

o

Tx1/Rx1

Tx2/Rx2

Lb

Ls

h0

h1

Tx1/Rx1Tx2/Rx2

𝜃1 

Figure 3.1: Sliding spotlight MIMO SAR geometry. h0 denotes the platform height, h1 is the
shortest distance between the scene and the focus point, vp denotes the platform
velocity. Ls and Lb denote the synthetic aperture length and antenna footprint
length on the ground, respectively.
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received signals for the case when M = N = 2 as shown in Fig.3.1 (i.e. the squint angles for

all beams are zeros) can be expressed as the following:

z1[nt, na] =
L−1∑
l=0

h11[l, na]x1[nt − l] +
L−1∑
l=0

h21[l, na]x2[nt − l] + w1[nt] (3.1)

z2[nt, na] =

L−1∑
l=0

h12[l, na]x1[nt − l] +

L−1∑
l=0

h22[l, na]x2[nt − l] + w2[nt] (3.2)

The azimuth ambiguity removal will be performed in the frequency domain. It is based on the

concept of the multi-aperture reconstruction algorithm which is a generalisation of the sampling

theorem which has been applied in SIMO SAR case in [72]. The algorithm states that if there

areN independent representations of the signal and the sampling frequency is 1/Nth the signal

Nyquist frequency, it is possible to reconstruct the original signal from the aliased spectra of

the N representations.

The Fourier transform of (3.1) and (3.2) across both azimuth and range dimensions can be

expressed as the following:

Z1(fr, fa) = X1(fr)H11(fr, fa)︸ ︷︷ ︸
Y11(fr,fa)

+X2(fr)H21(fr, fa)︸ ︷︷ ︸
Y21(fr,fa)

+W1(fr) (3.3)

Z2(fr, fa) = X1(fr)H12(fr, fa)︸ ︷︷ ︸
Y12(fr,fa)

+X2(fr)H22(fr, fa)︸ ︷︷ ︸
Y22(fr,fa)

+W2(fr) (3.4)

After passing the received signals in (3.3) and (3.4) through a bank of band pass filters, the

received signals at different frequency subbands can be separated and reexpressed using the

principle of DPC [44] as the following (the noise is not included in the following equations and

the transmitted waveforms can be passed through a bank of bandpass filters on transmit so that
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they can be separated at the receiver):

Y11(fr, fa) = X1(fr)H11(fr, fa)

= X1(fr)H12(fr, fa)︸ ︷︷ ︸
U1(fr,fa)

e
j πdfa
vp e

j πd
2

2λRl︸ ︷︷ ︸
Q1(fa)

(3.5)

Y12(fr, fa) = X1(fr)H12(fr, fa)︸ ︷︷ ︸
U1(fr,fa)

× 1︸︷︷︸
Q2(fa)

(3.6)

Y21(fr, fa) = X2(fr)H21(fr, fa)︸ ︷︷ ︸
U2(fr,fa)

× 1︸︷︷︸
Q3(fa)

(3.7)

Y22(fr, fa) = X2(fr)H22(fr, fa)

= X2(fr)H21(fr, fa)︸ ︷︷ ︸
U2(fr,fa)

e
−j πdfa

vp e
j πd

2

2λRl︸ ︷︷ ︸
Q4(fa)

(3.8)

The received signals are aliased in the azimuth dimension because it is assumed that PRF <

Bd(= 2PRF) as illustrated in Fig.3.2. The output of the bandpass filters are expressed as a

function of H12 = H21 which corresponds to the impulse response of a SISO case in which the

effective phase centre is located midway between the two transmitters. U1(fr, fa) corresponds

to a single subband and will be perfectly reconstructed from the aliased signals in the azimuth

dimension expressed in (3.5) and (3.6). Similarly, U2(fr, fa) corresponds to the other subband

and will be reconstructed from the aliased signals in the azimuth dimension expressed in (3.7)

and (3.8). The reconstruction of U1(fr, fa) will be now considered and the same technique will

be applied to reconstruct U2(fr, fa). The aliased signals of Y11(fr, fa) and Y12(fr, fa) can be

expressed as the following:

Ỹmn(fr, fa) =
∞∑

k=−∞
Ymn(fr, fa + kfp)

=

∞∑
k=−∞

Um(fr, fa + kfp)Qn+2(m−1)(fa + kfp) (3.9)

It is possible to weight and combine Ỹ11(fr, fa) and Ỹ12(fr, fa) in such a way that the original

spectrum U1(fr, fa) is recovered while the back-folded component is removed as expressed in

the following equations for the intervals I1 and I2 in Fig.3.2 (Pni denotes the reconstruction
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-PRF PRF

fa

|Ymn(fr,fa)|

......

-PRF PRF

fa

|Ymn(fr,fa)|
~ 

PRF

I1 I2

Figure 3.2: The spectrum at the nth receiver when the signal is transmitted by the mth trans-
mitter. Bd is assumed to be 2PRF.

filter for the nth receiver on the ith Doppler frequency interval):

P11(fa)U1(fr, fa)Q1(fa) + P21(fa)U1(fr, fa)Q2(fa) = 2U1(fr, fa) (3.10)

P11(fa)U1(fr, fa + fp)Q1(fa + fp) + P21(fa)U1(fr, fa + fp)Q2(fa + fp) = 0 (3.11)

For interval I2 after shifting to I1 to allow for setting up the linear systems of (3.14).

P12(fa + fp)U1(fr, fa + fp)Q1(fa + fp) + P22(fa + fp)U1(fr, fa + fp)Q2(fa + fp)

= 2U1(fr, fa + fp) (3.12)

P12(fa + fp)U1(fr, fa)Q1(fa) + P22(fa + fp)U1(fr, fa)Q2(fa) = 0 (3.13)

The reconstruction filters can be computed as the following:

P(fa) = 2Q−1(fa) (3.14)
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where,

Q(fa) =

 Q1(fa) Q2(fa)

Q1(fa + fp) Q2(fa + fp)

 (3.15)

P(fa) =

P11(fa) P12(fa + fp)

P21(fa) P22(fa + fp)

 (3.16)

I2 is then concatenated with I1 to obtain the original spectrum U1(fr, fa). Similarly, the origi-

nal spectrum U2(fr, fa) is reconstructed.

The reconstructed signals in different range frequency subbands are superimposed to obtain the

full bandwidth signal in range frequency domain.

U(fr, fa) = U1(fr, fa) + U2(fr, fa)

= (X1(fr) +X2(fr))︸ ︷︷ ︸
B(fr)

H12(fr, fa) +W (fr) (3.17)

For the case of sliding spotlight SAR mode, the azimuth bandwidth ofU(fr, fa) is nowBoverall

which is greater than NPRF so the signal in (3.17) needs to go through an azimuth filter to

perform deramping [68]. The azimuth filter can be expressed as the following:

g(η) = e
jπ

2v2
pη

2

λ(h0+h1) (3.18)

The signal in (3.17) after deramping and azimuth dechirp residue compensation can be ex-

pressed as the following:

Ud(fr, fa) = (X1(fr) +X2(fr))︸ ︷︷ ︸
B(fr)

Hd,12(fr, fa) +W (fr) (3.19)

where Hd,12(fr, fa) is the frequency impulse response that needs to be estimated after deramp-

ing. The azimuth bandwidth is now less than or equal to NPRF. It should be noted that there

is no need for deramping for the case of stripmap SAR mode. A schematic of the proposed

configuration implementation is shown in Fig.3.3
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3.3 Impulse Response Estimation and Image Formation

Without loss of generality, chirp scaling (CS) algorithm described in Section 2.3.4.1 is used

for image formation. The estimation of the range impulse response at every Doppler frequency

using our proposed FDSI-based estimation algorithm is described next. The scaled received

signal (i.e. after the multiplication with the first chirp scaling function) can be expressed as the

following:

us(nt, fa) =

L−1∑
l=0

hd,12[l, fa]bs[nt − l, fa] + ws(nt, fa)

0 ≤ nt ≤ K + L− 1 (3.20)

whereK is the length of the waveform transmitted,ws(nt, fa) is the noise after being multiplied

with HCS,1 in the range-Doppler domain and bs[nt, fa] is the combined transmitted chirps but

with a new chirp rate which varies with the Doppler frequency as given below

It is worth pointing out that the proposed FDSI-based algorithm is particularly appropriate

for the range profile estimation because the fact that the spectrum of bs[nt, fa] is non-flat is

considered which makes the range profile estimation performance better than the one obtained

using the matched filter (i.e. which assumes a flat spectrum). The received signal in (3.20) can

be written in a matrix form for a given Doppler frequency (fa) as the following:

us(fa) =
[
us[0, fa], us[1, fa], ..., us[K + L− 1, fa]

]T
= Bs(fa)hd,12(fa) + ws(fa) (3.21)

where,

hd,12(fa) =
[
hd,12[0, fa], hd,12[1, fa], ..., hd,12[L− 1, fa]

]
(3.22)

ws(fa) =
[
ws[0, fa], ..., ws[K + L− 1, fa]

]T (3.23)
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Bs(fa) =



bs[0, fa] 0 . . . . . . 0

bs[1, fa] bs[0, fa] 0
... bs[1, fa]

. . .
...

bs[K − 1, fa]
...

...
. . . 0

0 bs[K − 1, fa] bs[0, fa]

0 0
. . .

... bs[1, fa]
...

...
. . .

...

0 0 . . . 0 bs[K − 1, fa]


The estimation of hd,12(fa) at every Doppler frequency can be performed as explained in Sec-

tion 2.3.2.4. Next, the bulk RCMC and azimuth compression are performed to obtain the final

image.

3.4 Simulation Results

This section shows the simulations results of the following two multiple subband MIMO SAR

modes:

• Stripmap SAR

• Sliding spotlight SAR

In all simulation scenarios, the results of the proposed FDSI-MIMO SAR are compared with

the ones obtained using matched filter (MF) based MIMO SAR and the conventional SISO

SAR, which has the same simulation parameters as the corresponding MIMO SAR but with the

number of transmitter (M) = number of receiver (N) = 1 . The spectra of the LFM transmitted

waveforms in this section are as shown in Fig.3.4.

3.4.1 Azimuth Ambiguity Removal

3.4.1.1 Stripmap SAR

Consider the simulation parameters listed in Table.3.1. In addition, the Doppler bandwidth

(Bd) and the PRF are 200Hz and 100Hz, respectively. Assume that there is a single scatterer

located at the swath centre. The azimuth and range cuts of the formed image at the scatterer
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Figure 3.4: The spectra of the transmitted LFM waveforms.

location for the noiseless case are shown in Fig.3.5 and Fig.3.6, respectively, where it is clear

that no azimuth aliasing is present using MIMO SAR configurations unlike the case for the

conventional SISO SAR. In addition, the sidelobes level of the range cuts of the estimated

scene using the proposed FDSI-MIMO SAR is much lower than the one obtained using the

matched filter based MIMO SAR. This is because our proposed algorithm takes into account

the fact that the spectrum of the combined signal is not flat.

Parameter Symbol Value
Number of Tx M 2
Number of Rx N 2

Min. distance to the swath centre R0 20km
Look angle φ 45o

Length of a single beamformer La 2m
Distance between adjacent Tx/Rx d 3m

Height of a single beamformer Ha 0.27m
Platform Velocity vp 200m/s
Carrier Frequency Fc 4.5GHz

Sampling Frequency Fs 200MS/s
Single waveform Bandwidth BW 50MHz

Pulse width τ 2.5µs

Table 3.1: Simulation Parameters
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Figure 3.5: The azimuth cuts for the estimated scene using the proposed FDSI-MIMO SAR,
MF-MIMO SAR and the conventional SISO stripmap SAR.

Figure 3.6: The range cuts of the true range impulse response hd,12 and the estimated ones
using our proposed FDSI-MIMO SAR and MF-MIMO SAR.
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Figure 3.7: The azimuth cuts for the estimated scene using the proposed FDSI-MIMO SAR,
MF-MIMO SAR and the conventional SISO sliding spotlight SAR.

3.4.1.2 Sliding Spotlight SAR

Consider the simulation parameters listed in Table.3.1. In addition, the synthetic aperture time

(Tsyn) is assumed to be 10s. The sliding factor (A) and the PRF are 0.5 and 200Hz, respec-

tively. Assume that there is a single scatterer located at the swath centre. The azimuth and

range cuts of the formed image at the scatterer location for the noiseless case are shown in

Fig.3.7 and Fig.3.8 respectively. It is clear that there is no azimuth aliasing using MIMO SAR

configurations unlike the case for the conventional sliding spotlight SAR. In a similar case to

the stripmap scenario, the sidelobes level of the range cuts of the estimated scene using the pro-

posed FDSI-MIMO SAR is much lower than the one obtained using the matched filter based

MIMO SAR.

3.5 Conclusion

This chapter presents a bandpass filters based multiple subband IRCI-free MIMO SAR. Two

modes of operation are considered, namely, stripmap SAR and sliding spotlight SAR which

provides ultra high resolution images with wide swath coverage. A set of conventional LFM

waveforms is used for transmission which eases the implementation. The use of FDSI-based
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Figure 3.8: The range cuts of the true range impulse response hd,12 and the estimated ones
using our proposed FDSI-MIMO SAR and MF-MIMO SAR.

estimation algorithm to estimate the range profile is particularly appropriate in MIMO SAR

application because the non-flat spectrum of the combined subband waveforms is taken into

account which is not the case in the matched filter. In addition, a PRF lower than the Doppler

bandwidth is used and the resulted azimuth ambiguity is removed using a set of spatial filters

and azimuth deramping for the case of sliding spotlight SAR. It should be pointed out that

the use of a bank of bandpass filters at the receive does not allow to utilise the bandwidth to

maximum efficiency. Therefore, alternative methods are proposed in the subsequent chapters

to process the subband waveforms jointly without separating them at the receiver.

69



Chapter 4
Multiple-Beam Based Multiple

Subband IRCI-Free MIMO SAR

4.1 Introduction

Most of multiple subband MIMO SAR algorithms in the literature [8] [9], including the one

presented in Chapter 3, use a bank of bandpass filters (BPFs) at the receiver to separate the

subbands. However, the overlap between the spectra of adjacent subbands will affect the per-

formance of the range profile estimation. Therefore, a guard band needs to be added between

the adjacent subbands so that they can be separated at the receiver using a bank of BPFs [9]

which would affect the bandwidth utilisation efficiency.

In this chapter, we propose a new MIMO SAR configuration shown in Fig.4.1 in which the

beams of the transmitters are wide and multiple contiguous receiving subbeams with different

phase centres and squint angles are generated in the azimuth direction. The system pulse repe-

tition frequency (PRF) needs only to satisfy the Nyquist rate of the partial Doppler bandwidth

corresponding to each receiver subbeam. Wide Doppler bandwidth is then synthesised to obtain

wide swath high resolution image.

Moreover, the proposed algorithm does not require separating the subbands at the receiver as

they are processed jointly without a need to add guard bands between adjacent subbands. This

is accomplished by formulating the MIMO SAR problem as an N individual multiple-input

single-output (MISO) system identification problems using the principle of displaced phase

centre (DPC), where N is the number of receivers. As a result, the proposed algorithm utilises

the available bandwidth to maximum efficiency and facilitates the use of linear frequency-

modulated (LFM) waveforms and, hence, gains all the inherent benefits of these waveforms

(e.g. constant envelope and unity peak to average power ratio). The narrowband assumption is

relaxed to the bandwidth of the individual transmitted subband as FDMA is used. In addition,

a frequency domain system identification (FDSI) based algorithm is described in Section 4.2 to

estimate the channel impulse responses of the MISO problems in the range dimension instead of
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𝑑 
vpTx1/Rx1 Tx2/Rx2

𝜃1  
𝜃3 

Tx1
Tx2

Rx1
Rx2

Tx3

Rx3

Rl

P

Figure 4.1: MIMO SAR configuration where Rl is the slant range of the closest approach to
a point target P located at the lth range cell, vp is the platform velocity, d is the
distance between adjacent Tx/Rx and θn is the squint angle of the nth receiver
beam (θ2 = 0).

a matched filter, which has the IRCI-free property and then, a way of combining the estimated

impulse responses in the azimuth dimension is explained to obtain a high resolution wide swath

(HRWS) image. In Section 4.3, the method of synthesising a wide transmit antenna beam from

a narrow antenna beam applied in SIMO SAR is extended to MIMO SAR in order to attain

the desired signal-to-noise ratio (SNR). Finally, both simulated and constructed raw data are

used in Section 4.4 to validate the effectiveness of the proposed algorithm. The results of this

chapter were published in [16] and [17].

4.2 Impulse Response Estimation and Image Formation

Consider a narrowband MIMO SAR system with an array of M antenna elements at the trans-

mitter and an array of N antenna elements at the receiver. Using the received signal model

described in Section 2.5.2.1, the discrete time version of the received signals for the case when
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M = N = 3 as shown in Fig.4.1 can be expressed as the following (∀n = 1, 2, 3):

zn[nt, na] =
L−1∑
l=0

h1n[l, na]x1[nt − l] +
L−1∑
l=0

h2n[l, na]x2[nt − l]

+

L−1∑
l=0

h3n[l, na]x3[nt − l] + wn[nt] (4.1)

As described previously, each transmitter emits a portion of the total bandwidth and the range

resolution should correspond to the total transmitted bandwidth. Therefore, the received signals

due to all the transmitted waveforms should be processed jointly. In addition, the effective

sampling frequency in the azimuth dimension is fp = PRF = Bd/N so it is expected to have

an azimuth ambiguity. The azimuth ambiguity is avoided by reducing the beamwidth of each

receiver so that the Doppler bandwidth of each receiver is Bd/N . The beam of each receiver

should have a squint angle so that the area spotted by the wide transmitted beams is completely

covered, as shown in Fig.4.1. The cross-range resolution should correspond to the full Doppler

bandwidth Bd and thus, the Doppler bandwidths at all receivers should be processed jointly as

explained in the following.

The Fourier transform of (4.1) across both azimuth and range dimensions (for n = 1, 2, 3)

expressed as a function of the impulse response, whose phase centre is located in the middle

using the principle of DPC [44], can be written as follows:

Z1(fr, fa) =X1(fr)H11(fr, fa) +X2(fr)H21(fr, fa) +X3(fr)H31(fr, fa) +W1(fr)

=B1(fr, fa)H31(fr, fa) +W1(fr) (4.2)

Z2(fr, fa) =X1(fr)H12(fr, fa) +X2(fr)H22(fr, fa) +X3(fr)H32(fr, fa) +W2(fr)

=B2(fr, fa)H22(fr, fa) +W2(fr) (4.3)

Z3(fr, fa) =X1(fr)H13(fr, fa) +X2(fr)H23(fr, fa) +X3(fr)H33(fr, fa) +W3(fr)

=B3(fr, fa)H13(fr, fa) +W3(fr) (4.4)
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where,

B1(fr, fa) = X1(fr)e
j 2πdfa

vp e
j 2πd2

λRl +X2(fr)e
j πdfa
vp e

j 3πd2

2λRl +X3(fr) (4.5)

B2(fr, fa) = X1(fr)e
j πdfa
vp e

−j πd
2

2λRl +X2(fr) +X3(fr)e
−j πdfa

vp e
−j πd

2

2λRl (4.6)

B3(fr, fa) = X1(fr) +X2(fr)e
−j πdfa

vp e
j 3πd2

2λRl +X3(fr)e
−j 2πdfa

vp e
j 2πd2

λRl (4.7)

The spectra of the transmitting waveforms Xm(fr) ∀m ∈ [1, 2, 3] from (4.5), (4.6) and (4.7)

are chosen such that each Bn(fr, fa) ∀n ∈ [1, 2, 3] occupies the whole fast time spectrum to

identifyH31(fr, fa),H22(fr, fa) andH13(fr, fa). All of the impulse responses to be estimated

have the same phase centre but each occupies a portion of the Doppler bandwidth. Therefore,

they need to be analysed in order to synthesise the full Doppler bandwidth properly to obtain

the corresponding cross-range resolution in the formed image.

The instantaneous Doppler frequency of h31[l, na], h22[l, na] and h13[l, na] (hmn is defined in

(2.72)) can be derived as follows:

fd,31(na) =
1

2π

d

dna
φl,31(na)

=
2

λ
vp sin(θ1)︸ ︷︷ ︸
fdc,31

− 2

λ

v2
p cos2(θ1)naTr

Rl
(4.8)

fd,22(na) =
1

2π

d

dna
φl,22(na)

=
2

λ
vp sin(θ2)︸ ︷︷ ︸
fdc,22

− 2

λ

v2
p cos2(θ2)naTr

Rl
(4.9)

fd,13(na) =
1

2π

d

dna
φl,13(na)

=
2

λ
vp sin(θ3)︸ ︷︷ ︸
fdc,13

− 2

λ

v2
p cos2(θ3)naTr

Rl
(4.10)

where Tr denotes the pulse repetition interval (PRI) and fdc,mn is the Doppler centroid of hmn.

As the squint angles of the receivers are generally small, it can be seen from (4.8), (4.9) and

(4.10) that the Doppler bandwidth of each receiver can be expressed as follows:

Bd,13 ≈ Bd,22 ≈ Bd,31 =

∣∣∣∣ 2λ v2
p cos2(θ1)Ta

Rl

∣∣∣∣ (4.11)
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where Ta is the synthetic aperture time.

The impulse responsesH31(fr, fa),H22(fr, fa) andH13(fr, fa) will be estimated individually

using the FDSI-based algorithm as described in Section 3.3. It should be noted that the azimuth

frequency fa of Hmn varies within the following range:

−fp
2

+ fdc,31 ≤ fa ≤
fp
2

+ fdc,31 (4.12)

A constant phase term should be compensated for in the estimated h22(fa) to make sure that

its phase centre is aligned with the phase centres of the other estimated impulse responses and

this can be done by multiplying the estimated h22(fa) by the following constant phase:

Hcomp = e
−j 2πd2

λRl (4.13)

The full Doppler bandwidth is synthesised before forming the image by performing the follow-

ing steps:

1. The data of each receiving beam after the bulk range cell migration correction (RCMC)

are converted into range time-Doppler domain.

2. The data of each receiving beam are then zero-padded in the Doppler dimension so that

the points of each Doppler spectrum are increased by a factor of N .

3. Each zero-padded data is then frequency shifted in the Doppler dimension by the corre-

sponding Doppler centroid to compensate for the Doppler shift introduced by the squint

angle.

4. The data of all receiving beams are then added together to form the full Doppler band-

width spectrum.

The resulted full Doppler bandwidth data is then used to perform azimuth compression and

obtain the final image.
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4.3 Transmitter Wide Beam Generation

The same antenna array can be used for both transmission and reception of the radar pulses by

applying digital beamforming techniques. The trivial solution to achieve a wide transmit beam

is the application of amplitude tapering, but this would significantly reduce the radiated power

[66]. In addition, the high-power amplifiers may not be driven in saturation, which would lower

the overall efficiency.

The wide transmit beam in Fig.4.1 can be achieved by transmitting multiple subpulses sequen-

tially in a single PRI using the same narrow receive beam as described in Section 2.4.3. Each

transmitted subpulse is associated with a different transmit narrow beam, which is switched

in such a way that the wide transmit beam is synthesised as shown in Fig.4.2. This operation

permits the use of the same large-receive antenna, which reduces the peak power requirement

in order to attain the desired signal-to-noise ratio (SNR). Furthermore, the use of a synthesised

wide beam will suppress the receiving interbeams overlapping by employing multiple subaper-

tures in each receiver to perform digital beamforming (DBF) on receive in elevation, which has

been applied in modified SPCMB SAR [68][92][67][71] and described in Section 2.4.3. Echoes

corresponding to different subpulses (at each instant of time) arrive from different elevation an-

gles. Therefore, it is possible to separate them by DBF on receive in elevation using the relation

between the time delay and elevation angle in a side-looking radar imaging geometry.
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The disadvantages of this operation are the increase of the system complexity due to use of

DBF on receive in elevation and the broadening of the transmit window because of the multiple

transmitted subpulses in a single PRI, which enlarges the blind area. However, it does not affect

the application under consideration (i.e. HRWS imaging) which relies on a rather low PRF and

the subpulse switching times, which are of the order of several microseconds can be included

without loosing much of the duty cycle [66].

A fractional delay td, which includes the beam switching time as shown in Fig.4.2, should be

accounted for in the range profile estimation. This can be done by reexpressing B1(fr, fa),

B2(fr, fa), and B3(fr, fa) in (4.2),(4.3) and (4.4) as follows:

B1(fr, fa) = X1(fr)e
j 2πdfa

vp e
j 2πd2

λRl +X2(fr)e
j πdfa
vp e

j 3πd2

2λRl +X3(fr) (4.14)

B2(fr, fa) =

(
X1(fr)e

j πdfa
vp e

−j πd
2

2λRl +X2(fr) +X3(fr)e
−j πdfa

vp e
−j πd

2

2λRl

)
e−j2πfrtd (4.15)

B3(fr, fa) =

(
X1(fr) +X2(fr)e

−j πdfa
vp e

j 3πd2

2λRl +X3(fr)e
−j 2πdfa

vp e
j 2πd2

λRl

)
e−j4πfrtd (4.16)

Due to different introduced delays present in (4.14)-(4.16), echoes corresponding to different

subpulses (i.e. receiving beams) can be separated by DBF on receive in elevation described in

Section 2.3.5. The same process described in Section 4.2 is then applied to estimate the im-

pulse response and form the image. A schematic of the proposed configuration implementation

is shown in Fig.4.3 where it should be noted that the interpolation of the azimuth data at a sam-

pling frequency of NPRF can be efficiently implemented by fast Fourier transform (FFT) and

zero padding in the Doppler domain.

4.4 Simulation Results

This section shows the numerical results of our proposed FDSI estimation algorithm for MIMO

SAR using a set of LFM waveforms. It is divided into subsections, in which Section 4.4.1 shows

how the azimuth ambiguity is avoided using the proposed MIMO SAR configuration and com-

pares the results with the ones obtained using the BPF-based MIMO SAR proposed in Chapter

3 and conventional SISO SAR. Section 4.4.2 shows the azimuth ambiguity characteristics for

the case of different implementations of our proposed configuration and demonstrates how the

sidelobes effect on the azimuth ambiguity is suppressed using IBS described in Section 2.4.3.

Section 4.4.3 demonstrates the effectiveness of our proposed algorithm in a cluttered scene.
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Figure 4.3: A schematic of the proposed configuration implementation. The schematic of ele-
vation DBF block is as shown in Fig.2.16. Image formation algorithm is performed
in SAR processor block.

Figure 4.4: The spectra of the transmitted waveforms.
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Parameter Symbol Value
Number of Tx M 3
Number of Rx N 3

Min. distance to the swath centre R0 20km
Look angle φ 45o

Azimuth length of the conventional
SISO SAR beamformer La 1.5m

Azimuth length of the single
beamformer in MIMO SAR La,MIMO 4.5m

Distance between adjacent Tx/Rx
in MIMO SAR d 4.5m

Doppler bandwidth Bd 300Hz
Pulse repetition frequency PRF 100Hz

Platform Velocity vp 225m/s
Carrier Frequency Fc 4.5GHz

Sampling Frequency Fs 200MS/s
Single waveform Bandwidth BW 33.333MHz

Pulse width τ 2.5µs

Table 4.1: Simulation Parameters

4.4.1 Azimuth Ambiguity Removal

Consider the simulation parameters listed in Table 4.1 and assume that the spectra of the emitted

waveforms are as shown in Fig.4.4 and there is a single scatterer located at the swath centre.

The MIMO configuration used in the simulation is as shown in Fig.4.1, in which the squint

angles are |θ2| = 0 and |θ1| = |θ3| = θBW /N = 0.0148 where θBW is the 3-dB width of the

wide transmit beam. The 3-dB width of each transmit receive beam of the BPF-based MIMO

SAR proposed in Chapter is 3 is θBW which is similar to the one of the conventional SISO SAR

beam used in the simulation (i.e. It is chosen in a way to obtain the same cross-range resolution

as the one in MIMO SAR). In addition, the azimuth and range cuts of the formed image at the

scatterer location for the noiseless case are shown in Fig.4.5 and Fig.4.6, respectively. It is clear

that there is no azimuth aliasing using the MIMO SAR configurations even though the PRF

used is lower than the Doppler bandwidth unlike the case in the conventional SISO SAR, where

aliased components are present. It should be noted that the main advantages of the proposed

multiple-beam based MIMO SAR over the BPF-based MIMO SAR proposed in Chapter 3 are

the full utilisation of the available bandwidth as there is no need to use guard bands and the

improvement of the SNR due to the use of large transmit-receive antennas.
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Figure 4.5: The azimuth cut of the estimated scene using the proposed algorithm and the con-
ventional SAR.

Figure 4.6: The range cut of the true channel impulse response (i.e. the original image at the
true scatterer location) and the estimated one using the proposed configuration.
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Figure 4.7: The transmit and receive beam patterns as a function of frequency for the case
when the proposed configuration is implemented using real wide transmit beams.
It should be noted that all of the transmitters beams have the same shape.

4.4.2 Azimuth Ambiguity to Signal Ratio (AASR)

The azimuth ambiguity characteristics of the proposed MIMO SAR configuration implemented

using real wide transmit beams (i.e. achieved using small size transmit antennas) and synthe-

sised wide transmit beams (i.e. achieved by combining multiple narrow transmit beams) are

simulated and compared with the azimuth ambiguity of conventional SISO SAR based on the

AASR. Assume that the beam patterns of the transmitters and receivers when the proposed

configuration shown in Fig.4.1 is implemented using real wide transmit beams and synthesised

wide transmit beams are as shown in Fig.4.7 and Fig.4.8, respectively. The beam pattern used

in the conventional SISO SAR is the same as the transmitter pattern in Fig.4.7, which has been

chosen to obtain the same cross-range resolution as the one obtained in MIMO SAR.

The AASR as a function of PRF of the proposed MIMO SAR configuration using the two dif-

ferent implementations is as shown in Fig.4.9, in which only one of the side beams is considered

because the other side beam has the same azimuth ambiguity characteristics. The AASR for

the case of conventional SISO SAR is shown in Fig.4.10 from which one can see that the PRF

required for MIMO SAR configuration using any of the two different implementations is lower

than that of conventional SISO SAR to attain the same azimuth ambiguity performance at the
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Figure 4.8: The transmit and receive beam patterns as a function of frequency for the case
when the proposed configuration is implemented using synthesised wide transmit
beams.

same cross-range resolution which makes it possible to have a wider swath.

It is clear from Fig.4.9 that the azimuth ambiguity characteristics of the proposed configuration

using real wide beams transmitters are worse than that using synthesised beams. This is ex-

pected because the sidelobes of the receiving beams, as shown in Fig.4.7, are located within the

mainlobe of the wide transmit beam, which would make the azimuth ambiguity stronger unlike

the case of synthesised wide transmit beams implementation. The azimuth ambiguity character-

istics of the side beams in both implementations are worse than that of the central beams. This

is because the mainlobes of the side beams in the real wide beams transmitters implementation

are located in the rolling-down part of the transmission mainlobe, and many of the sidelobes

of the receivers side beams are located in the mainlobe peak part of the transmission beam,

which would make the azimuth ambiguity stronger. In addition, the power of the desired signal

component (i.e. the second term of (2.63)) in the side beams of synthesised wide transmission

beams implementation is lower than that of the central beam, which would make the azimuth

ambiguity characteristics worse. Furthermore, the azimuth ambiguity characteristics are better

for the case of the synthesised wide beams with IBS because the second term of (2.62) is almost

suppressed by DBF on receive in elevation. According to [45], the PRF should be chosen such

that it is equal to an oversampling factor (1.1 to 1.4) multiplied by the 3-dB Doppler bandwidth.
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Figure 4.9: Azimuth ambiguity characteristics of the proposed MIMO SAR implemented using
real wide beams transmitters and synthesised wide beams transmitters. ∆nm =
−10dB for the case of the inter-beam suppression (IBS).

Figure 4.10: Azimuth ambiguity characteristics of the conventional SISO SAR.
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4.4.3 Raw Data Simulation

As there is no multiple-phase centre multiple subband MIMO SAR data available for us, a

publicly available airborne SISO SAR data ”Gotcha” [93] is used to construct MIMO SAR

data to test our proposed FDSI-based algorithm in a cluttered scene. A way for constructing

MIMO SAR data from raw conventional SISO SAR data has been used in the literature [94]

under the assumption that all receivers have the same beams so that the received signals at all

receivers occupy the same Doppler bandwidth.

In our proposed configuration, the received signals at each receiver occupy a portion of the total

Doppler bandwidth, which corresponds to the narrow receive beam. Accordingly, the first step

of constructing MIMO SAR data is to divide the total azimuth angles into N parts, because

each single azimuth angle corresponds to a single Doppler frequency. The Doppler bandwidth

of the received signals from each of the N parts corresponds to the Doppler bandwidth at one

of the N receivers. Next, the following steps are performed on the received signals at the

nth azimuth part which corresponds to the nth receiver to construct the multiple-phase centre

multiple subband MIMO SAR data for the case when M = N = 2:

1. The data are transformed into range frequency domain.

2. The whole range bandwidth is divided into two subbands.

3. Each subband is transformed into the Doppler domain and then multiplied by a slow time

delay function to simulate the effective phase centre (EPC).

4. The data is then converted into range-azimuth domain, and each subband data is con-

volved with the corresponding transmitted subband chirp.

5. The subbands data are added together to construct the MIMO SAR data received at the

nth receiver.

Consider the main system parameters listed in Table 4.2. It should be noted that the interbeams

effect on the azimuth ambiguity is not considered here as it already has been addressed in

Section 4.4.2. The formed image using the data received by a single receiver and the data

combined from all receivers using the proposed algorithm are shown in Fig.4.11 and Fig.4.12,

respectively. It is clear that the formed image using the data of all receivers has better cross-

range resolution. In addition, the cross-range cuts of the indicated areas with red rectangles in
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Parameter Symbol Value
Number of Tx M 2
Number of Rx N 2

Min. distance to the swath centre R0 10.158km
3-dB width of a single MIMO

receiver beamwidth θBW 3o

3-dB width of the conventional
SISO SAR θBW,SISO 6o

Carrier Frequency Fc 9.58GHz
distance between adjacent Tx/RX d 1m

Single waveform Bandwidth BW 300MHz

Table 4.2: System Parameters

the formed images are shown in Fig.4.13 from which one can see that the cross-range resolution

is improved using the combined data.

Next consider the case of the conventional SISO SAR in which the transmitted bandwidth is

300MHz, and the sampling frequency across the azimuth is similar to MIMO SAR config-

uration. The formed image is shown in Fig.4.14, where it is clear that the image is aliased.

The sampling frequency across the azimuth should be double the one used in the MIMO SAR

configuration in order to avoid the aliasing in the azimuth dimension. The formed image using

double the sampling frequency of MIMO SAR is as shown in Fig.4.15. The range cuts of the

indicated areas with red rectangles in the images shown in Fig.4.12 and Fig.4.15 are as shown

in Fig.4.16. It is clear that the range resolution is better for the MIMO SAR configuration be-

cause it is possible to transmit more bandwidth and the narrowband assumption is relaxed to

the bandwidth of the individual transmitting channel.

4.5 Conclusion

This chapter presents an FDSI-MIMO SAR algorithm using multiple phase centre multiple az-

imuth beams to obtain HRWS imaging. The proposed algorithm is IRCI-free although no guard

bands are added between the adjacent spectra of the transmitting waveforms (i.e. the spectra

of transmitting waveforms are partially overlapped) which allows us to utilise the available

bandwidth to maximum efficiency. The length of the waveform is not a function of the chan-

nel impulse response in the range dimension, which makes the proposed algorithm suitable

for stripmap mode of operation. A set of conventional LFM waveforms is used for transmis-

sion to simplify implementations and, hence, gains all the inherent benefits of these waveforms
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Figure 4.11: Formed image using a single received data.

Figure 4.12: Formed image using all receivers data.
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Figure 4.13: The cross-range cuts of the indicated area with red rectangles in Fig.4.11 and
Fig.4.12.

Figure 4.14: Formed image using SISO SAR in which the azimuth sampling frequency is half
the Doppler bandwidth and the same as the one used in MIMO SAR.

87



Multiple-Beam Based Multiple Subband IRCI-Free MIMO SAR

Figure 4.15: Formed image using SISO SAR data in which the azimuth sampling frequency is
double the one used in MIMO SAR.

Figure 4.16: The range cuts of the indicated area with red rectangles in Fig.4.12 and Fig.4.15.
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(e.g. constant envelope and unity peak to average power ratio). In addition, a PRF lower than

the Doppler bandwidth is used to obtain wide swath without having aliasing in the Doppler

spectrum. This is a result of the multiple narrow azimuth beams formed on receive. Wide

transmission beams are synthesised using narrow beams in order to use the same antennas for

both transmission and reception and achieve the desired SNR. The azimuth ambiguity char-

acteristics of the proposed MIMO SAR configuration, implemented using real wide transmit

beams and synthesised wide transmit beams, are analysed. Simulation results of point targets

and constructed raw data are used to validate the effectiveness of the proposed algorithm.
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Chapter 5
Multiple Subband IRCI-Free MIMO

SAR

5.1 Introduction

In this chapter, we extend the work introduced in Chapter 4 in a way that the beamwidths of all

the transmitters and receivers are the same and they simultaneously illuminate the same imag-

ing area as shown in Fig.5.1. As a result, the proposed configuration has an advantage over

the multiple-beam based FDSI-MIMO SAR proposed in Chapter 4 that no DBF in elevation is

required because the interbeams overlapping problem is avoided which simplifies the system

complexity. Moreover, the blind area is smaller as compared to the configuration proposed in

Chapter 4 because only one pulse per PRI is transmitted. In addition, The proposed configu-

ration has advantages over the BPF based FDSI-MIMO SAR proposed in Chapter 3 that the

available bandwidth is utilised to maximum efficiency and less computations are required for

the azimuth ambiguity removal because the whole range bandwidth is processed at once unlike

the case of the BPF based FDSI-MIMO SAR where each subband is processed individually.

This chapter is divided into sections in which Section 5.2 formulates the received signal of the

proposed configuration as a system identification problem in a way that echoes due to different

transmitted subband waveforms are processed jointly without separating them at the receivers.

Section 5.3 explains how the azimuth ambiguity resulted from using a PRF lower than the

Doppler bandwidth is removed using a set of spatial filters applied on the received signals

formulated as system identification problems. Finally, both simulated and constructed raw data

are used in Section 5.4 to validate the effectiveness of the proposed algorithm. The results of

this chapter were submitted in [18].

5.2 Received Signal Model

Consider a narrowband MIMO SAR system with an array of M antenna elements at the trans-

mitter and an array of N antenna elements at the receiver. The following can be expressed
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Tx3/Rx3

𝑑 
vpTx1/Rx1 Tx2/Rx2

Tx1/Rx1
Tx2/Rx2
Tx3/Rx3

Figure 5.1: Multiple subband MIMO SAR configuration in which the beam patterns of the
transmitters and receivers are the same. vp and d denote the platform velocity
and the distance between adjacent Tx/Rx, respectively.

Tx1/Rx1 Tx2/Rx2

d

y

yt1 yt2

d/4d/4

The phase centre location of Tx1/Rx1

The phase centre location of Tx2/Rx2
Effective phase centre locations

Figure 5.2: The locations of the phase centres for the case when M = N = 2. yt1 and yt2
indicate the locations of the phase centres whose azimuth impulse responses are
denoted by haz,t1 and haz,t2, respectively.
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using the principle of DPC [44] for the case when M = N = 2:

haz,t1(η) = haz,11(η − d

4vp
)e
−j πd

2

8λRl (5.1)

= haz,21(η +
d

4vp
)e
−j πd

2

8λRl (5.2)

haz,t2(η) = haz,12(η − d

4vp
)e
−j πd

2

8λRl (5.3)

= haz,22(η +
d

4vp
)e
−j πd

2

8λRl (5.4)

where haz,t1 and haz,t2 denote the azimuth impulse response whose phase centres locations are

as indicated by yt1 and yt2 in Fig.5.2, respectively. The following can be expressed as well

using the principle of DPC for the general case when N ≥ 3 (i.e. without loss of generality it

is assumed M = N = 3 as shown in Fig.5.1):

haz,12(η) = haz,22(η +
d

2vp
)e
−j πd

2

2λRl (5.5)

haz,21(η) = haz,11(η − d

2vp
)e
−j πd

2

2λRl (5.6)

haz,32(η) = haz,22(η − d

2vp
)e
−j πd

2

2λRl (5.7)

haz,23(η) = haz,33(η +
d

2vp
)e
−j πd

2

2λRl (5.8)

haz,13(η) = haz,22(η)e
−j 2πd2

λRl (5.9)

Using the received signal model described in Section 2.5.2.1 (i.e. for the case when the squint

angles of all beams are zeros), the discrete time version of the received signals can be expressed

as the following:

zn[nt, na] =
M∑
m=1

L−1∑
l=0

hmn[l, na]xm[nt − l] + wn[nt] (5.10)

5.3 Azimuth Ambiguity Removal

The azimuth ambiguity removal is performed in the frequency domain. It is based on a gen-

eralised concept of the sampling theorem which has been applied in SIMO SAR case in [43]
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under the name of multi-aperture reconstruction algorithm. The algorithm states that if a signal

is sampled by 1/Nth its Nyquist frequency, it is possible to reconstruct the original signal when

there are N independent representations of the aliased signal. A special case when N = 2 is

first assumed and then will be generalised to the case when N ≥ 3.

5.3.1 Two Receivers Case (N = 2)

The Fourier transform of (5.10) across both azimuth and range dimensions for the case when

M = N = 2 can be expressed as follows:

Z1(fr, fa) = X1(fr)H11(fr, fa) +X2(fr)H21(fr, fa) +W1(fr) (5.11)

Z2(fr, fa) = X1(fr)H12(fr, fa) +X2(fr)H22(fr, fa) +W2(fr) (5.12)

The received signals in (5.11) and (5.12) can be expressed as a function of the impulse responses

haz,t1 and haz,t2 using the principle of DPC (5.1)-(5.4) as follows:

Z1(fr, fa) = B(fr, fa)Ht1(fr, fa) +W1(fr) (5.13)

Z2(fr, fa) = B(fr, fa)Ht2(fr, fa) +W2(fr) (5.14)

where,

B(fr, fa) = X1(fr)e
j πdfa

2vp e
j πd

2

8λRl +X2(fr)e
−j πdfa

2vp e
j πd

2

8λRl (5.15)

The spectra of the transmitting waveforms Xm(fr),∀m ∈ [1, 2] are chosen such that B(fr, fa)

occupies the whole fast time spectrum to identify the impulse response in the range dimen-

sion. The signals in (5.13) and (5.14) can be expressed as a function of H12 = H21, which

corresponds to the impulse response of a SISO case in which the effective phase centre is lo-

cated midway between the two receivers, as follows (the noise is not included in the following

equations for the sake of clarity):

Z1(fr, fa) = B(fr, fa)H21(fr, fa)︸ ︷︷ ︸
U(fr,fa)

e
j πdfa

2vp e
−j πd

2

8λRl︸ ︷︷ ︸
Q1(fa)

(5.16)

Z2(fr, fa) = B(fr, fa)H21(fr, fa)︸ ︷︷ ︸
U(fr,fa)

e
−j πdfa

2vp e
−j πd

2

8λRl︸ ︷︷ ︸
Q2(fa)

(5.17)

The Doppler bandwidth of the received signals is assumed to be NPRF (i.e. 2PRF) and the
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sampling frequency in the azimuth dimension is fp = PRF which would make the signals

aliased in the azimuth dimension. U(fr, fa) can be perfectly reconstructed from the aliased

signals in the azimuth dimension expressed in (5.16) and (5.17) as explained in Section 3.2.

5.3.2 Three Receivers Case (N ≥ 3)

Without loss of generality, it is assumed N = M = 3. The Fourier transform of (5.10) across

both azimuth and range dimensions when the system configuration is as shown in Fig.5.1 can

be expressed as follows:

Z1(fr, fa) =X1(fr)H11(fr, fa) +X2(fr)H21(fr, fa) +X3(fr)H31(fr, fa) +W1(fr)

(5.18)

Z2(fr, fa) =X1(fr)H12(fr, fa) +X2(fr)H22(fr, fa) +X3(fr)H32(fr, fa) +W2(fr)

(5.19)

Z3(fr, fa) =X1(fr)H13(fr, fa) +X2(fr)H23(fr, fa) +X3(fr)H33(fr, fa) +W3(fr)

(5.20)

The received signals in (5.18), (5.19) and (5.20) can be expressed as a function of of the impulse

responses h21, h22 and h23, respectively, using the principle of DPC (5.5)-(5.9) as follows:

Z1(fr, fa) = B1(fr, fa)H21(fr, fa) +W1(fr) (5.21)

Z2(fr, fa) = B2(fr, fa)H22(fr, fa) +W2(fr) (5.22)

Z3(fr, fa) = B3(fr, fa)H23(fr, fa) +W3(fr) (5.23)

where,

B1(fr, fa) = X1(fr)e
j πdfa
vp e

j πd
2

2λRl +X2(fr) +X3(fr)e
−j πdfa

vp e
−j 3πd2

2λRl (5.24)

B2(fr, fa) = X1(fr)e
j πdfa
vp e

−j πd
2

2λRl +X2(fr) +X3(fr)e
−j πdfa

vp e
−j πd

2

2λRl (5.25)

B3(fr, fa) = X1(fr)e
j πdfa
vp e

−j 3πd2

2λRl +X2(fr) +X3(fr)e
−j πdfa

vp e
j πd

2

2λRl (5.26)
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As the constant phase terms in (5.24), (5.25) and (5.26) are relatively small as they are functions

of the slant range Rl, the following approximation can be used:

B1(fr, fa) ≈ B2(fr, fa) ≈ B3(fr, fa) ≈ B(fr, fa) (5.27)

where,

B(fr, fa) = X1(fr)e
j πdfa
vp +X2(fr) +X3(fr)e

−j πdfa
vp (5.28)

The spectra of the transmitting waveformsXm(fr),∀m ∈ [1, 2, 3] are chosen such thatB(fr, fa)

occupies the whole fast time spectrum to identify the impulse response in the range dimension.

Next, the received signals can be expressed as a function of H22, which corresponds to the

impulse response of a SISO case in which the effective phase centre is located at the second

receiver, as follows:

Z1(fr, fa) ≈ B(fr, fa)H22(fr, fa)e
j πdfa
vp e

−j πd
2

2λRl +W1(fr)

≈ U(fr, fa)Q1(fa) +W1(fr) (5.29)

Z2(fr, fa) ≈ B(fr, fa)H22(fr, fa) +W2(fr)

≈ U(fr, fa)Q2(fa) +W2(fr) (5.30)

Z3(fr, fa) ≈ B(fr, fa)H22(fr, fa)e
−j πdfa

vp e
−j πd

2

2λRl +W3(fr)

≈ U(fr, fa)Q3(fa) +W3(fr) (5.31)

where,

U(fr, fa) = B(fr, fa)H22(fr, fa) (5.32)

Q1(fa) = e
j πdfa
vp e

−j πd
2

2λRl (5.33)

Q2(fa) = 1 (5.34)

Q3(fa) = e
−j πdfa

vp e
−j πd

2

2λRl (5.35)

The Doppler bandwidth of the received signals is assumed to be 3PRF and the sampling fre-

quency in the azimuth dimension is fp = PRF. Therefore, it is expected to have aliasing in the

azimuth dimension which can be removed to perfectly reconstruct U(fr, fa) in the same way as

the one described previously for the case when M = N = 2 in Section 3.2. The reconstruction
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filters in this case can be computed as follows:

P(fa) = 3Q−1(fa) (5.36)

where,

Q(fa) =


Q1(fa) Q2(fa) Q3(fa)

Q1(fa + fp) Q2(fa + fp) Q3(fa + fp)

Q1(fa + 2fp) Q2(fa + 2fp) Q3(fa + 2fp)

 (5.37)

P(fa) =


P11(fa) P12(fa + fp) P13(fa + 2fp)

P21(fa) P22(fa + fp) P23(fa + 2fp)

P31(fa) P32(fa + fp) P33(fa + 2fp)

 (5.38)

After the removal of the azimuth ambiguity, the impulse response estimation and image forma-

tion will be performed as explained in Section 3.3. A schematic of the proposed configuration

implementation is shown in Fig.5.3 where it is clear that the whole range bandwidth is pro-

cessed at once unlike the case of the BPF-based MIMO SAR configuration proposed in Chapter

3 in which each subband is processed individually.

5.4 Simulation Results

This section shows the simulation results of our proposed FDSI-based multiple subband MIMO

SAR using a set of LFM waveforms. The section is divided into three subsections in which

Section 5.4.1 demonstrates the azimuth ambiguity removal using our proposed FSDI MIMO

SAR and compares the results with the ones obtained using the proposed configurations in the

previous chapters. Section 5.4.2 compares the azimuth ambiguity resulted from the interbeams

overlapping in the proposed configuration with the one presented in Chapter 4. Section 5.4.3

illustrates the effectiveness of our proposed algorithm in a cluttered scene.

5.4.1 Azimuth Ambiguity Removal

Consider the simulation parameters listed in Table.5.1 and assume that there is a single scatterer

located at the swath centre. The spectra of the transmitted waveforms are as shown in Fig.4.4.

The azimuth and range cuts of the formed image at the scatterer location for the noiseless case
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LNA ADC

LNA ADC

Demodulation

P2(fa)

Demodulation

SAR 
Processor

Azimuth channel 1

Azimuth channel 2

Pn1(fa)

Pn2(fa)

(a)

(b)

LNA ADC

Demodulation

Azimuth channel 3
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-1.5PRF 1.5PRF

fa Pn3(fa)

Figure 5.3: (a)A schematic of the proposed configuration implementation. (b) A schematic of
the spatial filters bank Pn(fa) which is computed using (5.36). Image formation
algorithm is performed in SAR processor block.
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Parameter Symbol Value
Number of Tx M 3
Number of Rx N 3

Min. distance to the swath centre R0 20km
Look angle φ 45o

Azimuth length of the beamformer La 1.5m
Distance between adjacent Tx/Rx

in MIMO SAR d 1.5m

Doppler bandwidth Bd 300Hz
Pulse repetition frequency fp 100Hz

Platform Velocity vp 225m/s
Carrier Frequency Fc 4.5GHz

Sampling Frequency Fs 200MS/s
Single waveform Bandwidth BW 33.333MHz

Pulse width τ 2.5µs

Table 5.1: Simulation Parameters

are shown in Fig.5.4 and Fig.5.5, respectively. One can see that the azimuth ambiguity for

the case of MIMO SAR configurations is removed even though the operating PRF is lower

than the Doppler bandwidth unlike the case of the conventional SISO SAR where azimuth

ambiguity is present. It should be noted that the proposed configuration has an advantage over

the multiple-beam based MIMO SAR that it does not require DBF in elevation which reduces

the implementation complexity. In addition, the proposed configuration utilises the available

bandwidth to maximum efficiency unlike the case of the BPF-based MIMO SAR which uses

guard bands.

5.4.2 Azimuth Ambiguity Analysis

The azimuth ambiguity due to the interbeams overlapping in the configuration proposed in

Chapter 4 (i.e. shown in Fig.4.1) is compared with the proposed system configuration shown in

Fig.5.1 in which the transmitters and receivers use the same wide antenna beams. The azimuth

ambiguity to signal ratio (AASR) defined in (2.58) will be used for the comparison.

The antenna beam patterns used in the simulation for the system configuration proposed in

Chapter 4 are as shown in Fig.4.7. The transmit and receive antenna beam patterns in the

proposed configuration are the same as the wide Tx beam depicted in Fig.4.7. It should be

noted that all of the side beams of the configuration shown in Fig.4.1 have the same azimuth

ambiguity characteristics. Therefore, only one of the side beams is considered. The AASR

as a function of the PRF is shown in Fig.5.6 where it is clear from the AASR curves that the

98



Multiple Subband IRCI-Free MIMO SAR

Figure 5.4: The azimuth cut of the imaged scene using the proposed FDSI-based MIMO SAR,
multiple-beam based MIMO SAR, BPF-based MIMO SAR and the conventional
SISO SAR.

Figure 5.5: The range cut of the true channel impulse response (i.e. the original image at the
true scatterer location) and the estimated one using the proposed configuration.
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Figure 5.6: Azimuth ambiguity characteristics of the proposed MIMO SAR configuration in
which the same antenna wide beam is used for transmission and reception.

azimuth characteristics of the system configuration with the narrow receiving beams are worse

because the sidelobes of the receiving beams shown in Fig.4.7 are within the mainlobe of the

transmit beam. In addition, the azimuth ambiguity of the system configuration with narrow

receiving beams is a function of azimuth spacing among the receive beams in addition to the

PRF. Therefore, the AASR cannot be reduced unless the azimuth spacing among the receive

beams is increased. It is worth pointing out that digital beamforming in elevation on receive is

proposed in Chapter 4 to mitigate the effect of interbeams overlapping but this will be at the

expense of the system complexity.

It is assumed in the AASR curve of the proposed configuration that the azimuth ambiguity

resulted from using a sampling frequency lower than the Doppler bandwidth is removed using

a set of spatial filters as explained previously.

5.4.3 Raw Data Simulation

A publicly available airborne SISO SAR data ”Gotcha” [93] is used to construct multiple sub-

band MIMO SAR data as there is no MIMO SAR data available for us. The multiple subband
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MIMO SAR data is constructed in order to demonstrate the effectiveness of our proposed algo-

rithm in a cluttered scene.

The following steps are performed to construct the multiple subband MIMO SAR data at the

nth receiver for the case when M = N [94]:

1. The original SISO SAR data is transformed into range frequency domain.

2. The whole range bandwidth is divided into N subbands.

3. Each subband is transformed into Doppler domain. All the subbands other than the nth

subband are multiplied by the corresponding slow time delay functions to simulate the

effective phase centre (EPC) difference from the nth receiver.

4. The data is then converted into range-azimuth domain and each subband data is con-

volved with the corresponding transmitted subband chirp.

5. The subbands are added together and then down-sampled by a factor of N in the azimuth

dimension to construct the multiple subband MIMO SAR data at the nth receiver.

Consider the main system parameters listed in Table.4.2 but with θBW = θBW,SISO = 6o. The

formed image using a single received channel is similar to the one obtained using SISO SAR

configuration as shown in Fig.4.14 where it is clear that the image is aliased. The formed image

using the two receiving channels are as shown in Fig.5.7 where it is obvious that the azimuth

ambiguity is removed using the multi-aperture reconstruction algorithm.

Next, consider the same conventional SISO SAR case as the one presented in Chapter 4 in

which the transmitted bandwidth is 300MHz and the sampling frequency across the azimuth

is double the one used in the MIMO SAR configuration so that the aliasing in the azimuth

dimension is avoided. The formed image of the conventional SISO SAR is as shown in Fig.4.15.

The range cuts of the indicated areas with red rectangles in the images shown in Fig.5.7 and

Fig.4.15 are as illustrated in Fig.5.8 where one can see that the range resolution is better for the

MIMO SAR. The is the result of transmitting more bandwidth and the narrowband assumption

is relaxed to the bandwidth of the individual transmitting channel which is the main advantage

of using multiple subband MIMO SAR.
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Figure 5.7: The formed image using all receiving channels.The azimuth ambiguity is removed
using the multi-aperture reconstruction algorithm.

Figure 5.8: The range cuts of the indicated areas with red rectangles in Fig.5.7 and Fig.4.15.
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5.5 Conclusion

This chapter presents an FDSI multiple subband MIMO SAR algorithm to obtain high reso-

lution wide swath imaging. It exhibits better azimuth ambiguity characteristics as compared

to the system configuration proposed in Chapter 4 as the receiving interbeams overlapping is

avoided. This is a result of utilising the same antenna beamwidths for transmitters and receivers

to simultaneously illuminate the same imaging area. The proposed algorithm utilises the avail-

able bandwidth to maximum efficiency as it does not require separating the subbands at the

receiver (i.e. there is no need to add guard bands between adjacent subbands). It is IRCI-free

although the spectra of transmitting waveforms are partially overlapped which facilitates the

use of conventional LFM waveforms and hence, gains all the inherent benefits of these wave-

forms (e.g. constant envelope and unity peak to average power ratio). In addition, the length of

the waveform is not a function of the channel impulse response in the range dimension which

makes the proposed algorithm suitable for the stripmap mode of operation. Moreover, a PRF

lower than the Doppler bandwidth is used to obtain wide swath and the resulted azimuth ambi-

guity is removed using a set of spatial filters. Simulation results of point targets and constructed

raw data are used to validate the effectiveness of the proposed algorithm.
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Chapter 6
Orthogonal Waveform Encoding

IRCI-Free MIMO SAR

6.1 Introduction

The minimum pulse repetition frequency (PRF) in orthogonal waveform encoding MIMO SAR

should satisfy the inequality PRF ≥ Bd/Kp where Bd denotes the Doppler bandwidth and

Kp is the number of independent phase centres which is, for the case that the same antenna

arrays are used for transmission and reception, equal to M + N − 1 where M and N denote

the number of transmitters and receivers, respectively [10].

In this chapter, we propose a new MIMO SAR configuration shown in Fig.6.1, which is in-

dependent of the orthogonal waveforms used for transmission, in which multiple contiguous

receiving subbeams with different phase centres and squint angles are generated in the azimuth

direction and the wide beams of the transmitters are synthesised from the narrow beams as

shown in Fig.6.2. Each of the waveforms used for transmission is a sequence of subpulses

consisting of conventional LFM waveforms. Echoes corresponding to different effective phase

centres (i.e. transmitters) at the receiver are separated using digital beamforming (DBF) on

receive in elevation and null-steering technique. This is possible because echoes corresponding

to different transmitted subpulses (i.e. effective phase centres) arrive at each instant of time

from different elevation angles. The main advantage of the proposed configuration over the

conventional MIMO SAR is that all of the effective phase centres are utilised (i.e. even the

overlapping ones). In other words, the number of independent effective phase centres in the

proposed configuration is (M ×N). This is the result of employing multiple contiguous beams

which makes the echoes at the overlapping effective phase centres occupy different Doppler

bandwidths. Therefore, the minimum PRF in the proposed configuration should satisfy the

inequality PRF ≥ Bd/(M × N) which provides the opportunity to map wider image swaths

with higher cross-range resolution compared to the conventional MIMO SAR.

In addition, a frequency domain system identification (FDSI)-based algorithm is used to esti-

mate the channel impulse response in the range dimension instead of a matched filter which has
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Figure 6.1: MIMO SAR configuration, where Rl is the slant range of the closest approach to
a point target P located at the lth range cell, vp is the platform velocity, d is the
distance between adjacent transmitter and receiver, and θn is the squint angle of
the nth receiver beam (θ2 = 0). The wide transmit beams are synthesised from
the narrow beams as described in Fig.6.2. Each receiver consists of Nel elevation
channels.

the property of free interrange cell interference (IRCI).

This chapter is divided into sections in which Section 6.2 formulates the received signals of

the proposed configuration as system identification problems. Section 6.3 describes how the

azimuth ambiguity resulted from using a PRF lower than the Doppler bandwidth is removed

using multiple contiguous narrow receiving beams along with a set of spatial filters. In addi-

tion, it analyses the effect of interbeams overlapping on the azimuth ambiguity and proposes

a technique to mitigate it. Both simulated and constructed raw data are used in Section 6.4 to

validate the effectiveness of the proposed algorithm. The initial results of this chapter were

published in [19] while the the complete results are submitted in [20].
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6.2 Received Signal Model

Consider a narrowband MIMO SAR system with M transmit antennas, N receive antennas

and Nel elevation channels. The baseband received signal at ith elevation channel in the nth

receiving azimuth aperture and can be expressed as

yn,i(t, η) =
M∑
m=1

L−1∑
l=0

(
σle
−j2πFcτl,mn(η)ai(φl)x(t− τl,mn(η)− | n−m | td)

)
+ wn(t)

(6.1)

where,

ai(φl) = ej2πidel sin(φl)/λ, i = 0, 1, ..., Nel − 1 (6.2)

x(t) is a known waveform (i.e. LFM waveform), td denotes a delay between the transmitted

subpulses which includes the beam switching time (tsw), del denotes the distance between the

elevation channels, Nel is the number of elevation channels and φl is the elevation angle of the

lth range cell.

Without loss of generality, consider the case whenM = N = 3 as shown in Fig.6.1. The timing

diagram of the transmitting waveforms is as shown in Fig.6.2 which can be used to express the

received signals at the receivers as the following:

y1,i(t, η) =

L−1∑
l=0

σle
−j2πFcτl,11(η)ai(φl)x(t− τl,11(η))+

L−1∑
l=0

σle
−j2πFcτl,21(η)ai(φl)x(t− τl,21(η)− 2td)+

L−1∑
l=0

σle
−j2πFcτl,31(η)ai(φl)x(t− τl,31(η)− td) + w1(t) (6.3)
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y2,i(t, η) =
L−1∑
l=0

σle
−j2πFcτl,12(η)ai(φl)x(t− τl,12(η)− td)+

L−1∑
l=0

σle
−j2πFcτl,22(η)ai(φl)x(t− τl,22(η))+

L−1∑
l=0

σle
−j2πFcτl,32(η)ai(φl)x(t− τl,32(η)− 2td) + w2(t) (6.4)

y3,i(t, η) =

L−1∑
l=0

σle
−j2πFcτl,13(η)ai(φl)x(t− τl,13(η)− td)+

L−1∑
l=0

σle
−j2πFcτl,23(η)ai(φl)x(t− τl,23(η)− 2td)+

L−1∑
l=0

σle
−j2πFcτl,33(η)ai(φl)x(t− τl,33(η)) + w3(t) (6.5)

The received signals in (6.3), (6.4) and (6.5) are sampled from the range cell that corresponds

to the near range to the range cell that corresponds to the far range with a sampling frequency

of fs = 1/Ts. The signals are also sampled in the azimuth dimension with a sampling fre-

quency of fp = PRF. The discrete time version of the received signals can be expressed as the

following:

z1,i[nt, na] =
L−1∑
l=0

(h11,i[l, na] + h21,i,2d[l, na] + +h31,i,d[l, na])︸ ︷︷ ︸
h1,i[l,na]

x[nt − l] + w1[nt] (6.6)

z2,i[nt, na] =

L−1∑
l=0

(h12,i,d[l, na] + h22,i[l, na] + h32,i,2d[l, na])︸ ︷︷ ︸
h2,i[l,na]

x[nt − l] + w2[nt] (6.7)

z3,i[nt, na] =
L−1∑
l=0

(h13,i,d[l, na] + h23,i,2d[l, na] + h33,i[l, na])︸ ︷︷ ︸
h3,i[l,na]

x[nt − l] + w3[nt] (6.8)
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where,

hmn,i[l, na] = σle
−j2πFcτl,mn(na)︸ ︷︷ ︸
hmn[l,na]

ai(φl), (6.9)

hmn,i,αd[l, na] = hmn,i[l − αld, na], (6.10)

ld = td/Ts, nt and na are the range and azimuth time indices, respectively.

6.3 Azimuth Ambiguity Removal and Image Formation

The effective sampling frequency in the azimuth dimension is PRF = Bd/(MN) so it is

expected that the received signals will be aliased in the azimuth dimension. It should be borne

in mind that the Doppler bandwidth of each of the received signals expressed in (6.6), (6.7) and

(6.8) is Bd/N which corresponds to the receiving beamwidth.

The aliased Doppler spectrum of the signal received at a given receiver can be perfectly recon-

structed if there are M independent representations of the aliased signal as stated in the multi-

aperture reconstruction algorithm [72]. In our proposed configuration, the M = 3 independent

representations of the impulse response measured from the first receiver are h11,i, h21,i and h31,i

which can be used to reconstruct the aliased Doppler spectrum that corresponds to the first re-

ceiving beamwidth. Similarly, the M = 3 independent representations of the impulse response

measured from the second and third receivers can be obtained to reconstruct the Doppler spec-

tra of the impulse responses measured from the second and third receivers, respectively. The

locations of the phase centres that correspond to different Doppler bandwidths are illustrated in

Fig.6.3. The phase centres overlapped spatially, in the proposed MIMO SAR configuration, are

independent (i.e. carries different information) because the echoes corresponding to each of the

overlapped phase centres occupy a different Doppler bandwidth as shown in Fig.6.4 unlike the

case of the conventional MIMO SAR in which the echoes corresponding to all phase centres

share the same Doppler bandwidth.

The separation of the impulse responses that correspond to different phase centres can be

done by digital beamforming (DBF) in elevation on receive by exploiting the one to one re-

lationship between time delay and elevation angle in a side-looking radar imaging geometry

[68][92][67][71]. This relation results in that echoes corresponding to different transmitted

subpulses (i.e. phase centres) arrive at each instant of time from different elevation angles.
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vp
Tx1/Rx1 Tx2/Rx2 Tx3/Rx3

Phase centres of the signals received at Rx1 

Phase centres of the signals received at Rx2 

Phase centres of the signals received at Rx3 

1

...

Nel

d

Independent phase centers in conventional MIMO config.

Independent phase centers in the proposed MIMO config.

Figure 6.3: Locations of the effective phase centres at different receivers. Each group of the
phase centres occupies a portion of the total Doppler bandwidth which makes the
overlapping phase centres independent (i.e. carries different information).

Amplitude

fafdc,1 fdc,2 fdc,3

Rx1 
Rx2 
Rx3 

Figure 6.4: Spectral distribution of the echo signal in each receiving beam in the proposed
MIMO SAR configuration. fdc,n denotes the Doppler centroid of the echo signal in
the nth receiver.

110



Orthogonal Waveform Encoding IRCI-Free MIMO SAR

Finally, the reconstructed Doppler bandwidth of the receivers should be combined to form the

full Doppler bandwidth Bd as explained next.

6.3.1 Impulse Response Estimation and DBF in Elevation

The impulse responses h1,i, h2,i and h3,i in (6.6), (6.7) and (6.8) will be estimated individu-

ally using our proposed FDSI-based estimation algorithm. It should be noted that each of the

impulse responses h1,i, h2,i and h3,i occupies a portion of the total Doppler bandwidth. Ac-

cordingly, the Doppler bandwidths need to be combined after removing the azimuth ambiguity

to form the full Doppler bandwidth.

The received signals in (6.6), (6.7) and (6.8) can be written in a matrix form for a given azimuth

bin as (∀n = 1, 2, 3)

zn,i[na] =
[
zn,i[0, na], zn,i[1, na], ..., zn,i[K + L− 1, na]

]T
= Xhn,i[na] + wn[na] (6.11)

where K is the length of the waveform transmitted. The matrix X can be made circulant and

accordingly, the channel impulse response hn,i[na] is zero padded by (K−1) as the following:

zn,i[na] = XC

hn,i[na]
0(K−1)


︸ ︷︷ ︸
hn,i,p[na]

+wn[na] (6.12)

The channel impulse responses can be estimated as the following (∀n = 1, 2, 3):

ĥn,i,p[na] = X−1
C zn,i[na] (6.13)

The impulse response estimation described above should be performed for all azimuth bins and

all elevation channels.

The estimated impulse responses for all elevation channels (∀i = 0, 1, ..., Nel − 1) at a given
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range and azimuth bin can be expressed as the following:

h1[l, na] = [h1,0[l, na], h1,1[l, na], ..., h1,(Nel−1)[l, na]]
T

= [a(φl) a(φl−2ld) a(φl−ld)]︸ ︷︷ ︸
A1(φl)


h11[l, na]

h21,2d[l, na]

h31,d[l, na]

 (6.14)

h2[l, na] = [h2,0[l, na], h2,1[l, na], ..., h2,(Nel−1)[l, na]]
T

= [a(φl−ld) a(φl) a(φl−2ld)]︸ ︷︷ ︸
A2(φl)


h12,d[l, na]

h22[l, na]

h32,2d[l, na]

 (6.15)

h3[l, na] = [h3,0[l, na], h3,1[l, na], ..., h3,(Nel−1)[l, na]]
T

= [a(φl−ld) a(φl−2ld) a(φl)]︸ ︷︷ ︸
A2(φl)


h13,d[l, na]

h23,2d[l, na]

h33[l, na]

 (6.16)

where,

a(φl) = [a0(φl), a1(φl), ..., aNel−1(φl)]
T (6.17)

The corresponding impulse responses to each transmitter can be separated from hn[l, na] by

multiplying it with the weight matrix Wn(φl) which can be obtained based on linearly con-

strained minimum variance (LCMV) beamformer algorithm [65] as the following (∀n = 1, 2, 3):

Wn(φl) = (AH
n (φl)An(φl))

−1AH
n (φl) (6.18)

The impulse responses are separated for all azimuth and range bins. The delay in hmn,αd[l, na]

can be easily compensated for in the range frequency domain by multiplying it with ej2πfrαtd

to obtain hmn[l, na] where fr is the range frequency.

6.3.2 Azimuth Ambiguity Removal and Image Formation

As described previously, the impulse responses h1n, h2n and h3n (∀n = 1, 2, 3) occupy only

a portion (Bd/N = Bd/3) of the total Doppler bandwidth which corresponds to the receiving

beamwidth. The Doppler spectra of impulse responses are aliased as the effective sampling

frequency in the azimuth dimension is assumed to be (PRF = Bd/(MN) = Bd/9). The
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azimuth ambiguity removal of the Doppler spectra that correspond to the first receiving beam

(i.e. n = 1) will be considered now.

The Fourier transform of h11, h21 and h31 across both azimuth and range dimensions can be

expressed using the principle of displaced phase centre (DPC) [14] as the following:

H11(fr, fa) = H31(fr, fa) e
j2πdfa/vpej2πd

2/(λRl)︸ ︷︷ ︸
Q1(fa)

(6.19)

H21(fr, fa) = H31(fr, fa) e
jπdfa/vpej3πd

2/(2λRl)︸ ︷︷ ︸
Q2(fa)

(6.20)

H31(fr, fa) = H31(fr, fa)× 1︸︷︷︸
Q3(fa)

(6.21)

The aliased signals of Hm1(fr, fr) can be expressed as the following (∀m = 1, 2, 3):

H̃m1(fr, fa) =
∞∑

k=−∞
Hm1(fr, fa + kfp)

=
∞∑

k=−∞
H31(fr, fa + kfp)Qm(fa + kfp) (6.22)

The aliased Doppler spectrum is divided into M intervals (i.e. M = 3) as shown in Fig.6.5,

namely, I1, I2 and I3 whose centre frequencies can be obtained using the following equation

[95]:

fa,cj =
(
− M

2
− 0.5 + j

)
PRF + fdc,n, ∀j = 1, 2, ...,M (6.23)

where fdc,n is the Doppler centroid of the nth receiver (i.e. n = 1 for the first receiver) which

is a function of the squint angle. It is possible for each Doppler interval to weight and combine

H̃11(fr, fa), H̃21(fr, fa) and H̃31(fr, fa) in such a way that the original spectrum H31(fr, fa)

is recovered while the back-folded component is removed as expressed in the following equa-

tions for the interval I1:

P11(fa)H̃11(fr, fa) + P21(fa)H̃21(fr, fa) + P31(fa)H̃31(fr, fa) = 3H31(fr, fa) (6.24)

P11(fa)H̃11(fr, fa + fp) + P21(fa)H̃21(fr, fa + fp) + P31(fa)H̃31(fr, fa + fp) = 0 (6.25)

P11(fa)H̃11(fr, fa + 2fp) + P21(fa)H̃21(fr, fa + 2fp) + P31(fa)H̃31(fr, fa + 2fp) = 0 (6.26)
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fa

|Hm1(fr,fa)|

......

fa

|Hm1(fr,fa)|
~ 

I1 I2 I3

fdc,1-1.5fp fdc,1+1.5fp

fp

fdc,1

fdc,1 fdc,1+1.5fpfdc,1-1.5fp

Figure 6.5: The spectrum of the impulse response estimated at the first receiver when the trans-
mitted signal is emitted by the mth transmitter before and after sampling with
fp = PRF. fdc,1 is the Doppler centroid of the first receiver. The Doppler band-
width of each receiver is assumed to be 3PRF.
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For interval I2 after shifting to I1 to allow for setting up the linear systems,

P12(fa + fp)H̃11(fr, fa + fp) + P22(fa + fp)H̃21(fr, fa + fp) + P32(fa + fp)H̃31(fr, fa + fp)

= 3H31(fr, fa + fp) (6.27)

P12(fa + fp)H̃11(fr, fa) + P22(fa + fp)H̃21(fr, fa) + P32(fa + fp)H̃31(fr, fa) = 0 (6.28)

P12(fa + fp)H̃11(fr, fa + 2fp) + P22(fa + fp)H̃21(fr, fa + 2fp) + P32(fa + fp)H̃31(fr, fa + 2fp)

= 0 (6.29)

For interval I3 after shifting to I1,

P13(fa + 2fp)H̃11(fr, fa + 2fp) + P23(fa + 2fp)H̃21(fr, fa + 2fp)+

P33(fa + 2fp)H̃31(fr, fa + 2fp) = 3H31(fr, fa + 2fp) (6.30)

P13(fa + 2fp)H̃11(fr, fa + fp) + P23(fa + 2fp)H̃21(fr, fa + fp)

+ P33(fa + 2fp)H̃31(fr, fa + fp) = 0 (6.31)

P13(fa + 2fp)H̃11(fr, fa) + P23(fa + 2fp)H̃21(fr, fa)+

P33(fa + 2fp)H̃31(fr, fa) = 0 (6.32)

The reconstruction filters can be computed as the following:

P(fa) = 3Q−1(fa) (6.33)

where,

Q(fa) =


Q1(fa) Q2(fa) Q3(fa)

Q1(fa + fp) Q2(fa + fp) Q3(fa + fp)

Q1(fa + 2fp) Q2(fa + 2fp) Q3(fa + 2fp)

 (6.34)

P(fa) =


P11(fa) P12(fa + fp) P13(fa + 2fp)

P21(fa) P22(fa + fp) P23(fa + 2fp)

P31(fa) P32(fa + fp) P33(fa + 2fp)

 (6.35)

I1, I2 and I3 are then concatenated to obtain the original spectrum H31(fr, fa). Similarly, the

original spectrum H22(fr, fa) is reconstructed using the aliased spectra of H̃m2(fr, fa) and

the original spectrum of H12(fr, fa) is reconstructed from the aliased spectra of H̃m3(fr, fa)

(∀m = 1, 2, 3).

The impulse responsesHrx,1(fr, fa) = H31(fr, fa),Hrx,2(fr, fa) = H22(fr, fa) andHrx,3(fr, fa) =
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H13(fr, fa) have the same phase centre but each occupies a portion of the total Doppler band-

width. The Doppler centroids of Hrx,1(fr, fa), Hrx,2(fr, fa) and Hrx,3(fr, fa) are functions

of the squint angles θ1, θ2 and θ2, respectively. The full Doppler bandwidth is then synthe-

sised as described in Chapter 4, which is repeated here for clarity, before forming the image by

performing the following steps:

1. The data of each receiving beam after RCMC is converted into range time-Doppler do-

main.

2. The data of each receiving beam is then zero-padded in the Doppler dimension so that

the points of each Doppler spectrum are increased by a factor of N .

3. Each zero-padded data is then frequency shifted in the Doppler dimension by the corre-

sponding Doppler centroid to compensate for the Doppler shift introduced by the squint

angle.

4. The data of all receiving beams are then added together to form the full Doppler band-

width spectrum.

The resulted full Doppler bandwidth data is then used to form the image (i.e. perform azimuth

compression). A schematic of the proposed configuration implementation is shown in Fig.6.6.

116



Orthogonal Waveform Encoding IRCI-Free MIMO SAR

(b
)

(a
)

...

E
le

va
ti

on
 

D
B

F

S
A

R
 

P
ro

ce
ss

or

1 N
el2

N
 t

im
es

 
in

te
rp

ol
at

io
n

B
P

F

A
zi

m
ut

h
 c

h
an

n
el

 1

A
zi

m
ut

h
 c

h
an

n
el

 2

A
zi

m
ut

h
 c

h
an

n
el

 3

P
2(

f a
)

P
1(

f a
)

P
3(

f a
)

...

E
le

va
ti

on
 

D
B

F

1 N
el2

N
 t

im
es

 
in

te
rp

ol
at

io
n

B
P

F
P

2(
f a

)

P
1(

f a
)

P
3(

f a
)

...

E
le

va
ti

on
 

D
B

F

1 N
el2

N
 t

im
es

 
in

te
rp

ol
at

io
n

B
P

F
P

2(
f a

)

P
1(

f a
)

P
3(

f a
)

W
id

e 
D

op
pl

er
 b

an
dw

id
th

 s
yn

th
es

is

P
m

1(
f a

)

P
m

2(
f a

)

P
m

3(
f a

)

f d
c,

n+
1.

5f
b

f a

f d
c,

n
f d

c,
n-

1.
5f

b

f a

f d
c,

n+
1.

5f
b

f d
c,

n
f d

c,
n-

1.
5f

b

f a

f d
c,

n+
1.

5f
b

f d
c,

n
f d

c,
n-

1.
5f

b

Fi
gu

re
6.

6:
(a

)A
sc

he
m

at
ic

of
th

e
pr

op
os

ed
co

nfi
gu

ra
tio

n
im

pl
em

en
ta

tio
n

w
he

re
th

e
el

ev
at

io
n

D
B

F
bl

oc
k

is
as

sh
ow

n
in

Fi
g.

2.
16

.(
b)

A
sc

he
m

at
ic

of
th

e
sp

at
ia

lfi
lte

rs
ba

nk
P
m

(f
a
)

w
hi

ch
is

co
m

pu
te

d
us

in
g

(6
.3

3)
.I

m
ag

e
fo

rm
at

io
n

al
go

ri
th

m
is

pe
rf

or
m

ed
in

SA
R

pr
oc

es
so

r
bl

oc
k.

117



Orthogonal Waveform Encoding IRCI-Free MIMO SAR

6.3.3 Azimuth Ambiguity Analysis

In the proposed MIMO SAR configuration, the receive beams of the channels are very close

to each other in azimuth. Accordingly, the sidelobes of the receive beams will overlap with

mainlobes of the adjacent azimuth beams which would degrade the performance of the azimuth

ambiguity to signal ratio (AASR).

The azimuth ambiguity consists of two components in which the first one is the same as the

conventional SISO SAR, whereas the second component is a result of the echoes which cor-

respond to the signals emitted by the other beams. The AASR is the same as the one defined

in Section 2.4.3 but with ∆mn equals to one when the waveforms emitted by all transmitters

are the same (i.e. LFM waveform). The AASR can be improved when short-term shift orthog-

onal waveforms (STSOW) [84] described in Section 2.5.1 are used in such a way that when

a given transmitter (i.e. Tx1) emits a conventional LFM chirp, the next adjacent transmitter

(i.e. Tx2) emits the same conventional LFM chirp but with sufficient offset in its instantaneous

frequencies. The factor ∆mn in this case can be expressed as

∆mn =

0 , xn 6= xm

1 ,Otherwise
(6.36)

where xm and xn denote the waveforms transmitted at the mth and nth transmitters, respec-

tively. The use of short-term shift orthogonal waveform will remove the effects of the receive

beams sidelobes overlapping with the next adjacent mainlobes. The AASR will therefore be

improved.

6.4 Simulation Results

The following section shows the numerical results of our proposed MIMO SAR configuration

using an LFM waveform and compares it with a conventional MIMO SAR described in Table

6.1. The waveforms used from transmission in the conventional MIMO SAR are assumed to be

perfectly orthogonal.
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6.4.1 One Dimensional Echo Separation

Consider a scenario in which there are M = 3 transmit antennas, N = 3 receive antennas

as shown in Fig.6.1, the number of elevation channels is Nel = 25 and the channel impulse

response length is L = 4268. The carrier Frequency Fc is 9GHz and the distance between

adjacent Tx/Rx is assumed to be 4.5m. The transmitted waveform is an LFM waveform with

a bandwidth of 100MHz and the sampling frequency is Fs = 200MHz. The SNR in the

simulation is assumed to be 40dB and the timing diagram of the transmission is as shown in

Fig.6.2. Assume that there are three scatterers separated by a delay difference of td = 3µs

which is the same as the pulsewidth. This scenario (i.e. in which only the range dimension is

considered) is presented to demonstrate how the received signals that correspond to different

phase centres are separated at the receiver using digital beamforming (DBF) in elevation.

The received signal before and after estimating the impulse response at the first receiver are

shown in Fig.6.7(a) and Fig.6.7(b), respectively, where one can see that the impulse responses

corresponding to different phase centres are overlapped. The separation is possible because

echoes corresponding to different subpulses (at each instant of time) arrive from different el-

evation angles. The separated impulse responses without delay compensation whose phase

centres are located at the centre of Tx1/Rx1, at the centre of Tx2/Rx2 and midway between

Tx1/Rx1 and Tx2/Rx2 are shown in Fig.6.7(c), Fig.6.7(d) and Fig.6.7(e), respectively.
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Parameter Symbol Value
Number of Tx (Rx) M (N) 3

Min. distance to the swath centre R0 20km
Look angle φr 45o

Azimuth length of the conventional
MIMO SAR beamformer La 1.5m

Azimuth length of the proposed
MIMO SAR beamformer La,prop 4.5m

Distance between adjacent Tx/Rx
in (proposed) MIMO SAR (dprop) d (4.5m) 1.5m

Doppler bandwidth Bd 300Hz
Pulse repetition frequency fp 34Hz

Platform Velocity vp 225m/s
Carrier Frequency Fc 4.5GHz

Sampling Frequency Fs 200MS/s
Single waveform Bandwidth BW 100MHz

Number of elevation channels Nel 20
Pulse width τ 2.5µs

Table 6.1: Simulation Parameters

6.4.2 Azimuth Ambiguity Removal

Consider the simulation parameters listed in Table.6.1 and assume that there are two adjacent

scatterers located at the swath centre. The transmitted waveform is an LFM waveform with

a bandwidth of 100MHz and the timing diagram of the transmission is as shown in Fig.6.2.

The azimuth and range cuts at the scatterers locations for the noiseless case are as shown in

Fig.6.8 and Fig.6.9, respectively. It is clear from Fig.6.8 that there is no azimuth aliasing

using our proposed MIMO configuration even though the PRF used is Bd/(MN) = Bd/9 ≈

34Hz unlike the case of the conventional MIMO SAR in which the minimum PRF should

satisfy the inequality PRFmin ≥ (Bd/Kp = Bd/5) where Kp is the number of independent

phase centres which is equal to (M +N − 1) when the same antenna arrays are used for both

transmission and reception. Accordingly, our proposed MIMO configuration outperforms the

conventional MIMO SAR. It should be noted that it has been assumed that the waveforms used

in the conventional MIMO SAR are perfectly orthogonal.

6.4.3 Azimuth Ambiguity to Signal Ratio

The azimuth ambiguity characteristics of the proposed MIMO SAR configuration due to the

sidelobes of the narrow beams is compared with the azimuth ambiguity of the conventional
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Figure 6.8: Tha azimuth cut of a scatterer in the estimated scene using the proposed and con-
ventional MIMO SAR.

Figure 6.9: The range cuts of the true channel impulse response (i.e. the original image at the
true azimuth location) and the estimated one using the proposed configuration.
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Figure 6.10: Transmit and receive beam patterns of the proposed MIMO SAR and conventional
SISO SAR as a function of frequency.

SISO SAR based on AASR. Consider the beam patterns of the transmitters and receivers of the

proposed MIMO SAR and conventional SISO SAR shown in Fig.6.10. The beam pattern of the

conventional SISO SAR has been chosen in such a way that the cross-range resolution is the

same as the one obtained in the proposed MIMO SAR.

The AASR as a function of PRF of the proposed MIMO SAR configuration with and without

the use of short-term shift orthogonal waveforms (STSOW) is illustrated in Fig.6.11. Only one

of the side beams is considered because the other side beam has the same azimuth ambiguity

characteristics. The PRF in Fig.6.11 starts from 100Hz because it corresponds to the 3-dB

Doppler bandwidth of one individual narrow beam (i.e. it is assumed that the aliasing of the

Doppler spectrum of the individual narrow beams has been removed using the multi-aperture

reconstruction algorithm described previously). The AASR of the conventional SISO SAR is

shown in Fig.6.12.

One can see that the AASR in Fig.6.11 of the side beam is worse than that of the central beam

because the power of desired signal component is lower than that of the central beam for the

case when the same waveforms are used for transmission. In addition, the AASR of the central

beam for the case of STSOW is the same as the one in the conventional SISO SAR.
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Figure 6.11: Azimuth ambiguity characteristics of the proposed MIMO SAR with and without
STSOW.

Figure 6.12: Azimuth ambiguity characteristics of the conventional SISO SAR.
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6.4.4 Raw Data Simulation

A publicly available airborne SISO SAR data ”Gotcha” [93] is used to construct MIMO SAR

data to validate our proposed MIMO SAR configuration in a cluttered scene.

The process of constructing the raw data from the conventional SISO SAR raw data has been

used in the literature [94]. Each receiver in the proposed MIMO SAR configuration occupies

a portion of the total Doppler bandwidth. Therefore, the total azimuth angles are divided into

N parts because each single azimuth angle corresponds to a single Doppler frequency. The

following steps are performed on the received signals at the nth azimuth part which corresponds

to the nth receiver to construct MIMO SAR data for the case when M = N = 3:

1. The data is transformed into Doppler domain and then multiplied by the corresponding

slow time delay function to simulate the effective phase centre (EPC) and obtain the data

received at the nth receiver when the signal is emitted by Tx1, Tx2 and Tx3.

2. The data that corresponds to each transmitter at the nth receiver are converted into the

range-azimuth domain and convolved with the transmitted waveforms (i.e. the waveform

transmitted by Tx2 and Tx3 are delayed versions of the one transmitted by Tx1).

3. Finally, the data at the nth receiver that corresponds to each transmitter are downsampled

in the azimuth dimension by a factor of M to construct the MIMO SAR data received at

the nth receiver.

It is assumed, for the sake of simplicity, that echoes correspond to each transmitter have been

already separated at the receiver using DBF in elevation on receive as explained previously.

In addition, the waveforms used in the conventional MIMO SAR are assumed to be perfectly

orthogonal.

Consider the main system parameters listed in Table 6.2. It should be noted that the interbeams

effect on the azimuth ambiguity is not considered here as it already has been addressed in

Section 6.4.3. The formed images using a single receiver and all receivers of the proposed

MIMO SAR configuration are shown in Fig.6.13 and Fig.6.14, respectively. The cross-range

cuts of the indicated areas with red rectangles in the formed images are shown in Fig.6.15 where

one can see that the formed image using all the receivers has better cross-range resolution

than that of the formed image using a single receiver because only a portion of the Doppler

bandwidth is utilised in the single receiver image.
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Figure 6.13: Formed image using a single received data.

Figure 6.14: Formed image using all received data in the proposed MIMO SAR.
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Parameter Symbol Value
Number of Tx (Rx) M (N ) 3

Min. distance to the swath centre R0 10.158km
3-dB width of a single receiver

beamwidth in the proposed MIMO θBW 2o

3-dB width of a single receiver
beamwidth in the conventional MIMO θBW,conv 6o

distance between adjacent Tx/RX
in the proposed MIMO d 4.5m

distance between adjacent Tx/RX
in the conventional MIMO dconv 1.5m

Carrier Frequency Fc 9.58GHz
Single waveform Bandwidth BW 600MHz

Table 6.2: System Parameters

Next, consider the case of the conventional MIMO SAR in which the sampling frequency across

the azimuth dimension is the same as the one used in the proposed MIMO SAR configuration.

The formed image of the conventional MIMO SAR is shown in Fig.6.16. It is clear from this

figure that the image is completely aliased.

6.5 Conclusion

This chapter presents a new orthogonal waveform encoding MIMO SAR configuration with

multiple contiguous azimuth beams to obtain high resolution wide swath imaging. The pro-

posed configuration is independent of orthogonal waveforms used for transmission and it utilises

all the phase centres including the overlapping ones which allows to use a lower operating PRF

as compared with the conventional MIMO SAR. It is due to the multiple contiguous azimuth

beams which makes the echoes, whose effective phase centres are overlapped, occupy differ-

ent Doppler bandwidths. The waveforms used for transmission consist of a sequence of LFM

waveforms which share the same bandwidth and have the same centre frequency. The use of

conventional LFM waveforms simplifies implementations, hence, gains all the inherent bene-

fits of this waveform (e.g. constant envelop and unity peak-to-average power ratio). Echoes

corresponding to different phase centres are separated at the receiver using DBF on receive

in elevation. Finally, simulation results of point targets and constructed raw data are used to

validate the efficiency of the proposed configuration.
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Figure 6.15: Cross-range cuts of the indicated area with red rectangles in Fig.6.13 and
Fig.6.14.

Figure 6.16: Formed image using conventional MIMO SAR in which the azimuth sampling
frequency is the same as the one used in the proposed MIMO SAR.
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Chapter 7
Conclusions

This thesis presents new configurations of two different MIMO SAR categories, namely, mul-

tiple subband MIMO SAR and orthogonal waveform encoding MIMO SAR.

In multiple subband MIMO SAR, the received signals in the proposed configurations are formu-

lated as N MISO system identification problems using the principle of DPC, where N denotes

the number of receivers. The echoes corresponding to all transmitted subband waveforms can

be processed simultaneously without separating them at the receiver using a bank of BPFs (i.e.

no guard bands are used among the spectra of the transmitted waveforms). As a result, the

available bandwidth is utilised to maximum efficiency.

Each of the proposed multiple subband FDSI-MIMO SAR configurations has pros and cons.

The main advantage of the BPF based FDSI-MIMO SAR over the conventional matched fil-

ter based MIMO SAR is the sidelobes minimisation of the estimated range profile because

our proposed algorithm takes into account the fact that the spectrum of the combined subband

waveforms is not flat unlike the case of the matched filter. The main advantages of the multiple-

beam based FDSI-MIMO SAR over the BPF based FDSI-MIMO SAR are the full utilisation of

the available bandwidth to maximum efficiency (i.e. no guard bands are used) and the improve-

ment of the SNR due to the use of large transmit-receive antennas but these are the expense of

the blind area enlargement and an increase of the system complexity due to the employment

of DBF on receive in elevation for IBS. The FDSI-MIMO SAR proposed in Chapter 5 has an

advantage over the multiple-beam based FDSI-MIMO SAR that no DBF in elevation on re-

ceive is required which simplifies the system complexity. Moreover, the blind area is smaller

but this is at the expense of SNR because small transmit-receive antennas are used to illuminate

the scene. In addition, The FDSI-MIMO SAR proposed in Chapter 5 has advantages over the

BPF based FDSI-MIMO SAR that the available bandwidth is utilised to maximum efficiency

and less computations are required for the azimuth ambiguity removal because the whole range

bandwidth is processed at once unlike the case of the BPF based FDSI-MIMO SAR where

each subband is processed individually. The pros and cons of the proposed multiple subband

FDSI-MIMO SAR configurations are summarised in Table.7.1.
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Configuration Pros Cons

BPF based FDSI-MIMO
SAR (Chapter 3)

• Minimisation of range profile
sidelobes.

• The need for guard bands

• No need for DBF on receive in
elevation

• Small size transmit-receive
antennas are required.

Multiple-beam based FDSI-
MIMO SAR (Chapter 4)

• Minimisation of range profile
sidelobes.

• Blind area enlargement.

• Improvement of SNR • Requirement of DBF in ele-
vation.

• Full bandwidth utilisation.
FDSI-MIMO SAR (Chapter
5)

• Minimisation of range profile
sidelobes.

• Small size transmit-receive
antennas are required

• No need for DBF on receive in
elevation
• Full bandwidth utilisation.

Table 7.1: Pros and cons of the proposed multiple subband FDSI-MIMO SAR configurations

The phase centres in conventional orthogonal waveform encoding MIMO SAR are not fully

exploited as the spatially overlapping ones carry the same information (i.e. share the same

Doppler bandwidth). As a result, only one of the overlapping phase centres can be used. In this

thesis, a new configuration based on multiple contiguous azimuth beams is proposed which has

the advantage that all of the phase centres, including the ones overlapped spatially, are forced

to be independent (i.e. they carry different information) and, hence, all of them can be used to

reduce the minimum required PRF to avoid aliasing in the azimuth dimension but this is at the

expense of an increase of the complexity due to the use of DBF in elevation.

The received signals in all proposed configurations are processed as the solution to system

identification problems using the principle of DPC which facilitates the use of LFM waveforms

for transmission and, hence, gains all the inherent benefits of these waveforms. In addition, the

impulse response in the range dimension is identified using an FDSI-based estimation algorithm

instead of a matched filter and the length of the transmitted waveform is not a function of

the channel impulse response length in the range dimension. This makes the proposed FDSI-

algorithm suitable for stripmap SAR applications. Moreover, the estimated range profile using

the proposed algorithm has the property of IRCI-free.
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7.1 Recommendations and Future work

MIMO SAR provides a potential to HRWS imaging. The transmitting waveforms in orthog-

onal waveforms encoding MIMO SAR should be orthogonal which is similar to the case of a

general MIMO radar but the mere use of orthogonal waveforms that share the same frequency

bandwidth and time will only disperse (i.e. instead of suppressing) the ambiguous energy. As

a result, the final image quality will be impaired by the cross-correlation noise. In addition,

the waveforms used in general MIMO radars may not be suitable for the case of MIMO SAR

which is generally placed in airplanes or satellites. One of the properties that MIMO SAR

waveforms should have, in addition to the general MIMO radar waveforms properties, is a

high average transmit power to reduce the required peak power requirement [96]. LFM-based

waveforms with DBF in elevation on receive meet the requirements of MIMO SAR. However,

the use of multiple channels in both azimuth and elevation increases the data rate and the sys-

tem complexity. Furthermore, the heavy load and the wide bandwidth downlink may hinder

the progress of MIMO SAR. These challenges will be resolved with the rapid development of

electronic engineering and digital signal processing.

One possible direction of the future work is to extend the MIMO SAR configuration proposed

in Chapter 6 to be applied in beam-space MIMO SAR to further exploit the availability of

DBF in elevation and obtain an additional improvement in the swath width. This extension is

appealing because the challenge of interbeams overlapping suppression is mitigated because

of the way that beam-space MIMO SAR operates (i.e. different subswaths are illuminated by

different subapertures in azimuth at a given subpulse).

Another potential direction of the future work is to investigate the possibility of using the pro-

posed MIMO SAR configurations in ground moving target indication (GMTI) applications as

only HRWS imaging applications are considered in the thesis. The configurations proposed in

the thesis might outperform the conventional MIMO SAR configuration in GMTI applications

because more phase centres can be utilised.

Throughout the thesis, the received signals of the proposed MIMO SAR configurations are for-

mulated as system identification problems which are then used to estimate the impulse response

in the range dimension using the proposed FDSI-based estimation algorithm. It is worthwhile

to investigate the possibility to estimate the impulse response in the azimuth direction using an

FDSI-based estimation algorithm. This might result in a two-dimensional IRCI-free estimated
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impulse response.

Finally, only the colocated MIMO SAR is considered in this thesis. It is one of the potential

directions of the future work to investigate the possibility of formulating the received signals of

the distributed MIMO SAR which then can be used to identify the impulse response using the

proposed FDSI-based algorithm. This might improve the formed image.
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Appendix A

Proof of the Round Trip Distance of a
Scatterer

Assume that the signal is transmitted by the mth transmitter and received by the nth receiver

which is located at y = 0 (the platform is moving along the y axis). We will need to prove that

the following equation holds:

Rl,m(η) +Rl,n(η) ≈ 2Rl,m(η − ∆ymn
2vp

)θ=θn +
∆y2

mn

4Rl
(A.1)

Rl,m and Rl,n can be expressed using (2.68) as follows (it should be noted that the squint angle

of the transmitter will be the same as the squint angle of the receiver):

Rl,m(η) ≈ Rl − vp sin(θn)(η +
∆ymn
vp

) +
v2
p cos2(θn)(η + ∆ymn/(vp))

2

2Rl
(A.2)

Rl,n(η) ≈ Rl − vp sin(θn)(η) +
v2
p cos2(θn)(η)2

2Rl
(A.3)

The round trip distance of the lth scatterer can be expressed as follows:

f(η) =Rl,m(η) +Rl,n(η)

=2Rl − 2vpη sin(θn)− vp sin(θn)(∆ymn/vp)+

v2
p cos2(θn)(η + ∆ymn/(vp))

2

2Rl
+
v2
p cos2(θn)(η)2

2Rl
(A.4)

Quadratic approximation of (A.4) can be expressed as follows:

f(η) ≈ f(0) + f́(0)η +
1

2
´́
f(0)η2 (A.5)
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f(0) =2Rl − vp sin(θn)(∆ymn/vp) +
v2
p cos2(θn)(∆ymn/vp)

2

2Rl
(A.6)

f́(η) =− 2vp sin(θn) +
2v2
p cos2(θn)(η + ∆ymn/vp)

2Rl
+

2v2
p cos2(θn)η

2Rl
(A.7)

f́(0) =− 2vp sin(θn) +
2v2
p cos2(θn)(∆ymn/vp)

2Rl
(A.8)

´́
f(η) =

2v2
p cos2(θn)

Rl
=

´́
f(0) (A.9)

Substituting (A.6)-(A.9) into (A.5)

f(η) ≈ 2Rl − vp sin(θn)(∆ymn/vp)− 2vpη sin(θn)

+
v2
p cos2(θn)

Rl

(
1

2
(
∆ymn
vp

)2 + (
∆ymn
2vp

)2 − (
∆ymn
2vp

)2 + 2(
∆ymn
2vp

)η + η2

)
(A.10)

≈2Rl − vp sin(θn)(∆ymn/vp)− 2vpη sin(θn) +
v2
p cos2(θn)

Rl
(
1

4
(
∆ymn
vp

)2 + (η +
∆ymn
2vp

)2)

(A.11)

≈2Rl,m(η − ∆ymn
2vp

)θ=θn +
(∆ymn cos(θn))2

4Rl
(A.12)

≈2Rl,n(η +
∆ymn
2vp

)θ=θn +
(∆ymn cos(θn))2

4Rl
(A.13)

As the squint angles of the receivers are generally small, the following can be used:

(∆ymn cos(θn))2

4Rl
≈ (∆ymn)2

4Rl
(A.14)

Therefore,

f(η) =Rl,m(η) +Rl,n(η)

≈2Rl,m(η − ∆ymn
2vp

)θ=θn +
(∆ymn)2

4Rl
(A.15)

≈2Rl,n(η +
∆ymn
2vp

)θ=θn +
(∆ymn)2

4Rl
(A.16)
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Consider the geometry shown in Fig.4.1, the round trip distances can be expressed using (A.15)

and (A.16) as follows:

Rl,1(η) +Rl,2(η) ≈ 2Rl,1(η − d

2vp
)θ=θRx

+
(d)2

4Rl
(A.17)

≈ 2Rl,2(η +
d

2vp
)θ=θRx

+
(d)2

4Rl
(A.18)

Rl,2(η) +Rl,3(η) ≈ 2Rl,2(η − d

2vp
)θ=θRx

+
(d)2

4Rl
(A.19)

≈ 2Rl,3(η +
d

2vp
)θ=θRx

+
(d)2

4Rl
(A.20)

Rl,1(η) +Rl,3(η) ≈ 2Rl,2(η)θ=θRx
+

(d)2

Rl
(A.21)
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