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 Abstract: 
 

This thesis describes work on a novel 3D imaging system that successfully implements 

optical feedback and noise rejection mechanisms. The system is a combination of three 

relatively new technologies, namely, holographic projection, Time of Flight (ToF) ranging 

and Single Photon Avalanche Diode (SPAD) sensors.  

Holographic projection is used to provide structured illumination with optical feedback 

instead of more commonly used uniform illumination in similar imaging systems. It is 

obtained using a Ferro-electric Liquid Crystal on Silicon Spatial Light Modulator (FLCoS 

SLM). The structured illumination with optical feedback can be operated at up to 60 Hz with 

the current device, and has been shown to provide an average gain of about 1.56 in useful 

light levels. Alternatively, a gain over a limited area of up to a factor of 9 is possible with the 

current system. 

Time of Flight ranging is a method of choice for the system when depth estimation is 

concerned. It works even at very low light levels and allows for sub-centimetre depth 

resolution. ToF method was implemented using 20 MHz laser diode with 50 ps pulse 

duration and 200 mW peak power, as well as a SPAD sensor. The SPAD sensor consisted of 

a 32 32 array of 50 μm pixels, each with 10 bit Time to Digital Converter (TDC) with 50 ps 

timing resolution. Sensor pixels feature 100 Hz mean Dark Count Rate (DCR). 

The use of SPAD sensors with an adaptive sensing algorithm presented in this work has 

been demonstrated to reduce effective noise levels as seen by the sensor by a factor of 16. As 

a result, a significant gain in depth resolution can be achieved. The quantification of this gain 

is explained in more detail within this work. 

Furthermore, the work describes in detail system design, methodology of experimental 

procedure as well as different algorithms essential to the correct operation of the system. 

Significant amount of time is dedicated to diffraction pattern generation for the use in 

holographic projection, as well as modelling of photon detection in SPAD sensors and 

associated peak detection necessary to extract depth information from histograms of timed of 

photons. 

Moreover, the thesis discusses potential applications for the system based on the results 

of system characterisation presented in this work. The current state of the system suggests 

best suitability for gaming and machine vision applications. 

Finally, the work offers potential solutions to the practical issues that remain unresolved 

in the current system, alternatives for components used and paths for potential future 

development of the system proposed. 
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 Chapter 1 – Introduction 

1.1 Optoelectronics 

This work is deeply ingrained in the field of optoelectronics. The latter is formally 

defined as a branch of technology that combines the use of light and electronics. This field is 

a relatively young discipline with rapid developments coupled with those in mainstream 

electronics, as well as optics and photonics. The discipline envelops a broad range of devices 

related to light emission, transmission, manipulation and detection. Those devices include 

light sources like lasers or Light Emitting Diodes (LEDs), light detectors including 

photodiodes or controlling devices like Spatial Light Modulators (SLMs) and optical fibres 

responsible for light transmission. 

The field of optoelectronics is vibrant and new developments are announced on a 

frequent basis. Those developments vary in scope and application. Some examples in the last 

three years include: 

 Light sources: Bose-Einstein condensate super photons. [1].  

 Light detectors: Trillion frame per second camera [2] 

 Light manipulation: Plasmonics application [3] 

 Applications: Augmented reality glasses [4]  

 Applications: 3-D Medical scanner [5] 

Nowadays, optoelectronic devices are extremely common in our everyday life. In fact 

they pervaded so deeply into our everyday objects, that they no longer catch our attention 

and are taken for granted. We have them in mobile phones, tablets, laptops, cameras, medical 

equipment. Some younger people would have difficulties imagining life without a possibility 

to spontaneously take a photo and to immediately upload it upon some social network.  

In particular, this work describes a 3D imaging system which incorporates structured 

illumination using Spatial Light Modulator (SLM).  

Imaging can be considered as a sub-discipline of the field of optoelectronics. It 

concentrates on one of the main four goals of the field, in particular light collection. Its main 

responsibility is to capture the visual information about the surrounding world. The 

information gathered is supposed to either copy the way we, as human beings, perceive the 

world or alternatively acquire other types of information that are normally not accessible to 

us. An example of the latter would be imaging in the IR or microwave radiation spectrum 

[6], [7], which is of great interest in astronomy.  

The fast growth of the field can be attributed to the fact that sight is a dominant sense 

people use to connect with the outside world. Human brains work better with images than 
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with words [8] which makes continuous progress of image acquisition, modification and 

projection so crucial.  

Spatial Light Modulators on the other hand belong to the group of devices responsible 

for control of light. They are devices which penetrated into many fields finding applications 

in, for example: video projection [9], microscopy [10], holography [11] or to a smaller 

degree, encryption [12].  

There are many possible lines of research in the field of optoelectronics both related to 

imaging and the ones involving SLMs. This thesis is an example where while following the 

latter, it ended up combining the two areas together. It resulted in development a new time of 

flight 3D imaging system with structured illumination based on Liquid Crystal Spatial Light 

Modulator (LC SLM). 

1.2 Motivation 

The initial motivation behind this work was author‘s interest in holographic projection. 

While the concept of holographic projection has existed for decades and many applications 

have been proposed, the actual use of holographic projection is not as widespread as author 

believes it could be. 

While looking for the potential applications for holographic projection, the exchange of 

ideas between the author of this work and his supervisor gave birth to the initial concept of 

this work. The University of Edinburgh CMOS Systems and Sensors group has for quite 

some time been working on SPAD detectors. However, one of the limitations of such 

detectors is limited dynamic range – the range between minimum and maximum intensity the 

array is capable of registering. This is the point where holographic projection was found to 

be potentially really useful as it gives us the ability to modify effective light levels and 

therefore increase dynamic range. 

At this point it was necessary to choose the context for this work, namely, the 

application which would allow us to use our own source of illumination to be detected as a 

part of its normal operation. One such potential application of SPAD arrays is to use them as 

depth sensors using a Time of Flight method of operation. The author found this application 

especially plausible due to all the hype in media that always surrounds both 3D displays and 

3D sensors. While systems capable of registering depth information have existed for quite a 

while, for example in the form of RADAR [13], they were mostly limited to resolving a 

single point rather than produce a 3- dimensional map. Only recently there has been a huge 

progress regarding both capturing and displaying 3D information [14] [15]. As a result we 

have more than a couple of commercial products available [16] [17] [18].  
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The final idea consisted of using three relatively new technologies (holographic 

projection, SPAD sensors and Time of Flight imaging) in order to develop a novel system 

and potentially gain a significant gain in performance when compared to existing systems, 

which provided strong motivation for the author to work on this project. 

1.3 Objectives 

Below is presented the list of technical objectives specified for this project in the order 

of priority within the time scale allowed. 

1. Develop a novel 3D imaging system based on Time of Flight method using 

holographically projected structured illumination and SPAD sensor array 

a. Create structured illumination using Ferro-electric Liquid Crystal on Silicon 

Spatial Light Modulator and Computer Generated Holograms 

b. Develop and implement optical feedback mechanism as an integral part of 

the holographic projection 

c. Develop a sensing algorithm to work with SPAD sensor to work in unison 

with structured illumination 

2. Design and perform proof of concept experiments in order to determine correct 

operation of the system as specified in point 1. Special care should be taken to 

decouple gain/loss from optical feedback from any other potential changes to the 

system. 

3. Quantification of performance of different elements of the system on their own as 

well as a part of the system. 

a. Light projection 

b. Light modulation 

c. Object scattering 

d. Light detection 

4. Modelling of the whole system as well as its elements based on physical principles 

of operation in order to provide strong reference for the experimental data obtained. 

Significant effort will be placed on Light modulation and detection as they 

correspond to most important parts of the system, namely, SLM and SPAD sensor 

array. 

5. Characterisation of the system as a 3D imaging system and comparison with existing 

systems operating using Time of Flight principle. 

6. Automation of the system operation and performance improvements. 
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1.4 Thesis 

The full title of thesis presented in this work can be defined as follows:  

“Characterisation of holographic projection as structured illumination in a Time-of-

Flight based 3D imaging system to provide optical feedback and noise rejection for short 

range applications.”   

1.5 Thesis outline 

The first chapter provides a context and introduction for the work presented. 

In the second chapter the basic theory behind 3D and ranging measurements is 

explained together with basic principles of the holographic projection. 

This information is followed by the description of Spatial Light Modulators and their 

types. Finally, all components of the visible light based 3D imaging system are described, 

including light sources, light receivers, discrete optics and signal processing.  

The third chapter describes in detail different types of both 3D imaging and ranging 

systems. 

Systems are divided with respect to what type of wave is used to estimate the distance. 

Furthermore, different types of applications for 3D imaging and ranging systems are 

described, supplemented with information about requirements of aforementioned 

applications. 

The fourth chapter describes materials used for research purposes, components 

necessary to complete the imaging system as well as methodology used during any 

experimental work. It precisely mentions all computer software that contributed to the 

development of the 3D imaging system presented here, as well as all the software that is 

currently used for processing 3D information received by the system. 

Furthermore the chapter contains information regarding all hardware necessary for the 

correct operation of aforementioned system. It includes light source, light sensor, discrete 

optics and data processing hardware as well as optical bench and observed objects. 

Finally, the safety precautions, rules and guidelines used while performing experimental 

measurements are described, together with reasons behind using them. 

In the fifth chapter definition of a structured illumination is presented together with 

explanation of how it is produced for a novel system described. Expected benefits of the 

system are described, explaining the main reasons for using structured illumination, as well 

as basic principles of operation. System efficiency model developed is presented in detail 

which provides an insight into the performance of the system for a different set of 

conditions. Finally, inherent characteristics of the illumination used are described, followed 
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by results of experimental measurements to provide detailed information about the 

performance and the limitations of the system.  

The sixth chapter describes a novel adaptive sensing algorithm used in the system 

which operates in unison with the structured illumination and enables to take a full 

advantage of all its benefits. Moreover, the actual benefits are described together with the 

principles of how those benefits can be achieved within the actual setup. It also describes 

sensor array that was used, its characteristics and its relative performance compared to other 

types of sensors. Finally, results of measurements regarding photon detection of the system 

are presented together with critical discussion about what they mean for the performance of 

the whole system.  

The seventh chapter summarises new 3D imaging system components, presents reader 

with results of all experimental measurements performed up to date that characterise the 

system and compare it with other state-of-the-art systems. Furthermore, application best fit 

to the system is chosen and justification of the choice presented. Finally, application specific 

measurements are described, discussion over those results is performed and conclusions are 

drawn about the actual suitability of the system for this particular application. 

The eighth chapter summarises all the work done regarding development and 

implementation of the novel time of flight based 3D imaging system. Moreover, it describes 

potential future work regarding improvement of performance of the system as well as 

suggests possible measurements necessary to evaluate suitability of the system for new or 

existing applications. Afterwards final conclusions regarding system are drawn that 

determine the qualitative probability of the system to compete with existing systems for 

particular applications. Finally, conclusions related to thesis as a whole are presented, 

determining whether objectives mentioned earlier in this chapter were met and evaluating 

how successful was the project compared to expectations. 

1.6 Contribution to knowledge 

The following thesis presents a novel 3D imaging system that features a reduction in 

noise and capability of an optical feedback. It uses existing technologies combined together 

and aims to improve overall performance of the system by reducing one of the most 

significant limitations, which is noise level as well as enable the user to direct the light to 

areas of interest in the observable scene. To the author‘s knowledge this is the first such 

system presented up to date. The new system would feature improved resilience to high 

noise level environments as well as those being troubled by high levels of background light.  
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Alternatively by trading the reduction in noise or the gain from optical feedback; a 

reduction in light source power consumption or an improvement in the maximum dynamic 

range is possible. Moreover, a balanced gain in all mentioned characteristics might be 

possible. It is important to mention that those improvements come with a trade-off of 

increased cost related to SLM involvement. Nonetheless, the author believes that, with the 

development of technology, improvements in performance can offset additional costs. 

Furthermore, a set of minor contributions were made that are relevant to parts of the 

system or system development but might be used in similar systems or used when similar 

procedure of application development is used. Those minor contributions are listed below: 

- Novel algorithms for selective time resolved data acquisition for SPAD based 

sensors were developed that can be used in conjuncture with any other type of light 

source rather than only structured illumination presented here. 

- Matlab codes were developed to produce efficient diffraction pattern generation for 

binary SLM which are parameterised to compensate for a possibility of different 

types of SLMs with respect to definition, pixel pitch, as well as wavelength of light 

used.  

- Characterisation of arbitrary binary, reflective FLCoS SLM with respect to standard 

diffraction efficiency, as well as variation in efficiency with angle variation in x-y 

and y-z planes.  

- Matlab model for an efficiency analysis of Time of Flight systems based on uniform 

illumination, scanning laser illumination as well as structured illumination method 

presented in this thesis 

- Matlab model for the simulation of photon count detection and depth resolution 

estimation for a pulsed direct ToF. Note that peak detection model can be applied to 

any histogram based peak search with one expected maximum.  
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 Chapter 2 - Theory and light imaging components 

2.1  3D imaging and ranging  

3D imaging and ranging techniques are used to estimate the distance between an 

observer and an observed object. While distance measurement can be performed using 

something as trivial as measuring tape and wheel, for the purpose of this thesis when 

referring to distance estimation techniques, the author will have in mind those that do not 

involve physical movement of the observer toward the observed object. 

3D imaging and ranging are, in fact, extremely similar concepts. The main difference 

between the two is that in the case of ranging we are usually only interested in the distance 

and nature of the object, while in 3D imaging we are also interested in smaller, spatially 

resolved features of the observed object. Furthermore, when talking about 3D imaging we 

usually refer to the electromagnetic spectrum of radiation, as our carrier of information, in 

particular visible and infra-red light. In case of ranging, using other wave types as carriers, 

for example sound waves in SONAR systems, is a possibility. 

Ranging and distance estimation dates back to ancient times. The simplest method for 

distance estimation is Thales‘s intercept theorem, which can be used without any special 

equipment. In fact a ruler might be sufficient. The special case of Thales‘s intercept theorem 

states that in a right angle triangle intercepted by a perpendicular line as presented on 

diagram below 

 

Figure 2.1 Diagram representing special case of Thales‟s intercept theorem 

 ba

a

d

c

  
( 2.1) 

Using this theorem we can estimate the distance of the object under following 

assumptions: 
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1. Size ‗d’ of the observed object is known or can be roughly approximated 

2. We can place an object of a known size ‗c’ at an arbitrary distance ‗a’, so that it 

covers exactly the observed object from our Field of View (FoV) 

While the technique is extremely simple, disadvantages related to using it are obvious. 

First of all, it is necessary to know accurately the size of the observed object. Secondly, even 

then the estimation is only coarse. 

The first technique that did not necessitate knowledge about observed object was 

triangulation. It was the only technique available for a very long time until the advent of 

RADAR which was first described in late 19
th
 century [13]. Modern world offers a number 

of techniques and systems capable of distance estimation and depth mapping. They will be 

described in more detail in chapter 3. 

Note that while nowadays there are many distance estimation methods, most measuring 

techniques tend to use some other information as an intermediate medium for distance 

estimation and as a result depth is measured indirectly. Those methods include triangulation 

as well as all time of flight and/or phase shift based methods. 

2.2 Holographic projection 

Holographic projection refers to a process which rather than projecting the light directly, 

uses phenomena of light interference and light diffraction first in order to achieve the desired 

illumination pattern followed by projection in the second stage. In order to produce a 

holographic image we need a source of light and an appropriate hologram (diffraction 

pattern).  

The most common example of holographic projection is shining light through piece of 

paper with two slits in it, which produces an image of dark and bright fringes on the other 

side of the slit paper as demonstrated by Thomas Young in early 19
th
 century.  

Resulting fringes are produced because after light is diffracted when passing through 

slits; it interferes destructively with parts of the beam and constructively with other parts. We 

can consider slit paper as a simple diffraction pattern and fringes as our holographic image 

(see Figure 2.2). 
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Figure 2.2 Diagram illustrating Young‟s two-slit experiment 

While nowadays holographic projection can be done using single laser beam and 

Computer Generated Holograms (CGH) to produce a holographic image, the original way of 

hologram generation was more complex. Holograms were optically etched on surfaces with 

interference pattern [19]. The diagram showing a method in more detail is shown below.  
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Figure 2.3 Method of generating holograms (diffraction patterns) through laser etching 

However, while historically relevant, this old method is not reconfigurable, and is less 

useful in many modern applications. That is why from now one when this work will refer to 

holographic projection it will be implied that holographic images are produced with CGHs.  

Modifying the diffraction pattern will result in the change of holographic image 

characteristics, in particular the bright spot position and relative intensity, allowing for 

holographic projection. Note that the only restraint on the rate of projected images is how 

fast we can change diffraction patterns.  

2.2.1 Diffraction theory 

In fact there is a well-established mathematical model relating the diffraction pattern and 

the holographic image projected, namely a 2-dimensional spatial Fourier Transform (FT). 

This model is a special case of general Fourier Transform [20], named after the 18
th
 century 

mathematician, who first begun work on Fourier series and their applications. In the case of 

holographic projection, the FT relates characteristics of a diffraction pattern (spatial 

transmittance/reflectance of pixels on the SLM) and the corresponding image (spatial 
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intensity). According to the model, if we were to have at our disposal an infinite diffraction 

array divided into infinitesimal points (pixels) and capable of a completely analogue (phase 

and amplitude) modulation would allow us to holographically project any image we desire 

[21]. 

However, in a real world we are usually limited by the available space on the macro 

scale and by manufacturing limitations on the micro scale. As a result our projected image 

will constitute of many beams with varying intensity. Note any diffraction pattern we are 

able to use is finite. As a result, similarly to how the two-slit experiment produces an infinite 

amount of fringes with reduced intensity (higher diffraction orders), our resulting image will 

be replicated in higher diffraction orders as well.  As a result when talking about a 

holographic image author will refer to the 1
st
 order image unless stated otherwise. For a finite 

diffraction pattern the size of M by N pixels, an image spot in the 1
st
 order image space can 

be described using formula below. The formula is derived from the discrete Fourier 

Transform (Appendix A) 
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Where  

a – complex value of the image spot 

M, N – dimensions of diffraction pattern 

m,n – coordinates of a pixel on the diffraction plane 

k,l – coordinates of a spot on the image plane 

t – transmittance of the pixel on the diffraction pattern  

The equation is still valid for reflective systems by replacing the transmission coefficient 

t with reflection coefficient r. 

The process of diffraction imposes limits on the size and the spatial resolution of the 

projected holographic image. According to the model, the maximum size of the image is 

determined by the size of the pixel with an inverse relationship. This relationship can be 

approximated with the formula below. 
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Where 

Imax - image size 

D – distance of the image  

λ – wavelength of electromagnetic wave 

p – pixel size 



29 

 

The minimum spatial resolution of the resulting image is (2Imax/M) in the x – plane and 

(2Imax/N) in the y – plane respectively.  

It is easy to see that for certain applications we have little control over wavelength and 

projected distance D. That is why in order to improve performance of any holographic 

projection system it is crucial to: 

 Decrease pixel size in order to increase image size. 

 Increase number of pixels in order to improve resolution. 

 Increase fill factor of the SLM 

Knowing the main principles of holographic projection, the question remains, why 

would we like to use it instead of ―standard‖ projection. In fact there are several main 

reasons which are explained below.  

Firstly, by using very specific diffraction patterns, it is possible to redirect light and 

focus it at different focal planes. This phenomenon enables us to produce images in three 

dimensions. Provided we have a screen capable of displaying three dimensional images at 

our disposal, holographic projection is capable of a 3D projection. It is this particular reason 

that brings most interest of the public towards a holographic projection.  

Secondly, because the process of diffraction allows us to direct the light anywhere 

according to our needs it is possible to produce an extremely high contrast. Furthermore, 

because dark areas are created by redirection of the light rather than by filtering, the 

projection system can be much more optically efficient. 

The next big advantage of holographic projection is the fact that it is much more resilient 

to any isolated pixel damage during the manufacturing process. For a standard imaging each 

of the pixels corresponds to one spot in the image plane, which means that whenever a pixel 

is damaged there is a clearly visible spot in the image plane that is missing. In the case of the 

holographic projection where every spot in the image plane is affected by every pixel in the 

diffraction plane situation is different. Each damaged pixel will affect all image spots by an 

amount on average equal to  

 
MN

I
1

  
( 2.4)   

M,N – diffraction pattern size 

Modern devices that can be used for holographic projection have arrays counting around 

two millions pixels. As a result one or even several thousand faulty pixels will have a 

negligible effect on the final image.  
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It is important to note that as the model predicted and real life confirmed, it is possible to 

convert back from image plane to diffraction plane through Inverse 2-dimensional Fourier 

Transform. 

As a result it is possible to generate necessary diffraction patterns based on the 

information about the image we would like to observe. The process of the holographic 

projection involving computer generated diffraction patterns can be summarised in the 

diagram below 

 

Figure 2.4 Figure shows the process of holographic projection based on computer generated 

holograms. 

Note that the Inverse Fourier Transform actually produces an upside-down version of the 

original image. However, this can be easily remedied by pre-adjusting the orientation of the 

diffraction pattern or at an even earlier stage by that of the original image. 

2.3 Spatial light modulators 

Spatial Light Modulators (SLMs) are optoelectronic devices capable of modulating 

phase or amplitude (or both) of the incident light and as a result producing a new, modulated 

waveform. Most SLMs are optimised to work in the visible and near infra-red; however, 

some are capable to work in the ultra-violet as well [22]. SLMs are devices of choice for 

generation of holographic projection. 

There are many different types of SLMs divided into categories based on characteristics 

considered. 
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There are electrically addressed and optically addressed ones, which distinguishes 

between SLMs that use electrical signals and the ones that use optical waveform to 

determine how the incident light is modulated. 

In the optically addressed devices, there exists a reference optical beam that encodes 

information on our incident beam by the process of interference [23] [24] [25]. In the case of 

the electrically addressed devices, an electrical signal changes the diffraction pattern used to 

modulate the incident wave [26] [27] [28] [29] [30] [31]. There is shift towards the electrical 

addressing [32] as it is more compatible with digital nature of most electronic devices, not to 

mention reduced power consumption. 

Next we have division for active matrix and passive matrix based SLMs which 

distinguishes between the arrays that can be addressed on per-pixel level and not. As a result, 

devices featuring an active matrix have a much greater control over light modulation, which 

makes them a preferable solution. Once the active matrix addressing has matured, it has 

become a dominant choice for the spatial light modulators [33] [34] [35] [36].  

We can also divide SLMs into the ones that perform a phase modulation which as the 

name suggests, change the phase of the polarisation of the incident light; and the ones 

performing amplitude modulation which vary the amplitude (or intensity) of the light 

instead.  

The latter has found its market share in video projection, using standard projection 

methods. By using a different modulation pattern for each of the three primary wavelengths 

it is possible to obtain a full colour video that can be, for example, used in cinema projectors. 

While amplitude modulation can be used for holographic projection it is not as optically 

efficient as phase modulation. 

Phase modulated devices has a wider potential range of applications, which are currently 

in development [37] [15] [38] [39] [12]. It can also be used for video projection by the 

means of the holographic projection; however, it has not become a popular choice just yet. 

Arguably because laser source as well as demanding computation is required.  

Furthermore, we can divide SLMs into either transmissive or reflective. In transmissive 

devices, light is modulated as it passes through the device. The direction of light propagation 

then remains the same. In reflective devices, incident light is reflected back during 

modulation. As a result, reflective device based systems incorporate a method to redirect 

modulated light, for example, a beam splitter. 

Table 2.1summarises a classification of SLMs based on the criteria mentioned before. 
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Criterion Types 

Type of addressing Optically  Electrically 

Method of addressing Active  Passive 

Light propagation Transmissive Reflective 

Type of modulation Phase Amplitude 

Table 2.1 Classification of the SLMs based on criteria presented in chapter 2. The types of the 

SLM used for the purpose of this thesis are shown in yellow 

A number of technologies exist offering different combinations of SLM characteristics. 

They are described in the sections to come with emphasis on the SLM technology used in the 

system described in this thesis – Reflective Liquid Crystal Spatial Light Modulator (R-LC 

SLM) 

2.3.1 Nematic Liquid Crystal  

Liquid Crystal (LC) based SLMs consist of an array of LC cells that modulate incoming 

light on per pixel basis. When light is modulated in an SLM it first travels through 

transparent layers (cover glass, electrode and alignment layer), then depending on 

birefringence of the material used and orientation of directors in the LC, the angle of the 

polarisation of the incoming light is affected. At this point it would be useful to explain 

birefringence.  

Birefringence is a phenomenon when a certain material has a different refractive index 

depending on the light polarisation and angle of incidence. Birefringence (Δn) is a factor 

inherent to the material LC is made from. It corresponds to a maximum difference between 

refractive indices of a material (refer Figure 2.5).  
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Figure 2.5 Diagram shows propagation of unpolarised light through birefringent material which 

results in a split of extraordinary and ordinary rays of the light 

There are different types of nematic LC. Since the author would like to concentrate on 

Ferro-electric LC, the basic structure and operation of nematic LC will be explained based 

on 90° twisted nematic LC. In such a cell through continuous rubbing the LC directors are 

twisted by a total of 90° from the front of the substrate to the back (hence the name). When a 

linearly polarised light enters such a cell, the polarisation follows a twist of LC directors and 

is rotated by 90°. In the presence of electric field the twist of LC directors becomes disrupted 

and rotation of polarisation no longer occurs [32]. This principle of operation can be used in 

cross-polariser setup to allow for propagation of light depending on presence of electric field 

(refer Figure 2.6). 
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Figure 2.6 Shows propagation of linearly polarised light in 90° twisted nematic LC cell. Green 

arrows show direction of polarisation of light. 

2.3.2 Ferro-electric Liquid Crystal  

There are significant differences between structures (and as a result also operation) of 

nematic and Ferro-electric (smectic C*) LC. One of the main differences is the exact 

orientation of LC directors within the layer. While in nematic LC the directors are oriented 

on the same plane as normal to the layer, within that plane, the exact position of directors is 

random (they are not layered). On the other hand with smectic LC, while planar orientation 

remains, the directors are further coupled with a normal to the LC layer. In particular, in 

smectic A the directors are collinear with the normal and in smectic C they are tilted by an 

angle θ with respect to normal [37] (refer Figure 2.7). 

 

Figure 2.7 Shows relative position of LC directors with respect to normal to the LC layer for 

different types of LC layers. 

Ferro-electric LC is a smectic C type LC. However, it is not sufficient to specify the type 

of LC used in order to describe operation of Ferro-electric LC SLM used in this work. It is 

further necessary to mention that is Surface Stabilised FLC SLM (SSFLC SLM). 
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SSFLC SLM is obtained by placing a sufficiently thin layer of liquid crystal in between 

glass layers. As a result of surface interaction of the layer the position of the directors within 

that layer can reach only two possible energy states determined by the angle with respect to 

normal to the layer, which produces a spontaneous polarisation parallel to the layer 

orientation [37]. 

 

Figure 2.8 Shows possible positions of LC directors in SSFLC (n0, n1). V
+
 and V

-
 represent 

direction of electric field. θ is an angle of LC directors wqith respect to normal to the layer. 

(based on Fig. 4 [37]) . 

 When electric field is applied to SSFLC the resulting torque interacts with 

aforementioned spontaneous polarisation switching between possible energy states based on 

direction of electric field. We can use cross-polariser setup similar to that for twisted nematic 

LC that will allows us to control the propagation of linearly polarised light. If we rotate 

SSFLC device so that one of the energy states is normal to the linear polarisation of incident 

light and choose appropriate angle θ (45° for transmissive and 22.5° for reflective device) 

then we can either completely block or pass light (refer Figure 2.9). 
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Figure 2.9 Diagram illustrates effect of LC cell on polarisation of light. Dark blue arrows 

represent the direction of polarisation. V
+
 and V

-
 represent direction of electric field. Polarisers 

p1 pass vertically polarised light and p2 horizontally polarised. 

 

Assuming use of linearly polarised light, careful choice of LC layer thickness based on 

the birefringence coefficient allows us an effective rotation of the polarisation angle in the 

cross-polariser setup of the system. The reflectance (R) in the cross-polariser setup is equal 

to 

nd
R

2
sin4sin 22

 

Where θ – cone angle, d – thickness of LC layer, Δn – birefringence coefficient, λ – 

wavelength. In order to maximise reflectance θ = 22.5° and 
n

d
4

which is usually around 

1μm [32]. 

 

Following division introduced in Table 2.1, we can further divide LC based devices into 

transmissive and reflective. Current T-LC SLMs tend to be electrically addressed, are active 

matrix addressed and as a name suggest, they are transmissive [32]. Finally, they are capable 

of both amplitude and phase modulation. 

Before proceeding with a presentation of other technologies, it will be useful to mention 

two factors that might help us with SLM evaluation.  
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1. Switching time 

2. Transmission efficiency 

The switching time is mostly determined by the type of device used. In the case of 

twisted nematic LC briefly explained the ‗on‘ state is present in absence of electric field. 

While the device can be switched ‗off‘ quickly by applying electric field, in order for the 

device to switch back ‗on‘ it will have to rely on mechanical relaxation. In Ferro-electric LC 

both states are electrically driven. You switch between states by alternating electric field.  

It is possible thanks to existence of a spontaneous dipole moment in Ferro-electric LC 

which provides electric torque when the change in director orientation occurs. As a result 

electrically driven state change (order of tens of microseconds) is much faster than 

mechanical one due to elasticity of a material (order of milliseconds) [32].  

Transmission efficiency is directly related to whether device is transmissive or reflective 

and will be described now. 

Transmissive Spatial Light Modulator 

Where transmission efficiency of T-LC is concerned, the biggest loss is associated not 

with transmission of LC but the existence of in-pixel electronics that block the light.  

 

Figure 2.10 Diagram shows a top-view of a pixel in a transmissive LC SLM. 

Based on Figure 2.10 it is easy to determine that the maximum transmission efficiency 

of a t-LC based device to be:  

 tot

eletot

A

AA
tmax

   

( 2.5) 
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At this point, it is simple to realise that as the pixel size decreases it is significantly more 

difficult to maintain same efficiency. Moreover, it would be of great benefit if we were able 

to remove the electronics altogether from the pixel. 

Reflective Spatial Light Modulator 

Reflective LC based SLMs are in many ways similar to transmissive ones, assuming 

they are both the same type (ie both nematic or both ferro-electric). The main difference 

being that light passes through the LC twice in reflective SLMs, second time when the light 

is reflected from internal mirror.  

 

Figure 2.11 Diagram illustrates a cross-section of reflective LC SLM. Note that thickness of 

layers is not to scale 

As a result the change in angle of polarisation would be twice of that for transmissive 

device given same thickness of LC used (Figure 2.11). 

Reflective SLMs were introduced later than transmissive ones, yet recently there was a 

shift towards the reflective ones for certain applications [40]. One of the reasons why this is 

the case is the gain in the modulated light throughput. Based on Figure 2.11 we can see that 

the electronics in the reflective device can be moved underneath LC layer, as the light no 

longer needs to pass through the whole cross-section of a pixel (light is reflected after all). 

Moreover, when R-LC devices are concerned, a number of FLC based devices were 

developed, which includes the one used by the author [41]. As it was mentioned before, FLC 

based devices offer superior switching speeds compared to nematic ones.  
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Finally, integration of LC cells with Complementary Metal Oxide Semiconductor 

(CMOS) technology allowed for manufacturing of very small pixels. From now on such 

integrated devices will be called Liquid Crystal on Silicon (LCoS). 

There is one significant drawback with using reflective devices, namely it is the fact that 

you need a way that would allow us to distinguish between the incident light and the 

modulated light and change the direction of propagation of the modulated light so that it does 

not travel back towards the source. Otherwise, it would be of little use. As it was mentioned 

before, polarising beam splitters are the most common solution for this purpose.  

Moreover, we need to be aware that the modulated light can interfere with the incident 

light modifying its initial characteristics. That is why it is imperative for the light source to 

have a high rejection ratio towards the reflected beam. 

Switching speed is especially important for the application described in this thesis, 

which becomes apparent in chapter 5. This characteristic coupled with other FLCoS (Ferro-

electric LCoS) characteristics (yellow in Table 2.1) contributed towards the choice of this 

particular device. A brief analysis of the characteristics in question is presented below.  

Electrical addressing is vastly superior to optical addressing. Main reason is the need of 

the latter for an additional light source. All associated system complexity and power 

consumption follows. 

An active matrix SLM is superior in every aspect (assuming reasonable energy 

efficiency) over passive matrix as it allows addressing of every single pixel independently 

and thus gives a full control over the diffraction pattern and as a result the image that 

follows. Theoretically speaking, there exists a possibility to implement a pixel level logic 

that would evaluate the value that is addressed to the pixel. However, it seems that a macro 

level logic implementation is sufficient for most applications, as pixel level logic has not 

been utilised before.  

Phase modulation is superior to the amplitude modulation in terms of energy efficiency 

when holographic projection is concerned. The reason for increase in energy efficiency is the 

fact that during phase modulation the resulting possible states have π difference in 

polarisation angle and as a result both pass exit polariser in cross-polariser setup. On the 

other hand in amplitude modulation the light resulting from one of the states is blocked. 

Since power transmitted by light is proportional to the square of the amplitude, any 

attenuation in the amplitude will result in a significant reduction in power. As a direct 

consequence SLMs using phase modulation has found a bigger variety of potential 

applications. 
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The benefits of the phase modulation do come at a price though. Since phase modulation 

requires a polarised light, there is a need for the polarisation sensitive optics and most 

probably polarised light source. Note you can use additional optics to polarise light further in 

the system but this will result in the decreased power. Regardless of the choice of 

polarisation method, phase modulation allows us to achieve a more efficient system at the 

cost flexibility regarding light source and additional optical elements. 

However, when holographic projection is concerned, the aforementioned drawback 

related to the additional components is now shared by both types of modulation. It is no 

surprise at this point that a phase modulation was used for the purpose of this thesis. 

We can further discriminate spatial light modulators by the number of the discrete 

modulation levels they produce. 

Digital modulation, as opposed to analogue modulation, allows only a limited degree of 

freedom when changing the phase or the amplitude of the incident waveform. While modern 

SLMs accept digital inputs and as a result do not offer fully analogue modulation, they 

possess a high number of bit planes of modulation. For example an 8 bit modulation with 

corresponding 256 modulation levels, can effectively be considered analogue. On the other 

hand of the spectrum there are binary-state SLMs which as name suggests have only 2 

distinct states of modulation. Thus, the control over the holographic images is reduced. 

Furthermore, they always contain a mirror image that most of the time is a waste of power, 

not to mention limited control over holographic image when compared to multi-state SLMs 

(less degrees of freedom) [42] [Appendix A]. On the other hand the FLC SLM binary state 

modulation enables extremely fast modulation rates. Depending on the application, one or 

the other type of a device might be preferable.  

The device used for this thesis is only capable of binary modulation. However, the speed 

of such an SLM can be used to compensate for some of its drawbacks. In fact it is possible to 

partially compensate for the lack modulation levels by incorporating time domain. While it is 

possible to create a greyscale using this fashion (note that grayscale is only produced when 

illumination is integrated over extended periods of time), it is impossible to get rid of some 

energy related inefficiencies of the binary modulation, namely a mirror image and increased 

background noise produced. 

2.3.3 Digital Light Processing (DLP) 

Digital Light processing (DLP) devices are a special case of Deformable Micro-mirror 

Devices (DMD), which in turn belong to a wide family of Micro Optical-Electrical-
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Mechanical Systems (MOEMS). A DLP pixel consists of mirror mounted on a yoke capable 

of two distinct positions determined by small hinges. 

 

 Figure 2.12 Diagram presents possible positions of DLP pixel. 

DLP devices are electrically addressed with active matrix addressing. They are reflective 

devices, capable of both amplitude and phase modulation. Finally, the effective switching 

speed was reported to be around 15μs [32]. 

2.3.4 Piezoelectric Micromirror 

Piezoelectric Micro-mirror device is similar to DLP in that it also belongs to MOEMS 

family. A piece of piezoelectric material is mounted on an anchor and connected to the 

substrate. Electronics present in the substrate allow us to deliver a voltage to piezoelectric 

material, which results in the latter changing shape. Once piezoelectric material deforms, a 

micro-mirror on top of it changes state (Figure 2.13). 
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Figure 2.13 Diagram illustrates „On‟ and „Off‟ state of a piezoelectric micromirror device 

Piezoelectric micro-mirror devices share most characteristics with DLPs [32]. They are 

slightly slower (around 25μs), however, the biggest difference is in size of the pixel (about 5 

times bigger than DLPs).  

2.3.5 Comparison of SLMs 

Since all available devices presented in this section are capable of electrical addressing 

and active matrix addressing, as well as both amplitude and phase modulation, it is necessary 

to introduce additional merits of interest to differentiate between them. One of them is the 

aforementioned switching time. Another one will be the size of the pixel. Pixel size is very 

important as it not only determines maximum image size (FoV) but also determines a 

realistic size of the SLM array. According to these two criteria and light propagation type, 

the devices are compared in Table 2.2 

Criterion Nematic LC FLC DLP Piezo 

Propagation 

type 

Transmissive 

and reflective 

Transmissive 

and reflective 

Reflective Reflective 

Switching time Milliseconds ~50 μs
* 

~15 μs ~25 μs 

Pixel size  ~10 μm ~10 μm ~10 μm ~50 μm 

Table 2.2 SLM technology comparison table (*assumes FLCoS) 

Based on the comparison presented in the table we can argue that the DLP device is best 

suited for the application presented in this thesis. However, the FLCoS is not far behind. 

While switching speed is important it will be shown in chapter 5 that the speed of FLCoS is 
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not a limitation for the current system. As a result, other factors like cost and availability can 

be taken into consideration. All things considered, the FLCoS is a perfectly viable choice 

and author considers using this device as completely justified. 

2.4 Light sources 

This section is dedicated to the light sources used for light based ranging systems. This 

section puts purposefully more emphasis on the laser diodes as the actual system presented 

in the thesis uses one. 

Regardless, there are still plenty of different sources to choose from. The choice will be 

depending on the type of the illumination used and/or technology used to produce this 

illumination. 

Below are presented the dominant light sources for visible or infra-red wavelength 

ranging systems: lasers in general, laser diodes in particular and LEDs. 

2.4.1 Lasers 

LASER (Light Amplification by Stimulated Emission of Radiation) is a light generated 

in a way exactly as the name suggests. At this point it is useful to explain how stimulated 

emission and light amplification works. 

While light can be emitted spontaneously when electron drops from high energy state to 

low energy state, in stimulated emission resulting photon has a specific phase, frequency and 

polarisation based on the properties of the electromagnetic wave the inducing electron was 

interacting with (see Figure 2.14). 

 

Figure 2.14 Diagram shows a process of stimulated emission 

However, the process of stimulated emission is not sufficient to produce enough light for 

most applications. That is why in order to produce laser light, sufficient light amplification is 

necessary. It is usually created using multiple mirrors or polishing of surface edges (see 
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Figure 2.15) in order to create enclosed space called resonant cavity. Within resonant cavity 

the light is reflected producing a standing wave. As a result the number of photons created 

through stimulated emission is significantly increased. Thanks to those two phenomena a 

significant light amplification is achieved, while retaining same light properties. 

Laser light is a very good candidate for time of flight systems because of its inherent 

characteristics. Lasers are monochromatic, meaning they consist of one single wavelength. 

Because of this characteristic it is possible to easily filter out most undesired light from the 

laser light. This can lead to the improved noise rejection of the system involving such a light 

source. Laser light can be easily polarised, which makes any manipulation, for example, 

modulation with the SLMs easier. Additionally, lasers can feature beams with very small 

divergence angles which is of a significant importance in scanning systems. 

Moreover, it is possible to obtain very short pulses of laser light, which is essential for 

pulsed laser ranging, because pulse duration is one of the factors determining a minimum 

depth resolution (chapter 6). Finally, the fact that lasers can be clocked at the very high 

frequencies allows for high frame rates. 

 

The development of laser technology in recent decades was rapid but multi-directional, 

meaning the work was performed on optimising different parameters of laser light. As a 

result there exist a range of high performance lasers optimised for specific application [43] 

[44] [45]. 

2.4.1.1 Laser diodes 

While laser diodes are sub-category of lasers, their dominant presence in the laser market 

made the author decide to dedicate a separate section to them. The only major difference 

between other types of lasers and laser diodes is in the method of how the actual light is 

produced. Early lasers produced light using either crystals or mixtures of gases. Laser diodes 

use p-n junctions in a semiconductor material. As a result laser diodes can also be classified 

as p-n junction diodes. 

The diagram of simple double hetero-structure architecture is presented on Figure 2.15. 
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Figure 2.15 Laser diode cross-section. Double heterostructure architecture. Polished substrate 

edges act like mirrors. 

There are two main differences between laser diodes and other p-n junction that allow 

the former to produce laser light. First of all, they use a semiconductor material that is 

capable of photon emission (these tend to consist of two elements – silicon or germanium is 

not appropriate). Secondly, the appropriate excitation level has to be applied toward a p-n 

junction. In particular it has to exceed the lasing threshold. In such a case rather than 

spontaneous emission, a stimulated emission takes place. 

The first laser light emission from a diode was demonstrated in 1962 [46], 12 years after 

the first laser demonstration in 1950. Since then laser diodes have came a long way and 

became a device of choice for many laser based applications. There are many potential 

reasons why it became the case. 

To list a few, laser diodes are usually smaller as well as cheaper to produce than standard 

lasers. As a result it is easier to integrate them with bigger systems. What is more, increased 

emphasis on laser diodes has made these type of lasers outperform competitors with regards 

to pulse width, repetition rate and range of wavelengths available (but not peak or average 

power - see , Table 2.3). These facts as well as big range of available products, is what 

makes laser diodes a preferable choice over other types of lasers for most applications. It was 

also the case for the application presented in this work. 

Table 2.3 presents a comparison between the usual performance characteristics of laser 

diodes and the actual laser diode used for the imaging system described in the Chapter 5. 
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Parameter (pulsed) 
Common market 
value High end value 

Value for laser 
diode used 

Peak power [W] 0.2 20 0.2 

Pulse duration [ps] 50-10000 ~0.1 50 

Wavelength range [nm] 400-1000 255-9000 432 

Repetition rate [MHz] 0.01-100 10000 100 

Cost [£] 100-10000 >10000 5000 

Parameter (CW)    

Average power [mW] 10-100 400 n/a 

Wavelength range [nm] 400-1000 255-9000 n/a 

Cost [£] 100-10000 >10000 n/a 

Table 2.3 Laser diode performance summary [47] [48] [49] [50] [43] 

When considering lasers and laser diodes it is important to mention safety issues related 

to the two and the following consequences. They will be described in detail in chapter 4, 

however because they contribute significantly during the decision making process when 

deciding upon a light source, author believes at they should be briefly described at this point. 

In short, a high laser power and a small divergence angle cause high energy density. This 

energy density can inflict damage to a human eye and in extreme cases even to an inorganic 

environment. As a result, both lasers and laser diodes are not suitable for applications where 

human interaction is present, unless the energy density produced by the system is sufficiently 

low. In practice laser diodes tend to have a bigger divergence angle than other lasers which 

means that with regards to this particular characteristic it is an advantage. Of course there 

might be a need to reduce the divergence angle if it turns out to be inadequate for a given 

application. Also when power levels are concerned, there will always be a trade-off between 

safety and light output. 

Despite all this facts, the advantages of laser light, especially coherence and polarisation, 

were the main factors that decided upon a choice of laser diode over LEDs as a light source 

for the system described later on.  

2.4.2 LEDs   

Light emitting diodes (LEDs) are, as name suggests, devices emitting light from a diode 

p-n junction. First LEDs appeared around the same time as first laser diodes. Initially they 

were mostly used as indicators on different electronic devices like phones or modems. Over 

time as the power of LEDs has begun to increase and many different wavelengths 

achievable, new applications for the LEDs became apparent. Recent developments have seen 

LEDs move toward lighting market, where it is quickly gaining ground.  
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Figure 2.16 LED cross-section. Double hetero-structure architecture. Thickness of layers not to 

scale. 

While the nature of a light generation is similar, there is significant difference between 

LEDs and laser diodes. The fact that photons in the former do not result from stimulated 

emission, the light obtained is neither coherent nor polarised. Moreover LEDs feature 

significantly larger line widths than laser diodes (around factor of 10). Additionally they tend 

to have larger divergence angles than both lasers and laser diodes. 

On the other hand LEDs are very cheap, which is probably their biggest advantage. What 

is interesting, there has been a significant development in recent years regarding large arrays 

of small LEDs (micro-LED arrays) which can be very useful for certain applications [51] 

[52]. 

The main advantage of such an array is the fact that if each LED in an array can be 

controlled independently, structured illumination can achieved on micro scale. Organic 

LEDs (OLEDs) has also been used for projection and display technology [53] [54].   

When we consider pulsed laser ranging systems, the most important feature is whether 

source light can be pulsed and synchronised with the light receiver. Indeed LEDs can be 

pulsed.  

Table below summarises performance of LEDs. 

Parameter  Common market value High end value 

Power [mW] 0.5-20 >1000 

Wavelength range [nm]  400-1000 
245-4600 

Bandwidth [MHz] 10-30 ~300* 

Cost [£] 1-100 >300 

Table 2.4  LED performance summary [43] [55] (*in case of micro-LEDs) 
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LED was a strong candidate for the light source of choice considering its low price and 

performance comparable with laser diodes. Unfortunately, the characteristics of the light 

generated (coherence and polarisation) turned out to be a decisive factor. As a result, LEDs 

had to be rejected. 

2.4.3 Comparison of light sources 

Table below presents a side by side comparison of the light sources based on the 

performance tables shown before. Note that this light source comparison is by no means 

exhaustive but sufficient when needs of a 3D imaging system are concerned. 

Parameter Laser Laser diode LED 

Light type    

     Coherent yes yes no 

     Polarised yes yes no 

     Monochromatic yes yes no 

Usual peak power [W] >1000 ~1 >1 

Pulse width [ps region 
achievable] yes yes yes 

Repetition rate [MHz 
region achievable] yes yes yes 

Bandwidth [MHz] CW possible CW possible CW possible 

Cost [qualitative] High Medium Low 

Table 2.5 Light source comparison table  

Based on the information presented in the table we can quickly reach a conclusion that 

choosing light source depends more on the specific application (high specification variation) 

rather than anything else; and is a trade-off between cost and performance. While high class 

lasers would be able to provide a superior performance, they are also expensive. Moreover, 

some of the gain in the performance would be lost if the quality of the light receiver was not 

able to match the laser. As a result cheaper laser diodes or LEDs are better alternatives 

because of reduced costs and greater availability, while maintaining a sufficient 

performance. 

As it was mentioned before, the final choice between LEDs and laser diodes came down 

to the latter offering better quality of light (coherent and polarised) for the particular 

application. The importance of polarised light will become clearer in chapter 5. 

2.5 Light receivers 

Light receivers as the name suggests are responsible for the detection of light. Usually it 

means not only sensing the presence of light but also measuring its intensity (or phase) by 

converting it into quantifiable entity. Most popular is the conversion into an electric current 

as it allows the subsequent processing of information in the following electronic systems.  
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There are many types of light receivers, some dating back to early 20
th
 century. Below is 

presented the description of the most popular ones together with comparison in performance 

and compatibility with ranging and 3D imaging applications. 

2.5.1 Photodiodes 

In principal most semiconductor diodes can act as photodiode. The only difference is 

that many diode applications photoconductive current is considered a ‗noise‘ current we 

want to avoid when designing electronic circuits. When used as a photodiode, we 

purposefully expose the sensitive area of the diode in order to produce significant values of a 

photo-current.  

The principle of the phenomenon of photon induced current is simple. When a photon 

arrives at a p-n junction and carries enough energy to move an electron over the band gap a 

free electron is produced. The following electron moves towards the cathode which results in 

a current flow (see Figure 2.17). 

 

Figure 2.17 Photodiode cross-section. 

The constraint of a photon needing enough energy dictates that for a given material only 

certain wavelengths of light will produce current. For example silicon responds to the 

wavelengths ranging from 190-1100 nm [56]. 

Photodiodes have found themselves plenty of applications in consumer electronics such 

as compact disc players [57], smoke detectors [58] or IR receivers for wireless 

communications [59].  

When 3D imaging systems are concerned, and in particular Time of Flight (ToF) based 

systems (chapter 3 and 5), the evaluation of photodiodes is not easy.  

On one hand photodiodes possess many excellent inherent characteristics. First of all, 

they are CMOS compatible and as a result they can be manufactured both cheaply, and as 
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very compact devices. Furthermore, they feature very low noise levels which is extremely 

helpful in ranging systems. Moreover, they have very high quantum efficiency. Quantum 

efficiency (QE) is a term describing the percentage of light that actively takes part in the 

sensing process. Higher quantum efficiency means better utilisation of light and, as a result, 

an improvement in the general system efficiency. Finally, mostly linear response to changes 

in the light intensity is also helpful. 

However, in the case of ToF based systems, all these advantages can be offset by the 

absence of the internal gain. Because of this deficiency, photodiode‘s effective light 

sensitivity is very low. Since ToF method requires the sensor to work in very low light 

conditions, low sensitivity is unacceptable. 

Sensitivity, which in the case of photodiodes refers to the ratio of a current produced to 

the given power of the incident light, was always one of the main figures of merit for light 

receivers. There is always a drive to maximise sensitivity. One of the methods used to 

improve this characteristic in photodiodes is to operate them under a reverse bias. The 

resulting increase in the sensitivity is great enough to offset potential disadvantage of 

increased noise and is a reason why photodiodes are nowadays increasingly used under 

reverse bias. Photodiodes operating in an excessive reverse bias are called single photon 

avalanche diodes and their behaviour is different enough for them to be considered a 

separate type of sensor. This leads us to the next sections. 

2.5.2 Avalanche Photodiodes  

Avalanche photodiodes (APDs) are photodiodes operating under a reverse bias. Reverse 

bias causes results in incoming photons producing an avalanche of electrons through impact 

ionisation. The avalanche effect in APD results in internal gain of around 100 [60], meaning 

a single photon produces around hundred electrons within depletion region. The drawback of 

using reverse bias is noise, which where APDs are concerned is called dark current.  

In terms of performance APDs lie in between ‗standard‘ photodiodes and Single Photon 

Avalanche Diodes (SPADs) when sensitivity and noise are concerned. They feature higher 

sensitivity than photodiodes and lower than SPADs, opposite is the case with respect to 

noise. When quantum efficiency is concerned, the values of 70% were reported [61]. 

Otherwise APDs share many characteristics with ‗standard‘ photodiodes and SPADs, i.e. 

CMOS compatibility and size. 
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2.5.3 SPADs 

Single Photon Avalanche Diodes (SPADs) are photodiodes operated in an excessive 

reverse bias in order to reach a breakdown voltage and produce an avalanche effect when the 

photon arrives. 

 

Figure 2.18  Graph shows a current response of an arbitrary photodiode for different values of 

reverse bias.  

 

Once the reverse bias exceeds the breakdown voltage it results in increase of the current 

by several orders of magnitude. This allows SPADs to reach single photon sensitivity [62]. 

The overall sensitivity of the SPAD sensors has a significant advantage over that of other 

photodiodes.  

Not only have SPAD based sensors overcome the crucial limitation related to light 

sensitivity, but they also retain most of the good performance characteristics of normal 

photodiodes. The CMOS compatibility remains. They are both small and relatively cheap. 

However, there are some trade-offs related to working at an excessive reverse bias. 

First of all, operation in excessive reverse bias is associated with a dramatic increase in 

the noise generated by SPADs. Furthermore, this noise continues to increase as the voltage 

of the bias increases. That means that there is direct trade-off between noise and sensitivity. 

Additionally, the quantum efficiency of SPADs is significantly lower than that of other 

photodiodes, ranging between 0.2 and 0.5 [63] [64] depending on the type of SPAD and 

wavelength of light used, as opposed to QE being almost one for normal photodiodes [65]. 
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Finally, operation in an excessive reverse bias increases the power consumption of the sensor 

which is always something we would like to avoid. 

 

Nonetheless, there are many factors that decided the SPADs are most suitable among the 

sensors for the ToF based system described in the thesis.  

1. Compatibility with CMOS which allows for easy processing of photon count 

information. 

2. Extremely high sensitivity 

3. Fast response time of a sensor.  

In the case of sensors, the fast response time refers to how fast an electrical signal is 

produced relative to the arrival of the photon. Thanks to the fast response, it is possible for 

the system to operate at high frequencies which is absolutely necessary in order to operate in 

short to medium ToF distance ranges. In fact short and medium ranges constitute significant 

portion of applications for Time of Flight based systems. Lastly, it is possible to create arrays 

of detectors using SPADs [66] [67]. This is a crucial point, because while it is possible to 

perform ranging using only one sensor, in order to achieve 3D imaging an array is necessary. 

Note that theoretically speaking some sort of sensor scanning can be performed where one 

detector is temporally scanned. However, the author is not familiar with any system 

incorporating sensor scanning. Regardless, SPAD arrays not only have been demonstrated 

[68] [69] [70], but also proved to be compact and what is probably most important, capable 

of discriminating photon arrival time on the per-pixel level. If we combine all of the features 

of SPADs, they seem like a perfect candidate for Time of Flight systems and as a 

consequence they were a sensor of choice for the system presented in this work. 

2.5.4 CCDs 

Charge coupled devices (CCDs) were invented in 1969 in Bell Labs [71]. Since then 

there was a significant development in CCDs as imagers [72] [73] and they soon have 

become very popular in many applications, both commercial and professional [74] [75].  

For consistent analysis, let us consider a single element of a CCD array, which is 

commonly referred to as simply – a pixel. 

The principle of their operation, simply speaking, is movement of charge. As an imaging 

device it consists of semiconductor substrate (usually p-doped) and a series of charge 

moving devices. The substrate is responsible for registration of light by storing charge in a 

capacitor within the substrate (potential well) when light hits it. It is important to notice that 

each pixel consists of multiple electrodes. Each electrode is capable of producing a potential 



53 

 

well and storing charge. Stored charge is then moved through the series of pixels that act like 

shift registers by alternating the voltage on the electrodes (refer to Figure 2.19).  

 

Figure 2.19 Cross-section of a single CCD pixel. Note that all three electrodes contribute to one 

pixel. 

At the end of the series charge passes through a charge amplifier that converts it into a 

voltage which can later on be processed using digital electronics.  

CCDs are a very mature imaging technology that features many advantages. However, 

while the performance is very good regarding 2D and colour imaging, the situation is slightly 

different if we consider them from a point of view of the 3D imaging system. 

The sensitivity of CCDs and photodiodes seems to be on comparable level [76]. While it 

has the advantage of simple and well established design it is losing ground to CMOS based 

sensors. And even though with respect to each characteristic the performance is not 

significantly worse than that of normal photodiodes, the single fact that there are no major 

advantages makes CCDs a not interesting choice for 3D imaging systems. 

In fact, CCD has higher power consumption and noise than normal photodiodes as well 

as slower response time. Even quantum efficiency reaching over 60% in high IR 

wavelengths [77] is of no significant benefit. When compared with SPADs, they can offer an 

advantage with respect to noise, but cannot compete in terms of sensitivity.  

To summarise, while there are many applications for CCDs, they would not be a 

recommended sensor for a Time of Flight based imaging system. 
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2.5.5 Photomultipliers 

Photomultiplier tubes (PMTs) are vacuum tube devices capable of an extreme sensitivity 

to light– over 140 dB internal gain even when gain is not main emphasis of the sensor [78].  

Such high sensitivity can be obtained because modern photomultipliers consist of several 

amplifications stages. 

A photomultiplier consists of the photocathode that produces electrons when an incident 

photon hits it, an amplification stage, as well as an anode that is responsible for converting 

the charge into voltage. 

The amplification stage consists of one or more dynodes. While a single stage might 

have gain as low as 8 [79], it is the combined effect of multiple dynodes that is relevant. The 

way amplification stage works is as follows.  

1. Electrons produced on the cathode are accelerated in the electric field which grants 

them higher kinetic energy.  

2. Highly energetic electrons hit a dynode and as a result more low-energy electrons 

are separated from a dynode.  

3. Those in turn are accelerated in the field as well and hit next the dynode stage.  

4. Finally, after electrons are separated from the last dynode stage, they arrive to the 

anode and are converted into voltage. 
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Figure 2.20 Diagram illustrates operation of a photomultiplier tube (PMT). 

PMTs feature the highest light sensitivity, which is the reason why they dominate the 

light sensors‘ market in the field of astronomy. They also feature low noise and a fast 

response time. They probably offer the highest performance with regards to all sensing 

aspects. However, there are practical limitations that limit applications of PMTs. Simply 

speaking they are too big and too expensive for widespread use. As a result, they are mostly 

used for high end applications [80] [81] [82]. 

Furthermore, while it would be indeed possible to use PMT for time of flight based 

ranging system, 3D imaging would be impossible, because the size of an array of PMTs 

would not be able to produce a depth map of close objects. 

2.5.6 Photoconductors 

Photoconductors (or Photoresistors) are a special type of resistors that can change their 

resistance when illuminated. Photoconductors are usually made from semiconductor 

materials like silicon – which includes both pure and doped silicon. 

When light at high enough frequency hits a photoconductor, it removes an electron from 

the ground state and moves it into the conduction band (see Figure 2.21).  

 

Figure 2.21 Diagram illustrates electron transition from ground state to the conduction band 

As a result a conductive zone is produced proportional to the light intensity that 

decreases the effective initial resistance. 

This way there is a correlation between the light intensity and the resistance of a 

photoconductor, which enables us to quantify the light intensity. 
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Cadmium sulphide photoconductors are used in many applications like bed lamps, street 

lamps, alarm clocks. They are also used in astronomy as IR detectors [83]. The use of 

photoconductors was also evaluated for a portable medical radiation imaging device [84].  

In general photoconductors tend to be used for a different range of wavelengths than 

visible light: IR for the astronomy and x-ray for the medicine. Nonetheless, the infra-red part 

of the spectrum is a common ground for Time of Flight based 3D imagers. While IR 

photoconductors offer a high sensitivity, there are drawbacks associated with those sensors 

as well. One would be relatively low quantum efficiency of 15-25% [85]. This however, can 

be partially compensated with high sensitivity.  

There also seems to be a trade-off between the response time and the sensitivity, though 

devices with a sub-ns response time are available.  

Regardless, the performance of the photoconductors with regards to the ranging 

application is good enough, which can be proved by the existence of cheap commercially 

available ranging sensors. However, small sensor arrays are rare at best, which leads to the 

conclusion that they might not scale too well. 

The suitability of IR photoconductors for 3D imaging might need further investigation, 

nevertheless they do not offer any major advantages over SPADs other than lower noise, 

while the SPADs seem to be superior with regards to other characteristics. 

2.5.7 Comparison of light receivers 

Table below shows a qualitative comparison between types of light receivers mentioned 

before. Most entries are based on the references provided in earlier sections. 

Characteristic/ 
Device 

Photo-
diodes 

APDs SPADs CCDs Photo-
multipliers 

Photo-
conductors 

Quantum 
efficiency 

0.8 0.7 0.2-0.5 0.95 ~0.4
a 

0.15-0.25 

Sensitivity 
(qualitative) 

Low Medium High-very 
high) 

Low Very high Medium 

Noise Very low Low-
medium 

High Low Low Low 

Size Very 
small 

Very 
small 

Very 
small 

Small Large Medium 

Price Very 
cheap 

Cheap Moderate Very 
cheap 

Expensive Very cheap 

Lifetime Long n/a n/a n/a n/a n/a 

CMOS 
compatibility 

Yes Yes Yes No No No 

Wavelengths UV-IR UV-IR UV-IR Vis-IR UV-IR
a 

X-ray or IR 

Response 
time Fast Fast Fast Slow Fast Slow to fast 

Array scaling Yes Yes Yes Yes No Weak 

Table 2.6 Table presents a qualitative comparison between different light receivers with regard 

to their application in the 3D imaging system based on time of flight principle 
a
 [43] 
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Note that while some of the characteristics are compared quantitatively, some of the 

others, like noise, are not. The reason is the fact that the operation of the devices is different 

enough for the noise reported in literature to be in different units. As a result, direct 

comparison of numbers would be of little significance. Thus the qualitative comparison has 

been used instead to provide a clearer understanding of advantages and limitations of each 

device. 

As we can see from the table SPADs are great candidates for time of flight imaging. The 

main reason being CMOS compatibility, which enables manufacturing of large arrays (in 

terms of pixels) at reasonable price and using small silicon area. Moreover, they are capable 

of single photon detection due to their high sensitivity. Furthermore, they operate within the 

desired range of wavelengths for imaging systems. Lastly, they offer a fast response time. 

Arguably, the only disadvantage of using SPADs is that they exhibit high levels of noise. 

2.6 Optics 

Though light sources and light receivers are two main components of every ranging or 

3D imaging system based on a visible or an infra-red part of the spectrum of electromagnetic 

radiation, we cannot forget about optics that enable a correct and efficient light propagation 

from the source to the sensor. 

Obviously depending on the system used the necessary optics are different. However, the 

one element that joins them all is the imaging lens (or system of lenses). Regardless, of light 

source we want to maximise the light received by the sensor. Imaging optics can be 

composed of nothing more than a simple convex lens. An example is shown on Figure 2.22. 

 

Figure 2.22 Shows imaging lens concentrating light on a sensor 
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Additionally by choosing an appropriate imaging lens we can restrict or expand the FoV 

of interest. 

It is worth mentioning that in case of 3D imaging systems rather than using single 

imaging lens there is a possibility of using an array of micro- lenses to effectively illuminate 

sensitive area of the pixels on the sensor (Figure 2.23) or a combination of both micro-lenses 

and a discrete lens. Moreover, an array of micro – lenses can improve fill-factor of the sensor 

as well. The reason for that is simple - the actual sensitive area of each pixel of the sensor 

does not cover the whole area of the pixel, because of the presence of other necessary parts 

of the pixel design, namely addressing and processing electronics. 

 

Figure 2.23 Shows the effect of micro-lens on the sensor array. 

Other than the imaging optics, there is usually some corresponding projection optics 

directly following the light source. The simplest piece of optical equipment that comes to 

mind is, yet again, the lens (or system of lenses). Lenses can be used to change the 

divergence angle of light leaving light source. An example of a more complex optical 

component can be a scanning mirror used to scan laser across the FoV. It is already used in 

some ranging systems [86] [87].  

Figure 2.24, Figure 2.25 and Figure 2.26 show an application of projection optics to 

modify the illumination provided by a light source. 
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Figure 2.24 Shows convex lens that acts as projection lens. Light source is placed closer than 

focal length in order to produce diverging waveform of light 

 

Figure 2.25 Shows a convex lens that acts as collimation lens. Light source is placed exactly at 

the focal length of the lens in order to produce collimated beam. 

 

Figure 2.26 Shows a basic scanning mirror system. The scanning mirror (in this case 2D 

scanning mirror) redirects light in 2 dimensions to cover whole field of view with a narrow 

beam. 

 
f 

 
f 
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When a holographic projection using FLCoS SLM is concerned, there is a further need 

for the polarisation related optics. Firstly, a polariser is necessary in order to obtain the right 

angle of polarisation of the incident beam. Secondly, once the beam leaves a spatial light 

modulator the polarisation angle of interest needs to be separated from other polarisation 

angles, as a result another polariser would be needed (unless we have an SLM optimised 

with respect to cone angle at our disposal, as well as having full confidence in alignment 

accuracy). Finally, in the case of a reflective SLM, there is a need to separate incident beam 

from a modulated beam. While off-axis illumination is a possibility, it would require 

additional compensation by the SLM. Alternative option is to use additional optical element, 

which was the case in this work. It is done by the means of the beam splitter. In fact all 

aforementioned optical elements (2 polarisers and a beam splitter) can be replaced by one 

Polarising Beam Splitter (PBS). PBS splits light according to the polarisation component of 

incident light (Figure 2.27). 

 

Figure 2.27 Shows propagation of light through polarising beam splitter 

When a 3D imaging system is concerned, the most important characteristic of optical 

elements is the transmission in the wavelength of interest, in particular infra-red or visible 

light. In case of the imaging lens it is best to maximise the diameter of the lens while still 

preserving the desired size of the system. Large imaging lens increases gathering area of 

light, which would correspond to an increased operating range of the system. Focal lengths 
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should optimally be short as it helps keep the final system compact. Anti-reflection coating 

on imaging lens would also be useful, as it could decrease the noise from undesired 

wavelengths of light. The efficiency of the PBS is also significant since it reduces the 

interference of reflected beam with the light source. 

2.7 Signal processing 

In order to completely consider a ranging system, we need to consider signal processing, 

or in slightly different words, what we are going to do with information received and how 

are we going to achieve it. 

Essentially there are three approaches to data processing. 

- 1
st
 one is to perform data processing in the hardware  - as part of the sensor 

- 2
nd

 is signal processing in the firmware, for example in a Field Programmable Gate 

Array (FPGA). 

- 3
rd

 one is to take care of data processing in the software after raw data is sent from 

the sensor to the computer 

- Finally, any sort of combination of the previous three (see Figure 2.28) – usually the 

most parallel heavy and easy to implement processing is done in the hardware (A), 

remaining parallel processing in the firmware (B) and after all crucial operations are 

made, software performs post-processing (C). 

 

Figure 2.28 Diagram illustrates a preferable way of image data processing in a 3D imaging 

system 

As usual there exist trade-offs between the options available. While the 1
st
 one is 

definitely the desired one as it can be extremely fast, orders of magnitude faster than 

software processing as it is capable of performing parallel operations. The actual gain is 

proportional to existing parallelism of the process involved. However, hardware 
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implementation is usually much more difficult to design and implement. The reason is that it 

requires a dedicated architecture for each function. 

Moreover, there is also a possibility that there are no resources whatsoever on the sensor 

capable of performing processing (or there are not enough of them), as a result we would be 

required to redesign the whole sensor used. Nonetheless, advantages of hardware processing 

are significant and it is worth the effort to at least consider this option. 

Software processing is the other extreme. While software development is usually simple, 

the resulting programs are slow since personal computers work in the sequential fashion. 

General purpose processors also by definition cannot reach the performance level of the 

application specific chips. There also is an issue of transferring all the raw data from the 

sensor at a sufficiently high rate, which irrespective of computer processing speed can also 

be a limiting factor.  

Firmware processing stands in between of those two extremes. While it cannot match the 

speed of the application specific chips, it is still much faster than the software, mainly 

because of possibility of parallelism. On the other hand, while it is simpler to code firmware 

than it is to design new hardware, the abstraction level is nowhere close to that of the 

software. Nevertheless, as a middle option it is often an indispensable solution of a system 

design for some processing functions. 

Finally, there is a last option, which is a golden middle, merging advantages of all three 

methods if used correctly [88]. It is because it can reduce the necessary hardware resources 

required to perform processing by using firmware, reduce data rate between sensor hardware 

and computer by converting huge data output of the sensor into manageable size. Finally, if 

we are able to perform all parallel computations on the sensor or in firmware, the 

sequentiality of the software processing will not drastically reduce our total processing 

speed, while allowing us to retain a simple user interface and a high abstraction level. 

The 3D imaging system is an example where the final approach would bring great 

results. Because 3D image sensors consist of an array of light detectors (and the amount of 

pixels in the sensor is expected to rise dramatically to match that of standard imagers), there 

is a great deal of data output out of the sensor. This data would be extremely difficult to 

transfer as a raw data since input data flow can reach levels of several Gb/s. However, 

because the functionality of all pixels is the same, the output data type from each of them is 

also the same. This parallelism can be first used in the sensor itself, to reduce raw photon 

count into an entity that is directly related to a measured quantity (i.e. time). Afterwards, the 

actual distance of a particular pixel from the object can be evaluated in the firmware. As a 

result only depth maps would be sent over to the software for any further image processing 
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(if there is need for such). Careful integration of all three processing methods can bring out 

advantages of all and mitigate all limitations. The only disadvantage of such a procedure 

would be complexity of the system. 
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 Chapter 3 - 3D imaging and ranging systems 

3.1  3D imaging and ranging systems 

The human species has evolved with the ability to perceive the world in three 

dimensions through a range of monocular and binocular cues. As a result, it has been in its 

interest to be able to determine both size of the objects and a distance from them. Both the 

dimensions of the object and the distance could be estimated indirectly way back in ancient 

world. The method is based on Thales‘s intercept theorem and is mentioned in chapter 2. 

Another, more useful method was triangulation, variations of which are used even now. In 

modern times there is a broad range of ranging systems, which are significantly different 

from each other to match the requirements of a wide range of applications. However, what 

most of them have in common is that they rely on sending a waveform in the direction of the 

object and monitoring the characteristics of the waveform after it becomes reflected.  

3.1.1 Laser Ranging 

Laser ranging systems are by far the most widespread when short to medium range 

applications are concerned. They also come in a variety of types depending on the 

wavelength of the laser used, but what is even more important – the way distance becomes 

estimated. There are four main types of laser ranging systems: triangulation, pulsed laser 

time of flight, laser phase shift and Frequency Modulated Continuous Wave (FMCW) optical 

radar [89]. 

3.1.1.1 Triangulation 

As was mentioned before, triangulation is a very old technique for distance measurement 

[90]. The basic principle behind it is extremely simple. We look at the same object from two 

different points in space. We then follow to measure the angles between the line of sight 

connecting observer to object and the line joining both positions of the observer (α and β – 

see Figure 3.1) . Knowing the distance ‗a‘ between observer positions we can apply the Sine 

Law in order to reach following expression: 

 
sinsin ad

 
( 3.1) 

After a transformation we reach the final expression allowing us to determine the 

distance d from the object 

 )sin(

sin
ad

 

( 3.2) 
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Figure 3.1 Illustrates the geometry behind the triangulation method of distance estimation 

Laser based triangulation works in a similar fashion. A simple ranging system based on 

this method consists of a light source (usually, a laser), an imaging lens and a position-

sensitive light receiver. The laser light produces a spot on the on the observed object which, 

in turn, is imaged through the imaging lens onto the sensor and its position marked. The 

change in the distance of the object will be reflected in the change in the position of a spot on 

the sensor, according to the formula below [91]  

 

1

sin

'x
z

 

( 3.3) 

Where quantities follow the Figure 3.2 
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Figure 3.2 Shows a triangulation based laser ranging system. Based on Fig. 1 by Dorsh et al 

(1994) [91]. 

And β is a magnification inherent to the imaging system. Note that the system needs to 

be initially calibrated to determine the triangulation angle θ. This angle, however, should be 

determined by the application‘s desired range and set by rotating the sensor to the correct 

orientation. 

The main advantage of triangulation ranging is the simplicity of the system. It can also 

feature a high degree of accuracy [91]. However, since distance change has to be measured 

through the shift of the laser spot on the sensor, the dynamic range is limited by the size of 

the sensor array. Moreover, the dynamic range is decreased further with an increase in 

triangulation angle θ, which is likely to happen at short distance range.  

Nonetheless, triangulation based laser ranging systems have found themselves a number 

of applications: 3D imaging [92], measuring equipment [93] and to lesser degree solder paste 

qualification [94]. 

Finally, note that there is a large variety of triangulation based systems depending on 

illumination type. Those include laser scanning, different structured illumination patterns 

such as moire fringes, or speckle texture projection [95]. However, since the basic principle 

(triangulation) remains the same, they are grouped here in one category. 
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3.1.1.2 Laser pulse Time of Flight 

Time of Flight (ToF) is the distance measurement technique chosen for the system 

described in this thesis and so is of special interest. That is why the theory behind is in more 

detail than other methods. 

Time of flight is a relatively new technique when compared with triangulation. It is 

mostly the case because very precise timing devices are necessary on the receiving end of the 

system, which were not available until recently. Reliable time of flight measurement requires 

a carrier with velocity that is strictly defined and remains constant over time. That is the 

reason why, it is almost solely exclusive to the electromagnetic radiation which exhibits a 

constant speed in a particular medium. Moreover the speed of light remains mostly 

unchanged by the change of the medium which could potentially give it high resilience to 

change in weather conditions (there are other atmospheric effects that can cause more 

problems, like reduced light transmittance or refraction). Finally, the speed of light is known 

to be the highest speed achievable, which allows the resulting system to operate at the very 

high rates. 

The distance from the object can be calculated using the simple formula 

 
t

c
D

2  
( 3.4) 

where  

c- Speed of light 

Δt – Total time of arrival (propagation + return) 

D – Distance from the observed object 

A factor of ―2‖ in Equation 3.4 is introduced to compensate for the fact that the radiation 

has to travel twice. Once as it is propagated from the source and the second time on its path 

back to the receiver after it is reflected from the observed object.  

Note that formula assumes that light source and sensor are on the same plane and occupy 

the same point in space. While the latter cannot be literally the case, if the light source and 

light receiver are very close to each other, it can be approximated to be the case. Otherwise 

an additional error is introduced into the system, not to mention that close objects might be 

not resolved correctly if the system is optimised for distant objects or vice versa. To 

understand this phenomenon, we can refer to Equation 3.3. (Remember the shift of the object 

on the sensor as the distance changes.) 

In order to maintain the same path of propagation in both directions a beam splitter can 

be used. However, as a result available light is decreased. It is possible to place the sensor 
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array adjacent to the source if we are only interested in distant object (separation should still 

be kept at a minimum though).   

A simple setup of the ToF capable system is presented on a Figure 3.3. 

 

Figure 3.3 Presents an arbitrary pulsed laser ranging system and associated Time of Flight 

estimation technique. 

Two of the main ToF‘s figures of merit are minimum depth resolution and maximum 

range.  

The theoretical maximum range is specified by the period between two consecutive 

pulses (or pulse frequency). There is a very interesting theoretical trade-off here. On the one 

hand we want as big range as possible. On the other, the bigger the range required the longer 

the time between pulses and effectively reduced the maximum possible frame rate. In 

practice however, this is not a serious limitation to the maximum range with the existing 

technology. First of all, even 3 km distance requires only 10μs travel time for the light, 

which would equate to an acquisition rate sufficient for most applications (much higher than 

video rate). However, due to limited light source power, internal sensor noise and 

background light, the actual maximum range may be greatly reduced. Furthermore, 

averaging multiple frames is usually necessary for reliable depth information to be obtained. 
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Low frequencies of laser operation would reduce the average power of the light source and 

as a result reduce not only the maximum possible, but also the effective acquisition rate.  

Essentially there are four methods for increasing a practical maximum range: 

 Increasing light source power 

 Increasing optical efficiency of the system optics 

 Increasing the sensitivity of the sensor array (limited to fill factor, quantum 

efficiency since single photon sensitive sensors already exist) 

 Increasing an optical SNR by reducing the noise by the means of signal processing 

or light manipulation 

As for the minimum depth resolution, the answer slightly differs for different time of 

flight based systems. When we are talking about a pulsed laser, firstly we need to identify 

what is the limiting factor for our depth resolution. If the theoretical depth resolution is 

considered, unless interpolating techniques are used, the value is strictly limited by the 

timing precision of the sensor. In such a case the minimum depth resolution would be   

 
rest

c
D

2
min

 
( 3.5) 

Where  

tres  - timing resolution of the sensor 

However, the effective depth resolution is more complex. Because the light pulse 

position in the time domain is in fact uncertain, there is an error associated with the depth 

measurement. This uncertainty or statistical error in the measured distance when compared 

to actual distance can be considered the minimum depth resolution. There are many factors 

that contribute to the underlying time uncertainty (or jitter) of the laser pulse and its 

detection. Those include: laser pulse width, sensor jitter, jitter associated with synchronising 

clocks and internal electronic clocks and paths. It is common that the uncertainty of all those 

factors is greater than the minimum timing resolution of the sensor and as a result its 

effective depth resolution varies. However, advanced signal processing techniques including 

combination of median filtering, averaging and interpolation can offset or even compensate 

entirely for any noise sources present. In some cases, it is even possible to reach a depth 

resolution lower than that of the timing resolution of the sensor. Obviously there is a trade-

off related to that, because the more measurements you need to perform in order to obtain 

one depth estimation measurement, the lower the maximum acquisition rate becomes. A lot 

of the time, however, reduction in acquisition rate might be worth it since the factor of 10 or 

more improvement in the resolution is a significant improvement. This would be definitely a 

case when we are talking about imaging human face features or something with a similar 
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level of detail. The more detailed description of depth resolution estimation as well as 

comparison of performance of different depth estimation algorithms is presented in chapter 

6. 

Nowadays it is pretty common for even a relatively inexpensive laser to have a pulse 

width below 100 ps. In fact femtosecond lasers exist, however they are extremely expensive 

(>£200,000) and, as a result, are mostly used for medical applications [96]. With a pico-

second laser we can expect sub-centimetre resolutions, if the sensor time resolution is on a 

similar level and we assume small electronics and sensor jitter.  

There is little point in reducing laser pulse width too much if there is no corresponding 

reduction in the sensor time resolution and other sources of jitter. The pulse width is only 

one factor contributing to depth uncertainty and decreasing anything but the most impactful 

factor will result in only a limited improvement.  

In fact pulsed laser ranging can be further divided into two sub-methods, namely direct 

and indirect Time of Flight. While these ranging techniques share a lot in common, 

differences are significant enough to consider them separately. Let us analyse those 

differences. 

Direct Time of Flight 
Direct Time of Flight (dToF) uses short pulses of light for distance estimation. The 

minimum distance that it can measure is defined by the minimum depth resolution. As a 

result the useful range can be described as from Dmin to Rmax, where Dmin follows Equation      

3.5 and Rmax is the maximum range determined by the operating frequency. 

 opf

c
R

1

2
max

 

( 3.6) 

Obviously, this formula assumes that the light level and the sensitivity are high enough 

for a sufficient number of photons to return to the sensor for an object placed at Rmax. 

Furthermore, because Dmin << Rmax, we can assume that direct time of flight systems are 

characterised by the dynamic range max,0 RRdyn . 

One of the limiting factors of the maximum range is the pulse width. Since average 

power per measurement scales directly with the pulse width there is a direct trade-off in 

direct Time of Flight between the minimum depth resolution and the maximum range.  

Indirect Time of Flight 
In an indirect Time of Flight (iToF) system, instead of using a short pulse of light, a long 

one is used. Obviously such a method would cause a significant increase in minimum depth 

resolution if applied to direct ToF, unless one of the principles of operation was changed to 
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compensate for an increase in the pulse width. In fact the minimum value of dynamic range 

is shifted to a value corresponding to the pulse width 

 
pulset

c
R

2
min

 
( 3.7) 

Furthermore, rather than measuring the exact timing of the returning photons, the width 

of returning pulse is calculated and the ratio of the expected width and the actual width is 

calculated. Note that the principle is not that different to measuring a phase shift, but rather 

than using CW light, a pulsed light source is used. A basic idea is presented in Figure 3.4. 

 

Figure 3.4 Principle of operation of an indirect time of flight ranging system. 

The actual distance is proportional to the aforementioned ratio and the effective dynamic 

range minmax RRRdyn . 

The maximum range is calculated using the same formula as for direct ToF (Equation 

3.6). However, because of the wider pulse and corresponding higher average power used, it 

can be shown that the maximum practical range for indirect ToF can be significantly higher 

than that of the direct ToF by the factor (G) specified below 
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( 3.8) 

The advantages and disadvantages of indirect time of flight are self-evident. While 

greatly improved maximum range can be extremely important in high range applications, the 
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fact that a significant amount of low range information (usually around half) is unavailable, 

makes iToF practically useless for very short range applications. 

 

3.1.1.3 Laser phase shift Time of Flight 

Phase shift laser ranging is a method where instead of measuring the Time of Flight 

directly, we measure a change in the phase between the reflected light and a reference light 

signal.  

Depending on the frequency of operation a particular phase shift corresponds to a certain 

ToF. Afterwards distance can be estimated in a similar fashion as in pulsed ToF. A direct 

relationship between the phase shift and a distance can be represented by the formula below: 

 
f

cd
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( 3.9) 

Where  

θ = phase shift,  

f – operating frequency of a laser beam,  

d – distance,  

c – light speed. 

It is obvious that there is another significant difference between phase shift and pulsed 

ToF. It is the fact that the former uses a sinusoidally modulated continuous wave laser beam. 

In order to actually measure the phase shift frequency mixers and phase comparator are 

used [97]. Below is the block diagram showing a typical system used for laser phase shift. 

 

Figure 3.5 Simple diagram representing a phase shift ranging system. 

The limitation on the theoretical, maximum range is similar to a pulsed laser ToF, as it is 

determined by the carrier frequency used. 
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However, the difference in both components used, as well as a method of operation, 

imply more practical differences between the two approaches. In fact a detailed comparison 

between the two systems with respect to performance has been made by Najed et al [97]. It 

has to be noted that their simulations and measurements were performed for medium to high 

ranges in case of ToF and for short to medium in case of phase shift, so direct comparison of 

the two is difficult. However, one conclusion should always remain valid, while an 

electronics implementation of the system is more complex, the system as a whole is still 

more likely to be cheaper than the ToF one. It was reported that phase shift based approach 

offers better depth resolution than pulsed one [90]. Additionally, in the case of a phase shift 

approach, assuming constant levels of noise, the effect of noise is uniform over the dynamic 

range. It cannot be said the same for a pulsed laser approach, since reduced light levels will 

cause the same level of noise to have greater impact. 

3.1.1.4 FMCW optical radar 

Frequency Modulated Continuous Wave (FMCW) optical radar is a device operating on 

a principle not much different to a phase shift. However, rather than changing phase it 

periodically modifies frequency of a laser beam by a constant difference Δf. [89] [90]. Such a 

modulation can easily be achieved by applying linear change in current to a laser or laser 

diode capable of wavelength- tunable emission.  

The basics of system operation are also similar to the one incorporating a phase shift. 

The frequency modulated signal is sent through a beam splitter. One beam is reflected from 

the mirror and acts as a reference signal; another propagates toward the object and is 

reflected from it. After the signals are reflected, they pass through a beam splitter again and 

when they are on the same path, they are superimposed in a square law detector diode. 

Afterwards the signals are mixed within the detector and the output signal is produced with a 

specific frequency (called beat frequency) equal to a difference in frequencies between the 

two upcoming signals (Figure 3.6).  

Because there is linear relationship between the frequency of modulated signal and the 

time, there is also a linear relationship between a difference in frequency of two input signals 

and the time it takes for measuring signal to travel to observed object and back. Following 

this reasoning, there is a known function linking the distance from the object with the 

frequency of the new resulting signal produced at the detector. 
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Where  

fb – beat frequency,  

c – light speed,  

T – period of reference frequency,  

Δf – bandwith of modulation frequencies.  

The FMCW optical radar proved to perform especially well in short distance 

applications due to its very impressive minimum depth resolution reaching below 2mm 

assuming reasonable noise levels [98]. 

Furthermore, it has been found to be successful in a variety of applications including 

tomography [89], reflectometry [99], fiber optics sensing [100] or non-contact surface 

profiling [101].  

Significant degree of similarity to a phase shift system causes FMCW system to share 

the number of advantages like the aforementioned accuracy and a cheap implementation, and 

disadvantages like the complex signal processing implementation or a limited maximum 

range. 

The diagram showing a setup of typical FMCW optical radar is shown below  

 

Figure 3.6 Block diagram representing FMCW optical radar. 

3.1.1.5 Comparison of laser ranging systems 

In the world of engineering there are no perfect solutions, only optimal ones given a set 

of circumstances. And if there exist multiple systems used to achieve same result, it is 

because each of them has some unique advantages. The same is the case with laser based 

ranging systems. Deciding on the optimal system has to be done with a particular application 
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in mind and a certain set of specifications. Nonetheless, it is possible to extract the most 

relevant characteristics of ranging and 3D imaging and make a qualitative comparison, 

which is presented on Table 3.1. Note that power consumption, cost and size are usually 

correlated and increase significantly with the improvement in performance. In order to get an 

idea of what qualitative terms mean, please refer to Table 3.2, later in this chapter. 

System type 

Characteristic Triangulation Pulse direct 
Pulse 
indirect Phase shift 

Optical 
radar 

Operating 
range [m] 

1-1000 <1-1000 1-1000 <1-100 
<1-100 
(1000

c
) 

Depth 
resolution 
[cm] 

<0.1-1 0.1-10 0.1-10 0.1-1 <0.1-1 

Data 
acquisition 
rate [fps] 

0.1-1
b 

1-50
d 

>50 
a 

>50
e 

>50
c 

Power 
consumption 
[W] 

10-100
b
 <0.1

d 
1-100 

a 
0.1-1

e 
10-100

c 

Cost [£] >400
b 

<50
d 

150-400 <50
e 

>1000
c 

 
Size 
(qualitative) 

Very large
b 

Very small
d 

Medium –

small 
a 

Small – very 

small
e 

Very large
c 

Table 3.1 Quantitative comparison of laser base ranging systems 
a
 [102] 

b
 [103] 

c
 [104] 

d
 [105] 

e
 

[106]. Colour coding and qualitative comparison follows the one introduced in Table 3.2. 

3.1.2 RADARs 

RAdio Detection And Ranging (RADAR) is a very mature system and probably the 

oldest fully automated ranging device. First radars were used at the beginning of 20
th
 century 

and played significant role during Second World War [107]. 

The basic principles behind radar systems are same as the ones for visible light systems 

mentioned in previous sections. It can be clearly seen by looking at the simple RADAR 

block diagram. 
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Figure 3.7 Block diagram of basic RADAR system. 

 

As a result there are many radar systems depending on whether we use a pulsed radio 

signal as source or do frequency modulation. Here we will focus on the differences between 

visible light and RF systems. Those differences (as well as similarities) can be attributed to 

inherent characteristics of the particular frequency of the electromagnetic radiation. 

One of the advantages of radars is the fact that radio waves (longer wavelength) as 

opposed to visible light waves are less affected by atmospheric conditions like fog or rain 

(reduced absorption). As a result, radar can have an extremely high range in applications on 

Earth (you could get similar ranges with laser systems in space). However, the other 

consequence of using longer wavelengths is the reduction is the detail of the observed 

objects. Additionally, even among different types of RADARs, longer wavelengths are 

usually associated with more expensive equipment. 

The maximum range Rmax of the RADAR system can be approximated by 
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R RTT  ( 3.11) 

Where  

PT – transmitted power,  

GT – antenna gain,  

AR – receiver area,  

σ – equivalent cross-section of the object,  

Smin – minimum detectable signal. 
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The maximum range is proportional to 4
th
 root of power because the electromagnetic 

signal needs to travel in both directions. Power decreases proportionally to square of the 

distance. 

Other than simply the range of the object, RADAR system users are also interested in the 

relative velocity of the object, which can also be measured. 

Depending on the objects we want to observe one system might be better suited than the 

other. Radio signals reflect well from objects with high electrical conductivity. Thus radar 

would be more suitable for observing a black metal aircraft, but laser ranging system will 

work better with small white trees. These are extreme examples, but give an idea that the 

application is the final determining factor in choosing a ranging system. 

Despite RADAR being a mature technology there is still lots of development in the field. 

Some examples of state-of-the-art radar systems are presented below: 

1. One of the more exciting developments is a passive bistatic WiFi RADAR that 

enables user to see through the walls [108]. While obviously, the feat itself is quite 

amazing, as with any new technology there are limitations. The main one is that the 

system can only detect moving objects. Even in the case of static objects, being in 

fact invisible to the system, there were many applications suggested. From 

monitoring children activities to possible urban welfare. 

2. A range of available high range RADARs are accessible (but expensive) for  

purchase. One of such systems is offered by BAE [109]. Their S1850M RADAR 

system is capable of detecting multiple targets at 400km. It‘s an example of very 

complex product, capable of many functions like 3D target tracking; its high 

performance suggests why it is so expensive. Its main customer would be militaries. 

3. According to Pahl et al [110] it is possible to obtain RADAR systems with accuracy 

as low as several μm with phase modulation approach and a range of several meters 

with frequency modulation approach. While several meters might not look like an 

achievement, considering the usual high range of those systems, it has its 

applications. On the other hand μm resolution is extraordinary result even for short 

range detectors. However, the authors claim that some more investigation needs to 

be done, especially regarding the SNR necessary to achieve optimal results. 

4. While RADARs tend to be associated with large bulky devices, there has been 

shown a design that offers a reasonable performance and low power consumption 

[111]. The solution presented by the paper claims 1mW transit power. Such low 

value opens a possibility of using RADAR based system in consumer electronics 

devices. 
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As a very mature technology, RADARs offer the biggest range of designs that enable 

them to perform well in any application as long as they are designed specifically for it. While 

so far they dominate long range applications, it is possible to argue that visible light range 

finders and 3D imagers perform better for short ranges. An increase in the number of light 

based ranging systems on the market could be treated as evidence.  

3.1.3 SONARs 

SOund Navigation and Ranging (SONAR), as the name suggests, uses sound waves to 

determine distance of the observer from the object. The principle itself is not much different 

from radars and laser ranging systems. The major difference is that the carrier is a sound 

wave rather than an electromagnetic wave.  

The concept of using sound waves for distance measurements is widely spread in nature 

under the name of echolocation. It can be found in bats, as well as some marine animals like 

dolphins and killer whales.  

Sound waves are mechanical waves. Sound waves with frequencies that can be heard by 

human ear, which depending on sources is somewhere between 20Hz and 20 kHz, are called 

audible sonic waves. Below and beyond those values they are called infrasonic and 

ultrasonic respectively, in similar way as we call IR and UV radiation. Sound waves are 

significantly different, in nature, from electromagnetic waves. Their speed differs 

significantly depending on medium, as the propagation is done through a vibration of 

molecules rather than an electromagnetic propagation by producing alternating magnetic and 

electric field. 

Because sound propagates with significantly different speed through different media, the 

usual time of flight method for the distance estimation would not work unless we restrict 

measurements to one particular medium. That is one of the reasons why sonar systems are 

such popular devices for underwater measurements, while not so much on the land. 

Another important difference is in the speed of propagation. As opposed to 

electromagnetic radiation which propagates with speed of light 3x10^8 m/s in free space, the 

speed of sound waves is only around 340 m/s (the speed is higher in more dense media but 

not by more than a factor of 10 for most materials of interest). This poses limitations on 

measurement rate and/or maximum range with standard time of flight approach.  

Other than the differences mentioned before, SONAR systems are governed by similar 

equations as RADARs and when pulsed SONARs are used for ranging, a time of flight 

related Equation 3.4 is valid. 

Block diagram of the basic SONAR system is shown on Figure 3.8. 
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Figure 3.8 Block diagram of basic SONAR system 

1. Recent developments have shown a significant improvement in SONARs similar to 

that in RADARs. In terms of accuracy, active sonar systems, featuring a 2cm depth 

resolution, are present [112].  

2. SONARs can also offer an incredible detecting range. As early as 1973 a SONAR 

system was shown with a maximum range of 13 km [113]. While obviously 

suffering from a low acquisition rate considering the range and with a limited depth 

resolution, it is still a significant result. 

3. SONAR systems tend to be bulky and as a result they are usually more power 

consuming than other, smaller devices. However, a reasonably energy efficient 

devices are also possible. A 1W SONAR was demonstrated by Jaffre et al [114].  

The nature of acoustic waves essentially determines the application of sound wave based 

systems. While they perform remarkably in water environment there would be of little use in 

very noisy and complex land environments. Subsequently, the environment imposes strict 

specification restrictions. SONAR systems are mostly long range devices. However, there 

have been developments in ultrasonic sensors for automotive application – parking 

assistance. The very short range, necessary for this application, helps us avoid the limitation 

of slow wave propagation.  

3.1.4 Comparison of ranging systems 

While it would be possible to create a table for presented types of systems, it would be 

rather unhelpful as each type of ranging system would cover most possible ranges for each 

parameter considered. As a result it won‘t be presented in this work. 

However, based on evidence presented before, we can reach conclusion that there exist a 

broad representation of different ranging and 3D imaging systems. In fact the variety of 

implementations tells us that each technology can be used for most applications. It is 

necessary, however, to be aware of the strengths and limitations of each technology. As a 

direct result, it is impossible to judge the system without any sort of reference to a particular 
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application. However, some general conclusions can be made. For once, while SONAR 

systems can be compared in terms of performance with other types, they are not direct 

competitors, since they cannot be easily replaced one way or the other. This is a case of 

extreme restriction by the environment. 

Moreover, while laser based systems tend to be designed for short to medium ranges and 

found themselves multiple applications in a general consumer market; the RADAR based 

systems are better for long range applications and are a preferred choice of a military. 

3.2 Applications 

This section provides some insight into the most popular applications for 3D imaging 

and ranging systems. 

3.2.1 Automotive 

Automotive is a huge market with tens of millions cars sold worldwide every year. What 

is more, consumer demand is rising for ever smarter cars. As a result, we can see a 

continuous increase in the ratio of electronic to mechanical parts. The parking assistance has 

become standard car equipment. Furthermore, an automated collision avoidance systems 

which were almost exclusive to aircrafts, has become an expected part of the car as well. 

Both parking assistance systems and collision avoidance systems require distance 

information. See Figure 3.9. 

 

Figure 3.9 Illustrates a use of ranging systems for automotive applications. 
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However, because they operate in different ranges they need ranging systems with 

different characteristics. 

Parking assistance systems usually incorporate ultrasonic systems which work well at 

small distances [16] [17]. However, laser based systems are also available [115]. On the 

other hand, collision avoidance systems need much bigger ranges reaching hundred or more 

meters. As a result there is a trend to use laser based systems in the IF range of radiation 

spectrum [116] [117]. However, products offering RADAR alternatives are available on the 

market [118].  

Regardless, the main characteristics of ranging systems with relation to automotive 

applications are specified below. Refer to Table 3.2 for explanation of relative terms. 

Parking assistance: 
   Very short range – In order to match tight urban parking spaces the minimum range 

should be around 10 centimetres, while the maximum necessary range usually will not 

exceed a meter by a significant amount. Beyond that experienced drivers tend not to 

use parking assistance, however bigger maximum range is always useful and 

necessary for completely automated system. 

 Good depth resolution – While sub-millimetre resolution might be useful, the sub-

centimetre one is sufficient. After all car users‘ interest is to maintain safe distance 

rather than stay at a specific distance. Note that precise system coupled with car-to-car 

communication could optimise parking space usage. 

 Medium frame rate – Sub-second frame rate is sufficient, since parking is a naturally 

slow process 

 Low to medium power consumption – There is a push to reduce power consumption 

of car electronics, because of limited car battery capacity and increasing energy prices. 

However, considering consumption of other car components one or even several Watts 

of additional power use is not much of an issue. Especially since parking assistance 

will not be switched on, all the time. 

 Very low cost – While cost is always an issue and should be minimised, a cost of tens 

of pounds for parking assistance seems commercially valid. However, with cheaper 

systems available the situation may quickly change. 

Collision avoidance: 
 Medium to long range – In order to detect incoming obstacles and start an associated 

anti-collision action in time, when car is at a high velocity, the detection range must be 

high. The longer the range the better. It would usually be several hundred meters.  
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 Medium depth resolution – while the depth resolution must be sensible to determine 

whether to take a safety action or not, the system does not need to be excessively 

accurate, because at high changes in distance marginal error in actual distance would 

not make a significant difference 

 Very fast frame rate – Acquisition rate improvement in such a system can literarily 

save lives. That is why it is crucial that the frame rate is as high as possible so that 

feedback from environment is analysed on time and an appropriate action taken. 

 High power consumption – Similarly to the park assistance, while it is necessary to 

minimise it, power consumption is of lesser importance than other figures of merits. 

Tens of Watts will most of the time be acceptable. 

 Medium to high cost – most consumers are willing to pay significant amount to 

improve their personal safety. A cost of up to £500 for a single car seems like a 

reasonable assumption.  

3.2.2 Gaming 

In recent years there has been a sharp increase in the gesture recognition hardware, 

starting with a Wii remote controller which revolutionised gaming, through Microsoft Kinect 

to all new emerging technologies. 

The general idea is the same. We have one sensor (or more) that registers depth and 

planar position information of a player in order to use that information for the purpose of the 

game (see Figure 3.10). As a result a player can be more immersed into a game allowing for 

his actions to find direct consequences in the game. 

 

Figure 3.10 Illustrates a use of 3D imaging system for gaming application 

The way this gesture recognition is achieved, however, is completely different from one 

device to the other. Kinect system, mentioned before, uses multi-beam IR radiation to 
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illuminate the scene. Then it uses a sensor which determines the position of a player by 

registering changes in the beams‘ shape [119] [120]. This is yet completely different from 

mentioned before 3D imaging technologies, but since it seems unique to this particular 

device (and by design will work in only short ranges) it was not explained in detail. Gesture 

recognition for gaming quickly became popular and as a result other gaming consoles 

manufacturers had followed with similar devices. Another example of a gesture recognition 

hardware that has potential in gaming sector involves Texas Instruments with its ToF based 

solution [121].  

The list of characteristics regarding a 3D imaging system for a gaming application is 

presented below: 

 Short to medium range – Games are mostly played indoors, in rooms and possibly 

other small venues. While there exists a possibility of producing games for large 

audiences followed by a projection on the cinema like screen, it is currently not the 

case and there doesn‘t seem to be demand for them either. As a result the typical 

range would be between 1 and 10 meters. 

 Medium to good depth resolution – At the moment games are on the level where 

sub- centimetre resolution is sufficient as it is only required to perceive a general 

direction rather than precise movements of the body. However, once it is expected 

for the systems to mimic human face expressions precisely, a sub-millimetre 

accuracy would eventually be required.  

 Very fast frame rate – Because action in games is relatively fast and users expect 

the system to rapidly respond to their actions, the frame rate is probably the most 

restricting specification for this application. Frame rate should likely be above the 

video rate. 

 High power consumption – Despite it being a consumer electronic system, the 

consumers are quite forgiving to the power demand since device will be connected 

to mains. In fact a Kinect system has a power consumption of 12W, which is 

acceptable since gaming consoles and more importantly TV sets have much bigger 

consumption.  

 Low to medium cost – Average consumers are willing to spend around £50 to £200 

for a state of the art gesture recognition device. This is reflected by the current 

market prices. 



84 

 

3.2.3 Robotics 

The field of robotics is accelerating rapidly as the computer industry did 30 years ago. 

We have new robots ranging from home vacuum cleaners [122], through baking robots [123] 

to robots designed to handle nuclear power plant emergency situations [124]. 

The latter two, among other things, are similar in the way that they require high quality 

machine vision to perform their tasks well. 

Any robot that requires interaction with our physical world needs to be able to 

distinguish between objects, as well as determine their relative position. Multiple ranging 

systems are used for that purpose. It is difficult to precisely determine the exact requirements 

for machine vision as it is dependent on the application of the actual robot. (An example is 

shown on Figure 3.11) 

 

Figure 3.11 Illustrates use of 3D imaging system for machine vision. 

In this section we assume that machine vision is used for autonomous robots operating in 

human environment. As such, machine vision is to be similar to human vision. Following 

this assumption we can list some of the main characteristics. 

 Short to medium range – While humans are able to perceive distances bigger than 

100 meters, the depth resolution suffers (not to mention clarity of images). Unless, 

we are talking about autonomous drones or other very specific application, the range 

of up to 100 m should be sufficient. 
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 Very good depth resolution – Humans are easily able to perceive with sub-

millimetre resolution and so should robots if they are to imitate us. Especially if they 

intend to grasp fragile objects with human – like limbs.  

 Frame rate medium to high – Human eye can cope with 10 -12 images per second. 

That‘s why it would be sufficient for domestic robots to have similar capabilities. 

The situation changes dramatically if military applications are concerned.  

 Medium to high power consumption – Again the situation is similar to that of a 

gaming application. In fact sensors for gesture recognition in games have been used 

for machine vision [125]. However, since robots are likely to operate on battery, it 

might be a bigger issue in machine vision than it is in gaming. 

 Cost medium to high – While robots themselves can achieve very high prices, the 

cost of the 3D imaging system should be kept much lower. The author believes that 

a level similar to that in gaming industry is reasonable, since it is only but a part of 

the total system. Moreover, performance of the systems for both applications is 

similar, which would lead to the expectation of a similar price. 

3.2.4 Security 

Security is a very broad subject. There are many of applications that could contribute to 

improvement of our security but what the author would like to concentrate on is a face 

recognition system that would be able to help determine a person‘s identity. An example of 

such a system is mentioned by Pan et al [126] and Meers et al [127]. Please note that the 

identification the author has in mind refers to either an identity check at an arbitrary control 

point or to a 3D equivalent of a CCTV camera (surveillance). See Figure 3.12. 
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Figure 3.12 Illustrates use of 3D imaging system for identification process. 

In order to improve the chances that the identification process is reliable we need to 

gather as much information as possible. Standard imaging allows us to gather 2- dimensional 

information which might not be sufficient. Additional information about depth is always 

welcome, as it helps to determine some further face features like a skull shape. 

Depth information is also more reliable, because while we can change eye colour with 

lenses, we can get rid of birth marks, modify a nose with surgery, or we can simply get a 

haircut in order to conceal our identity, some depth information is very resilient to change. 

The list of requirements for face recognition capable system is listed below: 

 Very short range – For identification purposes there is no need of a range longer 

than 1m as it is easy to ask the user to come closer to the device. In case of 

surveillance system, the range would have to be increased to tens or hundreds of 

meters in order for the sensor to cover a reasonable area. 

 Very good depth resolution – In order to distinguish between changes on the 

surface of human face, sub-millimetre accuracy is a must. Accuracy below 100 

microns would be an advantage 

 Very slow to slow frame rate – There is no need for a fast data acquisition as 

security identification process is usually long regardless. Obviously, if the process is 

prolonged too much it causes a high discomfort for users. Several seconds per frame 

would usually be acceptable, unless multiple frames have to be taken. For 

surveillance purposes it would have to be much faster, since the object of interest 

could easily move out of the FoV at any time. 
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 High power consumption – Similarly to other application, the smaller the better. 

However, since security emphasises reliability, performance is of higher concern 

than power consumption. As a result tens of Watts should be acceptable. 

 High to very high cost – Similarly as with power consumption, for identification 

purposes, performance is of higher priority than cost. As a result the system for such 

application is expected to be costly. Surveillance systems would need to be cheaper 

as they usually require multiple devices. 

3.2.5 Comparison of applications requirements 

Table below shows a legend for a relative estimation of different characteristics. 

  very short short medium long very long 

range of operation <1m 1-5m 5-100m 100m-1km >1km 

  very low low medium good very good 

minimum depth 
resolution >1m 1dm-1m 1cm-dm 1mm-1cm <1mm 

  very slow slow medium fast very fast 

data acquisition rate <0.1fps 0.1-1fps 1-10fps 10-50fps >50fps 

  very high high medium low very low 

power consumption >100W 
10W-
100W 1-10W 

100mW-
1W <100mW 

  very high high medium low very low 

system cost >£1000 
£400-
£1000 

£150-
£400 £50-£150 <£50 

Table 3.2 Reference table for qualitative performance comparison of imaging systems or 

requirements comparison of applications. The qualitative values are colour code: Green means 

it is good if such level can be achieved, followed by lime, yellow, orange and red. The red colour 

means that performance of particular level might be a limitation. 
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Table 3.3 summarises performance with respect to different characteristics of a 3D 

imaging or ranging system in order to perform well in a given application. 

Application 
Range of 
operation 

Minimum 
depth 
resolution 

Data 
acquisition 
rate 

Power 
consumption 

System 
cost 

Automotive 
- parking 
assistance 

Very short 
Weak-
medium 

Slow- 
medium 

Low – 
medium 

Low - very 
low 

Automotive 
- collision 
avoidance 

Medium - 
long 

Very weak- 
weak 

Very fast 
Medium to 
high 

Medium - 
high 

Gaming - 
gesture 
recognition 

Short  
Medium-
good 

Very fast High 
Low - 
medium 

Robotics - 
machine 
vision 

Short - 
medium 

Medium-
good 

Medium - 
fast 

Medium- high 
Medium - 
high 

Security - 
face 
recognition 

Very short Very good 
Very slow - 
slow 

High 
Medium - 
very high 

Table 3.3 Qualitative comparison table between applications requirements. Colour coding 

follows the one introduced in Table 3.2. The colour determines minimum acceptable level for a 

given characteristic 

Comparison of tables Table 3.1 and Table 3.3 gives us some insight regarding choice of 

particular system for a given application. While based on comparison of laser based, 

RADAR and SONAR systems we can conclude that each system can potentially match each 

application for each characteristic. However, the lack of existing products with some of the 

solutions (as mentioned in this section) suggests that specific combination of characteristics 

might be a limitation rather than any individual characteristic. Alternatively, some systems 

might have better trade-offs available between figures of merits. Finally, it might be a 

question of finding efficient implementation. 
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 Chapter 4 - Materials and methodology  
This chapter‘s purpose is to present all of the materials used for the development of the 

3D imaging system described in this thesis, as well as all the components that are part of it. 

Finally, it describes the procedures and methodology used during the experiments. 

4.1 Hardware  

The hardware described in this section includes all the equipment necessary for correct 

operation of the 3D imaging system presented in this work. It is a combination of electronic, 

mechanical and optical parts.  

4.1.1 Optical bench  

The optical bench is a standard 250x300 Thorlabs bench with M6 type threaded holes 

compatible with Thorlabs standard optical mounts [128]. Figure 4.1 shows the placement of 

all the optical elements including  the SLM, light source and light detector.  

 

 

Figure 4.1 Schematic showing setup of optical elements on the optical bench 

Finally, Figure 4.2 shows how the assembled optical bench looked in real life. 
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Figure 4.2 Photograph of the optical bench used for distance measurements 

In order to achieve the desired accuracy of optical alignment it was impossible to rely 

solely on the fixed mount separation based on the position of a screw hole. As a result a rail 

system was implemented. While theoretical accuracy of such system can be extremely good, 

only manual shifting with a help of standard ruler was used. This results in an associated 

0.5 mm measurement error on each end or a total RMS error of a 0.7mm . This magnitude 

of an error was deemed acceptable for the system considering the application. 

4.1.2 FLCoS SLM  

The Spatial Light Modulator (SLM) used for holographic projection of structured 

illumination is one of the most important components. It was supplied by Forth Dimensions 

Displays Ltd in the initial stages of this PhD project for characterisation and application 

research. 

The SLM is based on Ferro-electric Liquid Crystal (FLC) technology. Table 4.1 below 

presents the characteristics of the SLM. Figure 4.3 shows a diagram of the SLM head. 
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Characteristic (specified) Value 

Definition 1280x1024 

Pixel pitch 14 μm 

Cone angle 
Optimised for amplitude modulation. 
Reported to be around 16-17.5° at room 
temperature. 

Power rating 18 W 

Voltage rating 12V 

Software interface USB 

Video input DVI 

Frame rate 60, 75, 85 Hz 

Table 4.1 Specification provided by FDD for the SLM used in the system [41] [129] 

 

 

Figure 4.3 Schematic of the microdisplay [130] 

Furthermore, below are presented results of the characterisation performed on this 

particular model of spatial light modulator. 

Characteristic (measured) Value 

Cone angle 19-23º (*) 

Operating current 750mA 

Start-up current 2.5 A 

Voltage rating 12V 

Effective power rating 9W 

Modulation efficiency (amplitude) 36.5% 

Modulation efficiency (phase) 73.7% 

Table 4.2 Summary of the results obtained during characterisation of the FLCoS SLM at room 

teperature. (*Deviation from reported value) 

© 
FDD 
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4.1.3 Hamamatsu pulsed laser  

The light source used for the structured illumination is a Picosecond Light Pulser PLP-

10 supplied by Hamamatsu Photonics. The laser package consists of a laser driver and 2 

pulsed laser heads. The whole set was funded by ST Microelectronics and provided for the 

use of the research group the student was part of. 

The device is a commercial product that is available on the market at the time the author 

is writing.  

The characteristics are described in the data sheet [47]  and are summarised in a Table 

4.3 below, while the picture of laser driver and laser head can be seen on Figure 4.4. 

Characteristic (specified) Laser head (red) Laser head (blue) 

Peak Power 97mW  208mW 

Wavelength 650nm 432nm 

Pulse with  50ps  50ps 

Characteristic (specified) Laser driver 

Operating frequency 2Hz - 100 Mhz (with 3 steps per decade) 

Class 3B 

Power consumpion 90W 

Sync out 
  

BNC->TTL (2-3V, 5ns pulse width) 

BNC->ECL ((-0.5V) – (-0.7V)) 

Table 4.3 Summary of specifications for the light source sued in the system 

 

 

Figure 4.4 Picture of the laser head and driver in question [131] 

4.1.4 Megaframe SPAD array  

Megaframe is a 32x32 pixel SPAD array. It is capable of many modes of operation 

including photon counting, Fluorescence Lifetime Imaging (FLIM) and Time Correlated 

Single Photon Counting (TCSPC) [69] [132]. The chip itself can be seen in Figure 4.5. 

Regarding TCSPC which is the main mode of interest here, it features characteristics as 

shown in Table 4.4 
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Characterstic (measured) Value 

Time resolution [ps] 50-100 

Spatial resolution [pixels] 32x32 

Pixel pitch [um] 50 

Fill factor  0.011 

Quantum efficiency (at lambda = 430nm) 0.4 

Mean dark count rate (median 
valueamong pixels) [Hz] ~90 

Voltage rating [V] 12 

Effective power rating per pixel [μW] 350 

Table 4.4 Summary of performance characteristics for Megaframe SPAD array used in the 

system 

 

 

Figure 4.5 Schematic of Megaframe SPAD array base on figure of Stoppa et al [69] 

The device includes in-pixel Time-to-Digital Converters (TDCs) as a result of which the 

pixels can perform time correlated imaging, in parallel, independently of each other. 

The total light detection efficiency which combines the quantum efficiency and fill 

factor is equal to 0.22-0.44 %, depending on the wavelength of the light source.  

The total relevant silicon area is 1.6mm by 1.6 mm which is equal to 2.56 mm
2
. 

The total light sensitive area corresponds to 1.1 % of the total silicon area or about 

28200 μm
2
. 
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4.1.5 PCB  

The Printed Circuit Board (PCB) that holds the Megaframe chip is a board designed at 

The University of Edinburgh by a previous student. It contains an Opal Kelly daughter card 

[133] with a Field Programmable Array (FPGA) chip for a reconfigurable signal processing. 

The FPGA chip is a Xilinx Spartan-3 model [134]. 

The board is a 6 layer design powered by 12 V power supply. The current drawn is 

approximately 460 mA during normal operation time. This corresponds to 5.5 W of power 

consumption. 

The PCB is responsible for initial deserialising and pipelining of the photon count data 

from the sensor array to the FPGA, as well as for further processing. The exact extent of 

processing done is described later in this chapter. Afterwards the resulting data is sent for 

post-processing by computer.  

 

Figure 4.6 Photograph of the PCB that holds a sensor chip and a processing chip 

4.1.6 Discrete Optics  

There are three main optical elements (besides the SLM) required for correct operation 

of the structured-illumination-based 3D imaging system. 

Table 4.5 summarises the components used, their function and characteristics. 
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Function Optical element Characteristics 

Collimating lens Bi-convex lens 
Focal length = 25mm, 
Diameter = 25mm, no coating 

Polarising beam splitter Polarising beam splitter 

Size = 25mm, front side 
(relative) passes vertically 
polarised light 

Imaging lens Plano-convex lens 
Focal length = 7.5 mm, 
Diameter = 25mm, no coating 

Table 4.5 Summary of optical elements used in the system and their function 

The collimating lens has a short focal length to maximise the amount of light passing 

through, as the laser features a high divergence angle. Even though the function of the lens is 

stated as collimation, the light source is not placed in the focal point. Instead the light source 

is slightly shifted in order to produce a minimally converging beam (refer to fig 4.2). 

(Reasons explained later.) 

The diameters of all the components were chosen to be the same in order to optimise the 

optical efficiency and simplify the optical setup.   

The focal length of the imaging lens was chosen in order to fit the imaging Field of View 

(FoV) with the structured illumination size. Because the sensor array is not a point but rather 

a finite area, the position of the imaging lens had to be adjusted in order to fit the image onto 

the silicon area (refer to Figure 4.1). 

The only restriction regarding the Polarising Beam Splitter (PBS) is in its orientation. It 

must direct a horizontally polarised light toward the SLM, while vertically polarised light 

travels in the same direction as the one image sensor is facing. 

4.1.7 Buffer circuit 

A buffer circuit was used to provide enough current for a video synchronising signal 

coming from the SLM. The purpose of the synchronising signal was to act as a reference in 

the sensor array PCB. 

The simplest possible circuit architecture was used as it was sufficient for correct 

operation of the firmware. Schematic of the circuit can be seen on Figure 4.7 
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Figure 4.7 Schematic of the buffer circuit providing video synchronising signal 

4.2 Software and firmware  

This section describes all software packages used for the development of the firmware 

responsible for signal processing, all programs used for the simulation of the system, 

diffraction pattern generation, as well as software used for processing in last stages of photon 

count data analysis. 

4.2.1 Verilog  

Verilog is a one of the two most popular hardware description languages (alongside 

VHDL). It enables the user to write firmware for an FPGA in order for it to perform our 

desired signal processing. The great advantage of using firmware and FPGAs is their unique 

position between Application Specific Integrated Circuits (ASICs) and software applications 

run on Central Processing Units (CPUs). While not as flexible as software application their 

still retain the possibility of configurability and as a result they offer user the possibility to 

adapt the functionality, based on new knowledge or experimental results, without going 

through the whole development process again, as is the case with ASICs. On the other hand 

while they cannot match the parallelism, processing speed and efficiency of ASICs; the 

FPGAs and related firmware offer a significant advantage over software with a significant 

speed gain in computational time, depending on the parallelism available. 

In this particular project Verilog was used for the implementation of all novel processing 

modules of the system, as well as the older ones already developed by other people for the 

purpose of deserialising and pipelining the photon count data. 

Verilog was operated under the Xilinx ISE environment which, other than performing 

actual synthesis of the firmware, enabled simulations of the firmware operation. 
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The firmware was responsible for the following functions: 

- deserialising the photon count data leaving sensor array 

- handling the video synchronising signal acquired from the SLM 

- handling the laser synchronising signal acquired from the laser driver 

- allocating collected data into appropriate categories based on the synchronising 

signals received 

- filtering irrelevant event count data (the events corresponding to the time where no 

valid illumination was present) 

- sending filtered and ordered count information through the USB interface toward a 

computer in order to perform further processing with the software 

4.2.2 Java  

Java is an object oriented programming language. It is used for developing software 

while enabling a high level of abstraction during the coding stage.  

Java based software was pre-developed by students at the University of Edinburgh to act 

as a computer-to-human interface for parameter specification and results processing for the 

Megaframe chip. 

The Java software was then modified by the author to accommodate the synchronisation 

with the structured illumination and optical feedback mechanism. Finally, functionality was 

added that allows for displaying of the diffraction patterns necessary for structured 

illumination. 

In general Java software is responsible for the following functions below: 

Pre-existing functions (developed by previous students): 

- Providing a user-friendly Graphical User Interface (GUI) 

- Programming FPGA with the firmware source code 

- Configuring different modes of operation - i.e. photon counting, FLIM , TCSPC 

(note that when TCSPC is the crucial mode for a normal operation of the system, 

photon counting can be used for dark calibration, while both photon counting and 

FLIM can be useful for sensor alignment) 

- Setting parameters necessary for desired operation of the sensor array and signal 

processing 

- Displaying a streamed photon data at video rate (though actual data rate is higher, 

frame rate is limited by screen video rate) for the photon counting and FLIM modes 

- Plotting histogram curves for the TCSPC mode 

-  
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New functions (developed by the author): 

- Setting parameters specific to the operation of the new system 

- Running basic peak detection algorithm on all histogram data (other algorithms are 

possible using custom Matlab script) 

- Generating depth maps and saving 3D images for the TCSPC mode  

- Processing optical feedback data to determine regions which require more light 

- Displaying changes to the structured illumination by applying a new diffraction 

pattern which is then video streamed towards SLM (note that process of applying 

changes is not automatic at the moment and requires running a separate Matlab 

script) 

4.2.3 Matlab  

Matlab is a powerful commercial package capable of all numerical calculations as well 

as performing more advanced functions. There is a particular tool, executable from Matlab 

interface, called ‗Image Toolbox‘. Thanks to this package it is possible to perform image 

processing operations. 

The aforementioned software was used to implement parameterised 2-dimensional FFT 

for a given image in the image plane in order to calculate the corresponding diffraction 

pattern in the diffraction plane. It was used to produce all the diffraction patterns necessary 

for correct operation of the structured illumination. Furthermore, all processing that was 

necessary to close the feedback loop of the system, as well as all supplementary processing 

was done in Matlab. The main reason was ease of implementation. Additionally, all 

simulations regarding light propagation in the system and photon detection were done using 

this software. The full list of functions of Matlab scripts developed is specified below 

- Generation of core diffraction patterns that when holographically projected 

illuminate 16 separate regions of FoV. All diffraction patterns are binary. Resulting 

patterns were simulated and holographically projected in order to check whether 

they consist of the expected array of 8x4 small beams of light. 

- Superimposition of core patterns to produce a 24 bit RGB pattern which allows us to 

display all binary diffraction patterns temporally when video is streamed to the 

SLM.  

- Peak detection operations using four distinct algorithms on the raw histogram data 

received from the sensor board (alternative to the simpler Java process).  

- Provision of a GUI for the histogram and depth analysis  
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- Simulations of light efficiency of the system described in this thesis together with 

that two other systems for comparison (scanning laser and uniform illumination) 

- Prediction of systems characteristics based on the model described in chapters 5 and 

chapter 6 

- Separate, detailed analysis of a depth resolution using different peak detection 

algorithms and the effect of light intensity, noise and jitter on this quantity (refer to 

chapter 6) 

4.2.4  Eclipse  

Eclipse suite is a software package used to accommodate and help debug other software 

packages. In the author‘s case it was only used for developing Java based software. Its main 

responsibility was to run Java application in a debug mode so that all malfunctions of the 

interface between the sensor and computer could be quickly followed to the source and 

swiftly resolved. 

4.2.5  NVidia graphics software  

NVidia graphics software is the default software installed for NVidia graphics cards. It 

enables the user to use multiple screens for the computer in either a clone or an extended 

monitor mode. 

Since the SLM used works as secondary monitor in a computer environment, the 

software was crucial to operate the SLM and to apply the correct video stream for structured 

illumination. 

Both cloning mode and extended monitor mode were used extensively during the testing 

stage of the structured illumination. However, only the cloning mode was used for the actual 

measurements and during normal operation of the 3D imaging system. It is important to note 

at this point the limitations of dual screen operation in Windows. It is indeed possible, using 

Java based software, to produce a separate GUI for a diffraction pattern (which was the case.  

When displaying diffraction patterns in Windows environment special care needs to be 

taken, as default java programming retains window frames in GUI which reduce effective 

area of a diffraction pattern. 

4.3 Methodology  

This section serves a dual purpose. One is to explain in detail all the safety precautions 

taken by the author in order to ensure that all health and safety regulations of the place of 

work are met. Second, to explain the principles that author followed during experimental 
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data collection as well as to provide details about some choices in the experimental 

procedure together with the reasoning behind them. 

4.3.1 Safety precautions  

When ToF based system is concerned its safety is an important factor when deciding on 

application, especially when humans are involved. That is why author dedicated this section 

for analysis of system safety. 

Pulsed lasers tend to have much higher peak power than continuous wave lasers. The 

reason for that is the fact that pulse width of a pulsed laser tends to be much shorter than 

frequency of operation, which essentially reduces average power of a laser. In order for the 

beam to have reasonably high average power, the peak power is increased accordingly.  

The power of the light source is even more important for any ranging system as there is a 

need for light to travel long distances both from the source and back to the sensor. 

Because of the fact that there is a requirement to work with a high power laser, there is 

also a need to follow safety precautions in order to avoid undesired eye damage or in the 

case of extremely powerful lasers a potential tissue and/or environmental damage.  

There have been a number of steps implemented to reduce the risk of any harm, all of 

which are listed below: 

- A laser safety course has been taken and passed in order to raise awareness of the 

dangers involved while working with lasers 

- The evaluation of the laser itself has been done based on the specifications supplied 

by a manufacturer 

- Because the laser has been classified as class 3B, an interlock has been implemented 

as a safety net during laser operation 

- Safety goggles that decrease the intensity of wavelength of operation by over 50 dB, 

were worn at any time there was a danger of eye contact with direct beam. Note that 

additional safety goggles were provided for any guests wishing to observe the 

demonstration of the system operation 

The evaluation of the laser involved calculation of the Maximum Permissible Exposure 

(MPE). Despite the fact that safety goggles were worn, it is always helpful to be aware of the 

possible harm that can be done both by the main beam and possible reflections.  

MPE for pulsed laser is determined by the following primary factors: pulse width, peak 

power, frequency of operation and minimum response time of eye to a given wavelength of 

light and MPE for a pico – second level short pulse. 
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From those we derive secondary values: number of pulses before protective response of 

eye and determine whether limiting MPE is that for single pulse or train of pulses. Finally, 

we can calculate a total MPE for pulsed laser using formulas below [135]. 

For single pulse 
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Where  

MPEsingle – single pulse MPE,  

MPEtrain – MPE of train of pulses,  

MPEaverage– average exposure,  

λ – wavelength,  

tp – pulse width,  

f – maximum frequency of operation,  

T – exposure for given wavelength,  

N – number of pulses during the total exposure time,  

C6 – extended source viewing coefficient 

Parameter Value 

λ [nm] 432 

tp [ps] 50 

f  [MHz] 20 

T [s] 0.25 

N 5x10
6 

C6 1 

MPEsingle [Jm
-2

] 5.08x10
-4 

MPEaverage[Jm
-2

] 1.91x10
-3 

MPEtrain[Jm
-2

] 1.07x10
-5 

Table 4.6 Presents parameters used for MPE calculations and final results 
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Among the values obtained (Table 4.6), the most restrictive (the smallest) should be 

chosen to determine the final MPE, which in this case is MPEtrain. 

In the case of the laser used in the experiments where the average power is 200μW and 

with a beam cross-section of around 1mm
2
 we get an energy of 0.05 J/m

2
 at the source for a 

train of pulses. This is three orders of magnitude beyond the MPE, which means that it is 

indeed correct that the appropriate safety precautions were applied. However, reflections 

from most scattering objects should be safe for the user (effective reflectivity <0.001), 

especially if we consider the low efficiency of the system. Nonetheless, it is still a good idea 

to use other safety precautions especially since the danger increases by a significant factor 

were the laser to malfunction and produce the maximum power continuously. 

4.3.2 Experimental procedure  

4.3.2.1 Practical decisions 

This section explains step by step the propagation of light through the system, while 

taking note of some practical limitations and choices made as a result of their existence. 

The light is produced in the laser diode head. There are several points to be made with 

regard to the light source. For once laser head had to be rotated in order to maximise light 

passing through PBS by aligning the polarisation of the light source with the horizontal 

plane. Additionally, while the wavelength of light is specified as 432 nm, in fact it is 

characterised by line width of up to 10nm [47]. It is something that needs to be kept in mind, 

especially if any sort of chromatic filtering is to be used in the system.  

As it was mentioned earlier, the collimating lens was shifted slightly further away from 

the laser source. As a result the beam is not fully collimated but instead slightly converging. 

While it is still possible to affect the point at which the holographic image is focused, 

nevertheless this action will have significant effect on the maximum and effective focus 

distance of holographic image. There are three reasons for this action. Firstly, it was done so 

that light illuminates only the middle part of the SLM where we can avoid effects of the 

‗window frame‘ border in the video stream. Additionally, a slightly narrower beam does not 

additionally lose light by over-illuminating the PBS. Note that in the final version of the 

system we would like the image focal point to be solely dependent on diffraction pattern 

addressed to the SLM. Note that beam profile follows Gaussian distribution. Moreover, 

beam features different divergence angles in both cardinal directions. Despite the fact that 

holographic projection with SLMs having large number of pixels is resilient to non-uniform 

beam profiles, a use of beam homogeniser might be a potential solution. This time it was 

avoided in order to retain higher photon counts (more in chapter 5). 
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The PBS is aligned such that it allows forward propagation of horizontally polarised 

light toward the SLM and side propagation of vertically polarised light. This allowed for 

easier rotation of the light source and SLM. While theoretically an SLM can be rotated up to 

360 degrees since it is mounted on rotational mount, in practice some positions are less 

preferable due to the cable attached to the SLM and possible strain on wiring associated with 

some of the rotation angles. An alternative solution would be to introduce a half-wave plate, 

however, as those are expensive, they were not used in first prototype of the system. 

There were three objects observed during the distance measurements. Firstly, there was a 

uniform background consisting of the white paper. White colour allows for high reflectivity 

of the object, which is very important considering low power of the light source. Secondly, 

the black pen which allows for high contrast with the background and helps to test limits of 

the system with regards to minimum photon count. By using same background the number of 

alterations between setups is kept to minimum. A toy with very coarse surface allows us to 

test the limits of the system with regards to the depth resolution. 

The position of the imaging lens had to be shifted in a similar fashion to the collimating 

lens but for different reasons. In order to effectively match the image seen by the imaging 

lens to the size of the sensor array, rather than placing the aforementioned sensor in the focal 

plane it has to be placed slightly closer to the lens (Figure 4.8). 

 

Figure 4.8 Shows the position of sensor array with reference to lens in order to maximise system 

efficiency 
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While the exact position can be calculated using Thale‘s intercept theorem, it would 

provide only an approximation. In order to maximise the system efficiency the area of the 

scene that was observed was matched to the illuminated area. It can be done using the FLIM 

or photon counting modes of operation of the sensor array (by directly observing which 

pixels are illuminated). 

As a result of the rotation of the SLM mentioned earlier, which help us to optimise the 

modulation angle by adjusting the cone angle (see Figure 5.12), the holographic image also 

rotates. In order to match the sensor array with the illuminated scene it is necessary to rotate 

the sensor PCB as well. 

4.3.2.2 System loop 

Now we are able to track the optical and electrical signal propagation throughout the 

system. Firstly, laser light is generated in the source with polarisation according to the laser 

head orientation (in this case horizontal). It passes through the collimating lens, resulting in a 

slightly converging beam, it then passes through the PBS and afterwards it undergoes phase 

modulation in the SLM. Reflected modulated light is then redirected in the PBS. As a result 

of diffraction and interference a holographic image is produced with a focus distance 

dependent on the slightly converging angle of the beam after ‗collimation‘ and the zoom lens 

function in the diffraction pattern (if any is present). Light undergoes scattering from the 

objects in the scene. The illuminated scene is imaged by the imaging lens onto the silicon 

area of the sensor array (see Figure 5.9, Figure 5.10). However, only the sensitive area 

registers any photon counts.  

Let us now consider the electronic signal analysis that closes the system loop. Incoming 

light is registered in terms of time correlated photon events. Time correlation is measured by 

counting the time from the event to the next synchronising signal edge. The synchronising 

signal is delivered from the laser diode driver. All independently registered photon events 

(together with any noise events) are filtered depending on whether they were expected to be 

illuminated or not; and later on they are assigned a pixel position address. Counts are then 

sorted in order to produce histograms then sent to the computer for post-processing. Manual 

analysis of the optical feedback data is performed together with generation of the depth map. 

Finally, a new diffraction pattern is produced, the video stream is updated and new series of 

measurements is possible. 

 



105 

 

4.3.2.3 Human interaction with the system 

At this point we are able to analyse a human interaction with the system and steps 

performed to ensure that the experimental procedure is controlled and repeatable. 

Unfortunately, the system automation is not yet at the stage where human interaction would 

only be necessary for switching on the system. As a result, human interaction is needed for 

following steps: 

- Applying the power to the sensor, SLM, buffer and laser diode 

- Switching on the laser source 

- Starting the sensor software, reconfiguring FPGA by loading a pre-build firmware 

file and setting measurement parameters 

- Setting dual screen mode and applying the correct pattern for the video stream 

- Starting the experiment 

- Once the experiment stops, extracting the saved raw histogram data for further 

processing 

- Starting the optical feedback analysis script and the depth map generation script 

- Starting the diffraction pattern superimposition script 

While some of the steps in procedure would be relatively easy to automate, for example 

integrating some Matlab script to be run in sequence from a macro script, others would 

require significant effort. Migration of some software functionality from Matlab into Java or 

alternatively a sort of interaction script between the two appeared to be especially time 

consuming. As a result a full automation was not performed because of other priorities.  

4.3.2.4 Controlled environment 

As for ensuring controlled environment, the following steps were made, not necessarily 

in the order specified below, unless stated explicitly. 

- Laser is switched on up to half an hour before the actual measurement procedure. 

According to the operation manual of the laser diode used in the system, it is sufficient 

to achieve a stable operation. 

- SLM is switched on for a period of time until stable operation is reached (determined 

by the variation in current drawn) 

- Marking the area of the scene illuminated, followed by confirmation that the 

corresponding area is observed by the sensor using photon counting or FLIM mode of 

operation. 

- Making sure the correct diffraction pattern is used by analysing the resulting 

structured illumination produced. 
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- Checking some of the most important signals in firmware to ensure correct 

programming of the FPGA, as well as correct buffer operation. The signals monitored 

include but are not restricted to: sector clock, write and read enable signals. Sector 

clock is especially important as its generation involves multiple signals, while its 

shape is unique, which means its correct operation gives an extremely high probability 

that all signals are operating correctly. 

- Ensuring all undesired light sources are eliminated. While main lights and side lights 

are easy to switch off, some light sources are more difficult to remove (some indicator 

LEDs can be taped and other can be covered with cloths) and some are impossible 

without interfering with operation of the system (switching off computer monitor 

would result in cancelling video stream towards SLM, so only sub-optimal covering 

with a cloth is possible). In order to reduce the effect of the undesired light sources 

further, the space between the sensor array and the imaging lens has been surrounded 

by black cloth which essentially eliminates any stray light that is not entering through 

the imaging lens. Since all non-eliminated light sources are on the same side as the 

sensor with respect to imaging lens, their light could reach sensor only after multiple 

reflections which would greatly reduce their effect on measurements. It was confirmed 

by performing a DCR measurement in ‗total‘ darkness and in the presence of 

‗necessary‘ sources of stray light. There was no detectable difference. 

- The system operates without performing actual measurements for a specific period of 

time in order to ensure the resulting temperature of operation is rather stable 

(especially important when cone angle is concerned). In the case of the system 

described here, the initial temperature of the system is expected to be significantly 

lower than after the period of constant operation. While it would be very difficult to 

constantly monitor temperature of every component and ensure every measurement to 

be performed under exactly the same conditions, at least the biggest step change can 

be avoided.  

- There is a test measurement performed to make sure that received results are in the 

expected range and are comparable with other measurements under the same settings.  

- Finally, during the experimental process a note is made, so that potential interference 

from other users of the lab is reduced. It is extremely important, as even in the case 

such interference happens the author will be notified by the interfering party that 

disruption of the experiment took place. This will lead to the data obtained in such 

measurement to be disregarded.  
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 Chapter 5 - Structured illumination for Time of Flight  
The purpose of the chapter is to explain the advantages associated with the structured 

illumination, as well as some methods used to efficiently provide illumination for a 3D 

imaging system using a Spatial Light Modulator (SLM). 

5.1 Structured illumination  

In the context of this thesis the term ―structured illumination‖ refers to any illumination 

that has variable and/or controllable intensity across a given portion or full Field of View 

(FoV) can be considered structured. 

Now let us consider the motivations for using a structured illumination. Firstly, there is 

the fact that real-life objects are not uniform in many aspects such as surface depth, colour or 

elemental composition. It is even more of the case when whole environments are considered. 

Different scenes and objects can have different light reflectivity, as well as different 

distances from the observer. 

As a result there will be a difference in the amount of photons received for each pixel of 

the camera corresponding to different locations in the scene or different parts of the object 

(see Figure 5.1). 

 

Figure 5.1 Illustrates light propagation from observed scene to camera pixels 

If we are able to redirect light from areas that have a relative ‗abundance‘ of light 

(yellow - Figure 5.1) to the ones which have insufficient levels of light (blue - Figure 5.1) we 

can increase the effective performance of the system as a whole. 
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Additionally it gives us an opportunity to move a light away from the areas where high 

levels of light might be a danger. Whenever high power lasers are involved, this is always a 

significant issue. While it might be impossible to entirely eliminate all light entering human 

eyes due to obvious limitations in the time it takes to receive the optical feedback 

information, there exists a possibility to significantly reduce potential harm to the eye (refer 

to Chapter 4). However, when designing structured illumination with safety in mind, we 

need to be especially careful, since regardless of the method used, structured illumination has 

the potential to focus light into a significantly smaller area than a uniform illumination.  

As for the methods, there are many possibilities of generating structured illumination 

and a simple classification can be seen in the Figure 5.2. One example of an image 

projection would be using spatial light modulators for light modulation which is then 

projected by standard imaging methods or holographic projection. 2D scanning of a point 

can be achieved with a scanning laser and 2-axis Micro-electro-mechanical system (MEMS). 

1-dimensional scanning of the line can be achieved using line light sources  or alternatively 

by using cylindrical lens. The option was considered least attractive because of the limitation 

it imposes on optical feedback (has to follow lines). 

 

Figure 5.2 Diagram presenting methods that can provide structured illumination 

Between the laser scanning and an SLM based approach, there is no universally better 

choice. Both can have advantages and disadvantages, which will be explored during system 

comparison later on. However, taking into account author‘s supervisor‘s background, as well 

as a possibility of collaboration with an SLM manufacturing company, it has been decided 

using an SLM approach would be more beneficial in the context of this thesis. 

Even considering only spatial light modulator based methods; there are different ways of 

projection. Those include the standard imaging which is associated with amplitude 

modulation and holographic projection – mostly (but not always) phase modulation (chapter 
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2). The former changes the amplitude of the incoming light beam, which causes a resulting 

wave front to consist of brighter and darker areas, which then can be projected onto FoV. 

The clear disadvantage of such a method is that much of light is blocked in the process. The 

second method redirects light by the process of diffraction. More detailed explanation of the 

second method can be found in Chapter 2 (section 2.2). 

From an energy efficiency point of view and the application of a direct Time of Flight 

imaging system the second method is preferable as the only losses are associated with the 

efficiencies of the optical devices used rather than method itself.  

5.1.1 Light level optimisation 

Holographic structured illumination works by redirecting light from some areas of the 

wave front to others. As a result, once holographic image is resolved (when Fraunhofer 

diffraction condition is met), there could exist areas with significantly higher (or lower) light 

intensity than an average, or when compared to a uniform illumination. There is some degree 

of a correlation between the precision in our spatial control of the structured illumination and 

the corresponding maximum value of the intensity at a particular point in space, and 

following danger to the eye. It means that without a special feedback mechanism, the system 

described in this thesis would be classified as potentially more dangerous as the one utilising 

uniform illumination but less so than the scanning laser one (this statement does not take into 

account DC spot, however even with DC spot, the system efficiency would have to reach 0 

in order to match the peak power of the scanning system). Because a maximum light 

intensity (Pmax) at any given point is linearly proportional to the number of areas the system 

has to scan over to cover the FoV (N), we get the simple formula shown below 

 
NPP uniformmax  

( 5.1)                                     

Where  

Puniform – is the power of the uniform illumination that serves as a benchmark. 

Note that Equation 5.1 assumes that within the areas scanned over the illumination is 

uniform.  

Alternatively, we can move the light to areas of special interest, when such are found. 

Those may include, but are not limited to, human hands in gaming applications, humans in 

general in a machine vision or cars in a driver assistance system. 

5.1.2 Noise reduction 

Furthermore, the use of structured illumination offers another advantage over uniform 

illumination, regardless of whether we have areas of special interest to observe. This 
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opportunity is shared by both the scanning laser system and the system presented in this 

thesis. However, for the particular setup presented here this potential effect has lesser 

magnitude than in scanning laser systems like the ones presented by Niclass et al [136] or the 

one described by Xue et al [137], if noise rejection is implemented optimally in both of 

them. 

In particular it means that by directing all available light toward a very small area of 

Field of View we can achieve a temporary increase in the light levels for the corresponding 

pixels while keeping a noise level constant. (The effective gain will be explained in the next 

section.) The only drawback of such a situation is that only a small part of view is covered. It 

can be easily compensated though. In the case of scanning lasers, as the name suggests, by 

scanning the given area of illumination over the whole FoV. However, it is important to be 

aware that it might impose time related constraints. 

While it would be correct to argue that average light levels over time would remain 

constant, the gain comes from the noise reduction rather than from an increase in absolute 

light levels. The noise can be reduced because it is not necessary to accumulate the light and 

the associated noise, when we are sure that no valid illumination will reach certain pixels. As 

a result, noise is accumulated only during the short period of time when illumination is 

present. 

Both the possibility of noise reduction and the fact that light could be redirected to the 

areas of need give a strong case for implementation of the structured illumination, over 

uniform illumination, in a direct Time of Flight system. 

The following section will estimate the expected benefits from introducing a structured 

illumination. 

5.2 Expected benefits  

The previous section listed two sources contributing to the gain in performance related to 

structured illumination. Now let us quantify this gain. 

The first advantage is the use of SLM for redirection of light to areas of need or 

interest. It is not difficult to perceive that for a direct Time of Flight based system the 

optimum performance would happen when all the pixels of a camera receive identical (or 

very similar) photon count levels. That is because all the points in the observed scene would 

be resolved with the same confidence (excluding now things like a variable dark count rate 

and other noise sources from pixel to pixel).  

Unfortunately such performance is impossible with a uniform illumination system unless 

observing a highly uniform scene. In practice however, any very dim object will limit our 
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effective maximum range. It is also the reason why performance of the system using uniform 

illumination would be always limited by the object most difficult to observe.  

Efficient redirection of light can improve the basic characteristics of the system, but the 

exact gain depends highly on the circumstances. To give a basic idea of how much can be 

gained, let us make the following assumptions. 

1) For simplicity of analysis the observed scene is divided into two categories of objects 

(refer to Figure 5.1) 

a) Close/bright objects with a reflectivity of r1 

b) Far/dim objects with a reflectivity of r2  

2) Close/bright objects constitute a fraction – α of the whole FoV (in Figure 5.1 a 

coefficient α would correspond ~1/4
th
 of observed scene) 

3) Far/dim objects reflect x photons which corresponds to a maximum range – Rmax2 and 

minimum depth resolution – dr2 

4) Close/bright objects reflect n times more photons which corresponds to a maximum 

range – Rmax1 and minimum depth resolution – dr1 

5) Total power of the light used is equal to P 

For a uniform illumination the following statements hold true. 

 
nxPr1

 
( 5.2) 

 
xPr2  

( 5.3) 

 

After compensation with structured illumination number of reflected photons can be 

uniform. In order to determine the ratio of light to be redirected we can solve a system of 

equations below for m and γ. 

 
mxPr )( 1  

( 5.4) 
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( 5.5) 

       

Where m – is the gain in an area of interest and γ – attenuation coefficient associated 

with light redirection. 

As a result we have a gain in the minimum reflected photons equal to m and a 

corresponding increase in Rmax2 of m
0.5

 . Obviously as the γ decreases there is a chance that 

some of the bright and far objects might move out of Rmax1 and become undetectable. That is 
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why a redirection of light has to be a feedback process. Finally, the possible gain in dr2 or 

loss in dr1 is explained in more detail in the chapter 6. 

The way structured illumination is designed for the purpose of this thesis, a maximum 

gain - m in area of interest is around 6 in comparison with uniform illumination, assuming a 

distribution favouring close objects over far ones. More details about the specific design of 

the illumination are presented in later sections of this chapter, while a corresponding 

explanation of the sensing algorithm is presented in chapter 6. 

Now let us consider noise reduction. As was mentioned before, the average light levels 

are the same because the temporary gain in light intensity is then averaged over the whole 

period of exposure.  

However, if implemented correctly, noise will only be collected during the short period 

of time high intensity illumination is present. 

The ratio of the time period when illumination is present to the frame time is equal to the 

ratio of a whole FoV to the area of the high intensity illumination. It is obviously under an 

assumption there is enough frame time provided to scan over the whole FoV. 

In short, the ratio of the effective noise to the initial noise levels can be written as 

follows 

 
illum

FoVe

A

A

N

N

0
 

( 5.6) 

 

Where  

Ne – effective noise,  

N0 – initial noise,  

AFoV – area of field of view, 

 Aillum – area of high intensity illumination 

This essentially means that if light is redirected towards a sector of space equal to 1/k
th
 of 

the FoV there will be a corresponding reduction in noise levels of k. From now on we will 

assume this value k=16, as this corresponds to the actual value used in the experimental 

system described in this thesis. 

However, it becomes more complex now. The reason is that the gain in SNR does not 

directly translate into one of the main 3D imaging system figures of merit like a maximum 

range or the depth resolution. Depending on other characteristics, the effective gain from a 

noise reduction factor of 16 can vary. When depth resolution is concerned, it can vary from 

close to 1 to exceeding 32 (refer chapter 6, Figure 6.12 – depending on current noise count 

level, reduction will have different effect on depth resolution). That is why it is crucial to 
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consider the system gain for particular application, taking into account light source power 

and system efficiency, as well as approximate noise levels. 

It is important to mention at this point however, that structured illumination systems are 

more complex than uniform ones, so there will be always be some loss associated with all 

additional optical elements used. That is why it is crucial to be able to obtain a gain, through 

noise reduction, that can more than offset any losses due to inefficiencies. 

5.3 Holographic projection  

The system described in the thesis uses holographic projection as a means to achieve 

structured illumination. The theory behind holographic projection is briefly explained in 

chapter 2 and in paper by Jiang et al [138]. In recent years, there has been a significant 

increase in the development of holographic projection systems [139], due to technology 

reaching the performance requirements for different applications. It is important to be aware 

that the single, most important reason to use holographic projection is much higher potential 

efficiency for structured illumination as compared to standard imaging. As the latter can only 

do that by blocking light, while the former redirects light instead. 

5.3.1 Practical considerations  

Before going into detail of the design, a brief discussion of the limitations of holographic 

projection is merited, all of which are a direct result of constraints imposed by the process of 

the light diffraction. 

The first limitation is maximum theoretical efficiency of a 1
st
 diffraction order, which 

using a binary pattern can be approximated to 41% [140]. There are two main reasons for 

efficiency loss. One is the existence of higher diffraction orders which are inevitably 

produced during a diffraction process. Another is the mirror image, which is inherent for the 

binary modulation. While it is impossible to remove higher diffraction orders completely 

from the system it is possible to remove the mirror image. In general the greater number of 

modulation states possible, the smaller the ratio of intensity of mirror image (Imirror) to 

desired image (Idesired). The general trend between the two can be described as a function of 

(1/N) below 

 
N

f
I

I

desired

mirror 1

 

( 5.7)  

Where  

N – is the number of modulation states  

f – specifies a function  
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The binary mode is the only available mode of operation for the FLCoS SLM used in the 

system. 

Despite the fact it is impossible to remove the mirror image for the SLM used, it is 

possible to raise the effective efficiency of the holographic projection by utilising the mirror 

image in the same way the desired image is used. As a result, the potential effective 

efficiency will reach 82%. 

For an imperfect system, which is always the case, it is more relevant to consider the 

light efficiency as a ratio of all light present in the 1
st
 diffraction order boundary to all light 

available. From now on 1
st
 diffraction order boundary is defined as the limits surrounding the 

total area of a 1
st
 order diffracted image. While this particular ratio can exceed 82%, higher 

values are actually less desired. The reason is that most of the light would be present in DC 

(or 0
th
) diffraction order, which is mostly outside the control of an SLM. That is why it is 

important to further divide the aforementioned efficiency into the percentage of user 

controllable light and that which is not controllable. It becomes especially important for this 

particular application, as structured illumination relies on the ability to redirect light to areas 

of interest. Precise calculations and corresponding measurement results are presented later in 

this chapter. 

The second limitation is the maximum FoV that can be covered by our structured 

illumination. The angular FoV is dependent on two parameters, the wavelength of light used 

and the pixel pitch of the spatial light modulator. Assuming the SLM is small, the metric 

FoV can be easily calculated from a simple formula used for the size of diffracted image. 

 s

d
FoV

 
( 5.8) 

Where        

FoV – field of view [m],  

d – distance,  

λ – wavelength,   

s – pixel pitch 

It can be now clearly seen that with an increase in wavelength the maximum possible 

FoV increases accordingly. This provides an additional reason to move the wavelength of the 

light source used in the system from the visible range of the electromagnetic spectrum to the 

infra-red. As a result not only will the resulting field of view get bigger, but we will also be 

able to exploit other advantages of infra-red light. Those are the fact that infra-red light has 

less competing noise sources compared to visible one, as well as the fact that by making the 
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light source invisible to the human eye, it improves the aesthetics of the system. However, at 

the same time it does make it more dangerous (refer chapter 4). 

The size of the FoV while not being a main performance characteristic is also 

significant. Depending on the application, the desired value changes, but it would not be an 

exaggeration to state that an angular FoV of less than 10 degrees is insufficient for many 

applications. The diffraction angle θ is equal to 

 s
arcsin

 

( 5.9)     

For a short infra-red light of 1μm and assumption of a 10 degree diffraction angle, that 

would impose a restriction on pixel pitch of at most 5.75 μm. Current state-of-the art SLMs 

feature pixel pitch of 8 microns. Based on this simple information we can deduce that a very 

small FoV will be a problem in finding a suitable application. While it is possible to reach 10 

degrees FoV by using slightly longer wavelength, it would probably be necessary to wait for 

further development SLM technology in order to reach more practical angles of 30-60 

degrees.  

Finally, there is a possibility of using lens system to magnify the holographic image 

itself. However, it introduces additional complexity to an already complex system, as a result 

it was not yet fully explored by the author. 

While discussing FoV, there is one more important note to mention. Namely, it is the 

fact that there is a trade-off between the FoV and an effective photon count registered at the 

sensor. It is simply because the same light source has to cover a bigger area and as a result 

each constituting part receives, on average, less light. In fact the light intensity is inversely 

proportional to the square of a diffraction angle. So while it is indeed desirable to increase 

the FoV, it is worth keeping in mind that it can detrimentally affect performance in other 

areas. 

Furthermore, we need to consider a minimum distance at which diffraction takes place. 

The assumption is that the Fraunhoffer diffraction takes place when the following inequality 

is satisfied [141]. 

 
1
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D
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( 5.10) 

where  

W- aperture separation,  

λ – wavelength,  

D – distance from the aperture 
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Taking measurements below this minimum value of D (D>>4.4 *10
-4 

m for the system 

described here) would mean that the structured illumination is not fully resolved yet. It is 

safe to assume that the minimum distance is equal to 5 cm (assuming >> corresponds to at 

least two orders of magnitude). The system could still be used for ranging measurements 

below this minimum distance, however, within this particular range any benefits of 

structured illumination would be lost while losses due to the system inefficiencies associated 

with the SLM would be retained. 

5.3.2 Holographic projection design  

This section will explain parts of the design directly connected to the holographic 

projection. In particular, everything related to how the SLM is addressed, as well as how the 

diffraction process takes place.  

Since the SLM the author is using was designed for the application of video projection , 

the addressing scheme was divided into 24 bit planes, 8 bit-planes for each primary colour: 

red, green and blue (RGB) [9] [142]. 

As a result, each bit-colour on the computer screen corresponds to some specific length 

of addressing time in the SLM. When used in video projection, a time length of bit-planes is 

in ratio of 2
n
:1, where n is the bit number. However, for the purpose of holographic 

projection it is much better to have equal illumination time for each bit-plane. 

There was available a custom made addressing scheme to provide equal length of time 

for each bit-plane. Each of the 24 bit-planes is addressed at the video rate, which for this 

particular system was chosen to be 60Hz. The only other available addressing schemes were 

70 and 85Hz. In most cases, it would be preferable to choose the 85Hz scheme to increase 

the maximum possible frame rate. However, having extremely low effective light levels, it 

would mean integrating count values over a larger number of frames and would force faster 

computation. It would also mean that more time is wasted on LC switching as opposed to 

light modulation which would reduce the effective light levels even further.  

The specified video rate imposes a strict limit on total addressing time of 16.7ms per 

frame.  In theory it corresponds to 696μs per bit-plane addressed (refer Figure 5.3). In 

practice however, only 55% of this time is used for valid illumination [Appendix B], while 

the remaining time is not utilised (and that assumes using both ‗normal‘ and inverse frame). 

It is because before a stable modulation state is reached on the SLM, two processes need to 

occur first. The first one is electronic addressing and the second one is LC switching. The 

latter is highly dependent on temperature and based on measurements performed it is usually 

in the range of 20 - 70μs for this particular device. Addressing is in order of tens of 
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microseconds as well. Furthermore, all those time losses need to be multiplied by two to 

accommodate for the need for inverse frame (explained later).  

 

Figure 5.3 Illustrates addressing process of a single bit-plane. Diagram shows inverse frame in 

default state. Note that both „actual‟ frame and inverse frame can be in either of existing states.  

As a result, for the current application, the addressing scheme results in the fact that 

system efficiency is significantly lower than desired. The reason for inefficiency is that 

during the remaining 45% of time the modulation information is not read from the video 

input, but instead the light is either modulated in the default ‗black‘ state (electronic 

addressing) or reflected from the SLM in an unstable LC switching state. The default ‗black‘ 

state is actually black (meaning there is no light output) only in the amplitude modulation 

based system. In phase modulation it means that there is only one phase across whole SLM 

array, which significantly contributes to the DC spot and inefficiency of the system.  

It is important to mention that among the time the SLM is actually addressed; only half 

of that time corresponds to an actual addressing of desired pattern. The other half has to be 

used for addressing of a compensation pattern. The purpose of the compensation pattern is to 

allow continuous and stable operation of SLM over long periods of time. Fortunately, since 

the compensation pattern is an exact opposite of the desired pattern in terms of a position of 

‗black‘ and ‗white‘ pixels, the holographic image associated with it will be the same (There 

might be a slight difference in DC spot intensity depending on relative number of ‗black‘ and 

‗white‘ pixels). This means, there is no further reduction in the system efficiency.  
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The explanation above covers a general addressing scheme. However, there is still a 

need to address the matter of actual diffraction patterns used to produce a holographically 

based illumination. 

Diffraction patterns are pre-calculated using Matlab software with a custom written 

script. The script also calculates an estimated efficiency of a given pattern (efficiency is only 

pattern related and does not constitute the overall diffraction efficiency, but only its part). 

Afterwards, once 24 patterns are calculated, they are superimposed together to create a 24 bit 

RGB pattern that when used as a video stream source, would display all 24 patterns on the 

SLM in turns, which will result in a sequence of desired holographic images being produced. 

  

 

Figure 5.4 Presents an addressing scheme of the SLM in order to provide a time variable 

holographic projection used to supply a structured illumination for the Time of Flight based 3D 

imaging system. 

 

Figure 5.5 The superimposed diffraction pattern. Different bits of an RGB scheme represent 

different diffraction patterns (magnified 256x256 pixels of the superimposed pattern) 
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There are two major reasons to use multiple diffraction patterns in a time domain rather 

than single one over the longer period of time.  

1. The efficiency of the diffraction pattern significantly increases the simpler it gets 

2. Dividing illumination into multiple fragments enables a noise rejection method 

mentioned earlier in the chapter 

Now let us consider another element used for a holographic projection, namely a 

Polarising Beam Splitter (PBS). The Polarising Beam Splitter is serving multiple purposes. It 

is responsible for ensuring a correct polarisation of incident light, as an analyser for the 

modulated light, as well as for redirection of the modulated light into an unobstructed path so 

that the image may be created. When choosing a PBS it is important that both: its 

transmission efficiency, as well as its rejection of undesired polarisation angles, is high. For 

this particular setup, when mounting a PBS it needs to be ensured that the horizontal 

polarisation is allowed to reach the SLM and vertical is blocked. Furthermore, it is necessary 

to keep it perpendicular towards the SLM and the light source in order to avoid unnecessary 

reflections or change in the path of propagation. 

Finally, we have to consider our light source. In chapter 2 it was mentioned that a laser 

diode will be used. However, there are still a number of important factors to take into 

account. Those include laser wavelength, power, operational frequency and pulse width. 

While some of those factors are determined by the specifications of the system we want to 

achieve, it is important to mention any constraints that are a direct result of the holographic 

projection system. Firstly, we have wavelength. There is a trade-off between FoV and 

average intensity.  

While the author suggests to move toward infra-red light with further generations of the 

system, for the first version a λ=432nm was chosen. The reason for that is more practical, 

than theoretical, which brings us to next point which is laser power. The 432nm laser diode 

was the one with the strongest laser power – 200mW, among the ones available to author. In 

order to reach reasonable levels of photon counts, it was necessary to use this particular 

device, rather than an alternative of 680nm, which had only half as much power. Moreover, a 

photon count would be additionally reduced by increasing FoV.  

Moreover, we have an operational frequency. While the operational frequency 

determines a maximum possible range of the system, there is the limitation in terms of the 

time each bit-plane is addressed. In order for the system to work as intended there should be 

equal numbers of measurements performed for each bit-plane. In the case where this is 

impossible, because measurement time is not direct divider of bit-plane addressing time, it is 
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important to maximise number of measurements per one addressing period so any error 

related to the aforementioned mismatch is minimal. The number of measurements per bit-

plane (Nmeas) is specified by equation below 

 addrbpopmeas TfN  ( 5.11) 

 

Where 

fop  - operational frequency 

Tbp – bit-plane addressing time 

γaddr – addressing efficiency 

The system designed in this thesis features fop =20MHz and accordingly, a single 

measurement time of 50ns. This corresponds to around 7656 measurements per one bit-plane 

assuming γaddr =55% of a valid modulation time. While the Equation 5.10 is simple, it is 

sufficient to show that there will be a variable error in the number of measurements from bit-

plane to bit-plane, and from frame to frame. The maximum value of non-uniformity error 

(En-u) is defined by equation below 
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For the system presented, it has an upper bound equal to 0.0137 %. This value is 

insignificant and as a result will be neglected from this point onward.  

Finally, the choice of a pulse width was not restricted or affected by the design of a 

holographic projection in any way other than it being long enough to provide an average 

power sufficient for computation of reliable depth images. However, the final choice of 50ps 

pulse width was dictated by other considerations and will be discussed later. 

5.4 Structured illumination system design  

Careful design of the structured illumination is necessary in order to fully utilise 

potential benefits it can offer.  

I would start with defining the sub-area of FoV to which light is directed as a sector of 

FoV. 

Firstly, let us consider both expected benefits separately and then their combination. 

It is quite straightforward to notice that a noise rejection benefit of the structured 

illumination is inversely proportional to the area of the sector, the light is directed to. The 

extreme condition would be to have a small area equivalent to FoV of one pixel on the 

sensor side. This is essentially what would happen if you tried to apply a noise rejection 

algorithm to a scanning laser [136]. However, there are limitations to this approach. Firstly, 
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as the area becomes smaller it is much more susceptible to the misalignment. In the case 

presented by Niclass et al, the full utilisation of a noise rejection was impossible at a time of 

the publication, though it was still very significant. They were able to align a laser beam to 

within a group of 8x8 pixels.  

For the system described here, the only limitation is related to a minimum diffraction 

distance, which is dependent on the SLM pixel number and size (refer to Chapter 2). 

The actual angular resolution between the two points is equal to 6.03 x 10
-5

 radians along 

one axis and 4.82 x 10
-5

 radians along the other (angular resolutions correspond to height and 

width of SLM respectively). In general, as long as the definition of the SLM is significantly 

higher than the spatial resolution of the sensor, SLM should be able to provide holographic 

image with high enough spatial resolution and allow a good match between the structured 

illumination and sensor pixels. However, once the resolution of the sensor approaches that of 

SLM, it will likely result in a misalignment between illumination and light receiver. In the 

case that structured illumination is to be used as a compensation mechanism for low fill 

factor, the SLM pixel number needs to be even higher.  In general: 

 1
ffsens

SLM

GN

N
 ( 5.13) 

Where 

NSLM – SLM pixel number, 

Nsens – sensor pixel number, 

Gff – desired fill factor gain. 

Note that Gff =1 for the system described in this work, as author deemed compensation 

for fill factor of low priority at this stage of the development considering the complexity of 

the process. 

Secondly, as the sector area decreases, the number of sectors necessary to cover a whole 

FoV increases. It means that more time is necessary to scan through the whole sensor array. 

In general, the maximum frame rate (Frate) in such a scanning system would be: 
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Where 

 fop – laser operational frequency,  

Narea – number of areas scanned (note that sensarea NNmax ).  
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In the case where observed distance is short (high fop) or number of pixels is low, this 

equation might not be a practical limitation. However, for long distances and large arrays it 

might become major restriction. And at least larger arrays are something to be expected. 

If we consider system with an operational frequency of 20MHz and sixteen distinct 

sectors we end up with maximum theoretical frame rate of 1.25 MHz. 

Finally, in the case of new system presented here there is an additional constraint. 

Because there are only 24 bit-planes available as a result of how SLM is addressed, it is 

impossible to use more areas to scan over than the 24 mentioned before. Furthermore, the 

frame rate will be determined by video rate of the SLM. While at the moment it is chosen to 

be 60Hz, in practice it is limited by the value calculated for a general system with 24 areas 

(fop/24) which in the case of this system is equal to 833 kHz. Note however, that unless each 

bit-plane receives the same number of measurements we might introduce an error explained 

in previous section, not to mention depth resolution error associated with limited sample 

number (refer to chapter 6). That is why the author decided to introduce a more practical 

limit to the maximum frame rate that will allow for a minimum of 100 measurements per 

addressed frame. This would correspond to a maximum frequency 8.33 kHz. The more 

practical formula for frame rate of any scanning system would be the minimum value 

between two different approaches for calculating it 
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( 5.15)             

Where  

E – is the possible error we are willing to accept associated with non-uniformity of 

measurements over areas scanned. 

Nsamp – minimum number of samples necessary to obtain desired depth resolution 

(chapter 6) 

In fact there is another reason that makes equation  5.15  more appropriate than equation 

5.14, namely, that it is desirable to have the expected number of photons from a single 

measurement 1)(xE (refer chapter 6). 

Now we need to consider the benefit of the optical feedback. It has similar trade-offs 

as it was the case with a noise rejection. With smaller sectors and the corresponding increase 

in their number we have an increased flexibility in providing the feedback mechanism. 

Ultimately, it would be best if feedback could be provided on a per- pixel basis. There are 

two possibilities to achieve that. One is to reduce the sector area down to the size of one 

pixel; another one would be to have larger sector and in-sector feedback together with sector 
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level feedback. Similar local control approach has been shown in LC displays [143]. An 

example of the dual scale feedback can be seen on Figure 5.6.  

 

Figure 5.6 Shows dual scale optical feedback system that can supply both sector level and pixel 

level feedback information toward the scene. 

The idea of having pixel level feedback has same drawbacks as the ones that were 

explained previous section. In fact a scanning laser system has the potential to become a 

system with pixel level optical feedback and it would be definitely easier to implement it 

with a scanning laser. As for performance, it would be comparable in both the scanning laser 

and the holographic projection approach, assuming sufficient SLM technology for such 

implementation is available. 

 As for the second approach, it has its own issues. In particular, generating a diffraction 

pattern with significant predictability about the light distribution in a holographic image 

takes significant amount of time, which would have to be added on top of generating the 

superimposed set of patterns to address the SLM with. However, the improvements in 

parallel processing, as well as general improvements in processing hardware, might soon 

enable a high frame rate holographic projection. That is why it is worth keeping this 

possibility mind. 

Additionally, being able to precisely manipulate beam intensity in the holographic image 

on top of its shape requires the SLM to have many degrees of freedom. In such a case a 

binary SLM might struggle to meet expectations. While multi-level SLMs are able to 
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produce more degrees of freedom in the resulting holograms, they require more addressing 

time. To author‘s best knowledge there does not exist an SLM who has multiple modulation 

states and at the same time is allowed to address them at an extremely high rate that would 

enable temporal scanning of the resulting holographic images while still retaining reasonable 

frame rate (i.e. a commercial video rate). In order to obtain such frame rates and multi-state 

modulation, a shift toward a new type of SLM might be necessary [144]. 

In the end, author implemented only optical feedback at the sector level, but it is 

important to realise that pixel level feedback can be achieved with the development of 

specific technologies. Those include development of new SLMs that feature higher pixel 

counts or development in fast generation of complex diffraction patterns, depending on the 

approach used. 

5.5  System efficiency  

The purpose of this section is to compare the modelled and measured system efficiency 

of the system described before and comparable 3D imaging systems with a uniform 

illumination and a scanning laser based illumination. 

Following diagrams (Figure 5.7 - Figure 5.10) show system designs together with 

elements contributing to particular sets of efficiencies.  

 

Figure 5.7 Shows scattering of uniform illumination from the arbitrary object and 

corresponding light registration with an imaging sensor. 
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Figure 5.8 Shows scattering of laser scanned light from the arbitrary object and corresponding 

light registration with an imaging sensor. 

 
Figure 5.9 Shows scene covered with structured illumination produced by the means of 

holographic projection as generated by the system described in the thesis 
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Figure 5.10 Shows scattering of structured illumination from the arbitrary object and 

corresponding light registration with an imaging sensor. 

Firstly, let us concentrate on the analysis of the factors that are common for all systems. 

Parts of the design that are shared by each of the mentioned 3D imaging systems are 

projection and imaging. 

While both projection and imaging might be implemented in different ways depending 

on type of source: LED [145], lasers [146]; or sensor: CCD [147], SPADs [148] [149] used, 

it is possible to evaluate their effective efficiency for a reliable comparison. 

5.5.1 Projection efficiency 

It is important to note that all calculations below assume the use of the same light source. 

It is indeed possible, as for example all 3 methods can work with laser diodes. 

In the case of the uniform illumination, it is enough for projection system to only consist 

of single or a set of lenses that project source light onto the scene. As a result, the projection 

efficiency (η1a) for the uniform illumination is given by: 

 lensa t1  
( 5.16) 
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Where  

tlens – transmission efficiency of the lens system  

Note that it should include not only light transmission at a given wavelength but also all 

aberrations or other phenomena that cause the resulting light to not perfectly match the 

desired FoV of the sensor). Additionally, if the projected light is further used by the 

following optical elements, it is important to consider the ratio of the beam area at the 

entrance of the next optical element with the area of the optical element. 

Regarding a scanning laser system, the situation is similar. However, the lens system is 

replaced with 2-D scanning mirror (a Micro-Electrio-Mechanical System (MEMS) device), 

which steers the light into a desired direction. 

 mirrorb r1  
( 5.17) 

     

Finally, we need to consider the new system. In fact the projection of a structured 

illumination in the new system is its most complex part. That is why the author decided to 

separate it into multiple, separate parts. As a result what I am going to describe now is not 

full projection, but instead, collimation of light before it passes through the Polarising Beam 

Splitter (PBS). 

In such specific case, projection (collimation) can be considered equivalent to the one 

presented for the uniform illumination. 

 lensc t1  
( 5.18) 

5.5.2 Imaging efficiency 

Next, let us consider the imaging efficiency. In order to obtain the best comparison we 

will make a reasonable assumption of using the same sensor type. The author decided to 

choose a Single Photon Avalanche Diode (SPAD) based sensor for practical reasons. One of 

the reasons is the fact that the system presented, was tested using one. However, it can be 

considered a good choice (chapter 2), as well as the fact that other systems were 

demonstrated using the same type of device [150]. 

 In case of all three systems being compared the effective efficiencies would be 

approximately the same. 

 
cba 222

 
( 5.19) 

        

However, because there are multiple factors affecting those efficiencies, they are further 

divided into three sub-efficiencies η2_1, η 2_2, η 2_3 in order to separate reasons for light losses. 
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The efficiency η2_1 is corresponding to the loss of light intensity by travelling through 

large distances. To avoid confusion, it needs to be clarified that the loss mentioned here is 

due to the light being spread over larger area because of positive (non-zero) divergence 

angle, rather than it being absorbed by the media, which the light propagates through. 

Thus we can say 

 
imaging

total

array
G

A

A
1_2

 

( 5.20) 

       

Where  

Aarray – area of the sensor,  

Atotal – total area light is distributed over at imaging lens plane assuming geometrical 

reflection. 

Imaging gain (
imagingG ) is dependent on how well light is focused on the sensor area as 

well as the diameter of the lens. Regardless, its maximum value is restricted by following 

formula 
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( 5.21) 

   

Next sub-efficiency is simply the one attributed to the lens transmission, which can be 

simply written as: 

 
lensimt _2_2

 

( 5.22) 

       

Where  

tim_lens – transmission of imaging lens 

Finally, we need to consider the efficiency of the sensor itself. SPAD based sensors, 

rather than measuring intensity of the light, measure the amount of photons detected. 

However, even at best not every photon that arrives to the sensor will be detected. 

Moreover, the detection probability is wavelength dependant. The probability of detecting 

photons at given wavelength is called quantum efficiency and for modern devices it varies 

between 0.3 and 0.5 for the sensor‘s optimum wavelength [63] [64].  

Additionally not all area of the sensor array is photon sensitive. Some of the area is taken 

by necessary electronics responsible for the information processing. Protection measures to 

ensure the correct operation of a sensor pixel also take space, which usually drastically 
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reduce the effective sensitive area. The ratio of sensitive area to whole area array is called fill 

factor and varies significantly between devices [136] [69] (70% vs 1.1%). In general 

 ))((3_2 ffnQE  ( 5.23) 

 

 

Where 

QE – quantum efficiency, 

ηff  - fill factor 

The sensor used for the system described in the thesis features a fill factor of 1.1% and 

quantum efficiency of around 0.2 for a wavelength of interest. While the value of quantum 

efficiency is about average for this wavelength, the fill factor it features is pretty low, which 

would significantly affect our final efficiency. 

5.5.3 PBS efficiency 

Now it is time to consider system losses that are unique for the structured illumination. 

Most of the losses are related to the process of diffraction; however they can be attributed to 

different parts of the system and, furthermore, different characteristics of those parts. 

Firstly, let us consider the PBS. This optical element is responsible for providing a 

specific polarisation of light for the SLM. In this particular case where the SLM is setup to 

modulate a horizontally polarised light, efficiency of a forward transmission can be 

estimated using formula below: 

 
)cos(1_3 PBSt

 

( 5.24) 

 

Where  

tPBS – is a transmission efficiency of the PBS as a material and  

Δθ  - is the difference in the angle of polarisation of the light source and a horizontal 

polarisation plane shown on diagram below. 
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Figure 5.11 Presents an effect of misalignment of FLC device with respect linearly polarised 

light. Optimum light efficiency performance for phase modulation is present when LC layer 

normal is parallel to light polarisation. 

Knowing the behaviour of the cosine function we can see that for small values of 

polarisation misalignment, contribution of this particular factor is not a major concern. 

However, as the misalignment increases, it gains in significance. 

The backward efficiency of the PBS is calculated in a similar fashion to the forward 

efficiency; however, there is a significant difference. The reason is the fact that the light 

travelling back after being reflected from SLM can have two possible states of polarisation. 

In an ideal situation both of the states would produce a vertically polarised light which would 

pass back through the PBS without any losses. However, in practice, not only is there loss 

associated with not perfectly vertically polarised states, but this loss might be different for 

each of the states if there is misalignment of the centre of the cone angle with respect to 

horizontal plane (Figure 5.11). 

This particular system was designed for a 22.5 degree LC cone angle calibrated so that 

asymmetry with respect to horizontal plane is minimised (though as shown in chapter 4 it is 

actually lower). The reason why the cone angle is designed to be 22.5 degrees is actually 

because it is optimal cone angle for the amplitude modulation, which, as it was mentioned 

before, is a default mode of operation for this particular device. Actually for the special case 

of 22.5 degree angle it can be mathematically proved that the efficiency of transmission 

through PBS is always equal to 50% regardless of the asymmetry as long as two states 
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appear on average half of the time (Appendix C). Assuming the minimum cone angle 

reported by manufacturer the efficiency associated with cone angle can be as low as 38%. 

Unfortunately, despite the fact that diffraction patterns are optimised so that is the case, 

there still remains the issue of a ‗default black‘ state when no addressing takes place. 

Nonetheless, for the controllable part of light the previous statement holds true. 

Below is shown a diagram summarising cone angle loss. 

 

 

Figure 5.12 Shows propagation of polarised light through beam splitter and its reflection from 

SLM. 

 

The expression for backward PBS transmission is: 

 
)2(sin 2

2_3 PBSt
 

( 5.25) 

 

Where 

 tPBS – transmission of PBS as material,  

α– cone angle (note that we use 2α in the equation to compensate for the fact light passes 

twice through the LC) 

Note that loss associated with the second term of the equation 5.25 for this particular 

case ranges from 0.38 to 0.5. 
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5.5.4 SLM efficiency 

Now we are left to discuss the efficiency of a last optical element of the system – SLM. 

In order to make an analysis more clear, it is simpler to divide this efficiency further into 

three categories. 

 η4_1 – the efficiency affecting a whole cross-section of the beam 

 η4_2a – the amount of controllable light in the first diffraction order boundary 

 η4_2b – the effective efficiency of the SLM within first order diffraction boundary as 

seen by the sensor over at least one full frame of operation 

The first efficiency is simply  

 
SLMr1_4

 

( 5.26) 

 

Where 

 rSLM - reflectivity of the SLM when pixel mirror is concerned (does not take into account 

fill factor which is described later). 

Next efficiency is dependent on several factors. One of them is the length of time when 

stable modulation is present in the SLM. During the remaining period of time, SLM is either 

returning to default ‗black‘ state and light is modulated into only one state or light is 

reflected from the SLM in an unstable state. The ‗default‘ state creates a strong dc with no 

higher diffraction orders except for those related to SLM fill factor. 

Second factor is the aforementioned fill factor of an SLM. In case of SLM, fill factor 

corresponds to the ratio of the total area capable of the light modulation. Under normal 

circumstances, the maximum diffraction angle is determined by the minimum space between 

pixels of one value separated by the pixel with different modulation value –‗grating pitch‘ 

(see Figure 5.13). However, because the modulating surface is non-uniform, additional 

diffraction will take place determined by pixel pitch. The light diffracted due to this non-

uniformity will be directed outside the first order diffraction boundary and can be considered 

lost. According to SLM manufacturer [151] SLM fill factor is equal to at least 92%. 

 

Figure 5.13 Illustrates the difference between pixel pitch and grating pitch.  
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There might in fact exist additional structures (i.e. groups of vias) that create diffractions 

within 1
st
 diffraction order. It was not the case with regards to the SLM used.  

Second effect, the η4_2 has theoretical limit for 1
st
 diffraction order in phase modulation. 

This limit states that maximum ratio of 1
st
 diffraction order to higher diffraction orders are 

around 4 to 1 (82:18) [140]. If we assume that regardless of the amount of optical ‗DC‘ 

present, the relative ratio remains constant, we can determine the final value of the 1st 

diffraction order boundary by taking into account two aforementioned factors. 

By examining the addressing sequence of the spatial light modulator it is easy to find out 

that the SLM is in a stable modulation state around 55% of the time. Meaning that a very 

significant amount of light, present in the first diffraction order boundary, belongs to dc, as a 

result of SLM returning to the ‗default‘ state. It later needs to be corrected for diffraction 

pattern inefficiency (ηd_p), modulation efficiency (ηmod – see chapter 4 Table 4.2) and 

potential cone angle asymmetry (γasym). 

 asympdffSLM
bp

addr
a

T

T
mod__2_4  ( 5.27) 

Where 

Taddr – average addressing time for a bit-plane 

Tbp – duration of a bit-plane 

ηSLM_ff –fill factor of the SLM 

Note that η4_2 is the true efficiency coefficient only when controllable light is considered. 

Since both the ‗DC‘ component and any SLM induced ‗background noise‘ light within the 1
st
 

diffraction order boundary contribute towards the total light level, but only to a limited 

degree. This additional effect can be included using following equation. 

 
area

asympd
bp

addr

asympdffSLM
bp

addr
b

N

T

T

T

T
mod_

mod__2_4

1

 ( 5.28) 

Where 

Narea – is a number of areas scanned. 

It is easy to notice that as the number of areas we scan over increases, the first term of 

the equation becomes dominant.  
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5.5.5 Object scattering 

Before we are able to summarise efficiency of the system, it is important to consider one 

more factor that is common for all the systems. In particular, it is an efficiency of light 

scattering from the observable object. It is difficult to analyse observable objects as they all 

have variable characteristics in terms of light absorption of different wavelengths as well as 

scattering distribution of the reflected light, which is based on the surface structure. 

In general, there are two major guidelines in deciding how much light we can expect 

from the observed object. 

1. If we consider an object in the visible light of the spectrum, the darker the object the 

less light we can expect (the rest will be absorbed). However, even in case of 

extremely black everyday objects the difference in absorption between a black and a 

white object (of the same material) is equal to about two orders of magnitude. 

2. The second characteristic is an object‘s shape and structure. Even though on a macro 

scale some object might be considered flat, on micro (not necessarily atomic) scale it 

will have varied structure that could reflect light in all direction (light diffusion). 

Depending on how organised the structure of the object is, reflected light is more 

directional or less. An example of highly organised structure would be metal, while 

that of the less organised one would be paper. 

When the light is reflected from the object we usually think about it as either a perfect 

geometrical reflection or as ideal diffusive reflection (Lambertian reflection). Simple 

diagram is shown on Figure 5.14 
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Figure 5.14 A simple diagram representing light reflection assuming either perfect geometrical 

reflection or perfect diffusive reflection. 

However, in practice, everyday objects are always in between the two. In fact it would 

be good to think that the effective light received by the sensor as a result of a reflection from 

the object is a function of a geometrical reflection, a diffusive reflection and a spectral 

absorption (reflectance). 
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Where 

rspec  - is the spectral reflectance 

γg – is the coefficient that determines the effective ratio of the area of the object 

reflecting light geometrically 

Alens – area of the imaging lens 

Aill_g – area illuminated at the imaging lens plane according to a geometrical reflection 

Aill_d – area illuminated at the imaging lens plane according to a diffusive reflection 

Because the ratio of areas related to geometrical reflection is a dominant component 

unless γg is extremely small (it is especially the case for small divergence angles as presented 

in this thesis), we can usually remove the second component of the equation. Finally, 
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because the ratio of the lens area to an illuminated area was included in the imaging 

efficiency section, we get a simplified equation for the effective object reflection. 

 gspecobjeff rr _  ( 5.30) 

During characterisation measurements performed with the new system, white paper 

(with thin black stripes) was used as an observable object. It is preferable as its unorganised 

structure offers some reflectivity in most directions, guaranteeing reasonable levels of light. 

Because it is white, it offers little loss due to absorption and additionally it can be argued that 

paper is a representative case of a real life object. 

5.5.6 Efficiency Results 

Now let us make a theoretical comparison of efficiencies based on the model presented. 

 System 

Efficiency Uniform Scanning New 

Collimation/projection 
(η1) 

0.90 0.90 0.90 

Imaging efficiency (η2) 0.00010 0.00016 0.00016 

Divergence angle loss at 
2m distance (η2_1) 

0.052 0.082 0.082 

Imaging lens 
transmission (η2_2) 

0.90 0.90 0.90 

Sensor efficiency (η2_3) 0.0022 0.0022 0.0022 

Object scattering (white 
paper) (η5) 

0.0013 0.0013 0.0013 

PBS total (η3) n/a n/a 0.31 

PBS forward 
transmission  (η3_1) 

n/a n/a 0.90 

PBS backward 
transmission  (η3_2) 

n/a n/a 0.34 

SLM total (η4) n/a n/a 0.32 

SLM reflectivity (η4_1) n/a n/a 0.90 

Controllable light (η4_2) n/a n/a 0.31 

Effective efficiency 
excluding reflectivity 
(η4_3) 

n/a n/a 0.35 

Total 1.25E-07 1.96E-07 1.90E-08 

Relative ratio 6.6 10.3 1.0 

Table 5.1 Table compares theoretical (and possibly optimistic) efficiencies of major sections of 

three types of illumination for dToF based system. 

As we can see from the Table 5.1, the new system is accompanied by losses associated 

with new optical elements. They contribute to a significant reduction in optical efficiency. 

Note that the difference between scanning laser and uniform illumination is caused by the 

fact that uniform illumination was assumed to be circular and as a result has to over-

illuminate the sensor array (the alternative of under-illumination does not cover the whole 

FoV and was rejected). 
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Table 5.5 presents all efficiencies described above side by side with measured values. 

Note that some values had to be assumed (not possible to measure reliably) in order to 

extract other values. It also means that some other values are not measured directly and as a 

result they carry cumulative error of all other measurements necessary to derive them.  

New system 

Parameter (efficiency) Theoretical 

Average 
measured value 
(optimised for 
particular 
element), 
Assumes 
addressing time 
and fill factor 

Measured values 
allowing for 
slight translation 
or rotation, 
Assumes 
addressing time 
and fill factor 

Collimation/projection 
(η1) 

0.9 
0.84 0.31 

Imaging efficiency (η2) 0.00016 0.00016 5.17E-05 

Divergence angle loss at 
2m distance (η2_1) 

0.082 
0.082 0.082 

Imaging lens 
transmission (η2_2) 

0.9 
0.86 0.29 

Sensor efficiency (η2_3) 0.0022 0.0022 0.0022 

Object scattering (white 
paper) (η5) 

0.0013 0.0013 0.0013 

PBS total (η3) 0.31 0.31 0.057 

PBS forward 
transmission  (η3_1) 

0.90 
0.78 0.68 

PBS backward 
transmission  (η3_2) 

0.34 
0.39 0.083 

SLM total (η4) 0.32 0.28 0.17 

SLM reflectivity (η4_1) 0.9 0.55 0.41 

Controllable light (η4_2) 0.31 n/a n/a 

Effective efficiency 
excluding reflectivity 
(η4_3) 

0.35 
0.50 0.41 

Total 1.90E-08 1.48E-08 2.04E-10 

Expected parameter Theoretical 
Assuming best 
values 

Assuming 
conservative 
values 

Photon count per 
second received 8300000 6400000 88000 

Photon count per-pixel 
per second 8100 6300 86 

Measured parameter 
parameter 

Actual measured value 

Photon count per-pixel 
per second 310 

Table 5.2 Table lists measured efficiencies of different sections of the proposed system as well as 

those predicted by the model 
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The same has been done for a uniform illumination based system. The results are 

presented in Table 5.3. 

Uniform illumination based system 

Parameter (efficiency) Theoretical 

Average 
measured value 
(optimised for 
particular 
element), 
Assumes 
addressing time 
and fill factor 

Measured values 
allowing for 
slight translation 
or rotation, 
Assumes 
addressing time 
and fill factor 

Collimation/projection 
(η1) 

0.9 
0.844 0.31 

Imaging efficiency (η2) 0.00010 9.90E-05 3.29E-05 

Divergence angle loss at 
2m distance (η2_1) 

0.052 
0.052 0.052 

Imaging lens 
transmission (η2_2) 

0.9 
0.86 0.29 

Sensor efficiency (η2_3) 0.0022 0.0022 0.0022 

Object scattering (white 
paper) (η5) 

0.0013 0.0013 0.0013 

Total 1.25E-07 1.12E-07 1.38E-08 

Expected parameter Theoretical 
Assuming best 
values 

Assuming 
conservative 
values 

Photon count per 
second received 54000000 49000000 60000000 

Photon count per-pixel 
per second 53000 48000 5800 

Measured parameter 
parameter 

Actual measured value 

Photon count per-pixel 
per second 13000 

Table 5.3 Table lists measured efficiencies of different sections of uniformly illuminated system 

as well as those predicted by the model 

 

Unfortunately, the analysis of a scanning laser system was not possible due to lack of 

access to appropriate resources. It is possible to argue that efficiency of a 2-D scanning 

mirror would be lower than that of a basic transmission lens when projection is concerned. 

Nonetheless, the author would expect results, with respect to optical efficiency, on the 

similar level as that of uniformly illuminated system. 
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5.5.7 Sources of uncertainty and error 

The efficiency measurement process described in this chapter suffers from many sources 

of uncertainty and error. Their combined effect might be the reason for variation from 

measurement to measurement and deviation from some theoretical, expected values. The list 

of those sources together with steps author has taken to compensate for them is presented in 

this section. 

Firstly, there is an RMS error associated with the measurement of a distance ( 0.7 mm), 

which is necessary to find out the effect of a divergence angle. Error associated with the 

measurement of the cross-section of the illumination (ranges from ( 0.7 –7 mm at large 

distances), which is needed for divergence angle calculation as well. The 0.7 mm error 

was deemed acceptable, multiple cross-section measurements were performed (at different 

distances) to compensate for increasing error. 

The error contributed by non-uniform beam intensity, which can fortunately be 

compensated by measuring the relative beam profile.  

Uncertainty related to optical component position/orientation variation from one 

measurement to another. This is very significant uncertainty as the optical elements had to be 

moved around the optical bench between measurements. As a result it cannot be guaranteed 

that values obtained from one measurement can be directly comparable with another. While 

the author undertook steps to minimise any alteration of the setup to minimum and making 

sure those alterations contribute as little uncertainty as possible, it still exists. The process 

takes into account cone angle calculated in the characterization process together with its 

associated error (sensor quantisation error and angle measurement error - 0.5 degree).  

It assumes a fill factor of the SLM specified in the data sheet, reflectivity of white paper 

as 0.75 (this is not effective reflectivity that includes scattering), negligible effect of stray 

light on the sensor.  

There is uncertainty related to time domain uniformity of laser diode output. The process 

assumes phase modulation efficiency calculated from the characterisation measurements 

together with its error. Some misalignment and size mismatch between the sensor FoV and 

the illumination profile also contributes to an error (<1 sensor pixel). Especially, since even a 

relatively small misalignment has theoretically a high effect on efficiency of system. The 

reason is the small physical size of sectors (<1cm), which means that a physical 

misalignment of 1mm corresponds to relative error of more than 10%.  



140 

 

5.5.8 Conclusions 

Considering Table 5.2 and Table 5.3, it can be seen that for both the uniformly 

illuminated system and the system proposed in this thesis, the amount of photons received is, 

in a similar way, significantly below best theoretical approximations and at the same time 

above the conservative evaluations. While the author acknowledges that the accuracy of the 

results is limited, there is still information that can be extracted. The most important thing is 

that the ratio of measured results to the conservative evaluations seems consistent from 

system to system, which means that the ratio of photon events received by the uniformly 

illuminated system to proposed system can be justified by inefficiency of additional optical 

elements, just as expected. The reduction in efficiency of projection and imaging (as well as 

PBS) is related to the fact that alignment enforces a slight rotation and translation of the light 

source and imaging lens. This is, unfortunately, caused by limited degrees of freedom 

inherent to the optical mounts. Finally, we can also see that the simpler the system the 

smaller the deviation between conservative values and optimal. Any further conclusions 

based on efficiency measurements alone would be inappropriate. 

5.6 Optical feedback design  

Optical feedback mentioned in this piece of work is a mechanism that enables 

adjustment of the structured illumination based on the photon count information received in 

previous measurement cycles. 

In order to understand in detail, how optical feedback works, let us review some main 

points about structured illumination. Structured illumination is divided into 16 sectors. Each 

of them consists of 64 point beams that correspond to 16 groups of 64 pixels in the sensor. 

As a result each point beam in the FoV has a corresponding sensor pixel.  

The way sectors are positioned in the FoV is presented on Figure 5.15 
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Figure 5.15 Shows exact position and movement of structured illumination over FoV in order to 

provide optical feedback. The notation is with respect to upright position of a sensor, where first 

letter stands for either U=upper or L=lower and second letter for either L=left or R=right. 

The author would like to explain at this point, parts of a diagram that might appear to be 

inconsistent with earlier explanation. Firstly, the FoV is divided into 32 groups rather than 

aforementioned 16. The reason for that is a limitation of a binary SLM. As mentioned earlier 

in this chapter binary SLM always produces a mirror image with respect to the centre of a 

projection plane. As a result FoV was divided into 32 groups which then were paired with 

their mirror groups to create 16 sectors. This procedure allows us to increase efficiency 

related to holographic projection by a factor of 2.  

Notice that it is the reason why previous section omitted usual power loss due to the 

mirror image in a diffraction process. 

There is a potential drawback to this procedure. It is relatively easy to imagine that 

coupling groups of pixels on opposite side of the FoV for feedback purposes might reduce 

effectiveness of feedback as they are less likely to have a correlation in the light intensity 

compared to adjacent pixels. This effect is difficult to quantify and it is highly dependent on 
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the observed scene. In fact some scenes symmetrical with respect to centre of the scene 

(however unlikely they are to happen) might benefit from this even more. 

Secondly, the two letters present in all corners of the array represent corresponding 

corners in the sensor. First letter in Figure 5.15 stands for upper (U) or lower (L). Second 

letter for right (R) or left (L). The tilt in the FoV is caused by the rotation of the SLM in 

order to achieve optimum phase modulation. There is also an effect of the imaging lens 

which inverts the top and bottom half of the FoV. As a result it was necessary to produce 

structured illumination that follows the pattern presented on the diagram in order to fit the 

structured illumination with the sensor readout. Now let us proceed with optical feedback 

explanation. 

As was mentioned before, the spatial light modulator operates with 24 bit-planes, which 

allows us to direct light within one video frame to all 16 sectors of the field of view 

(numbered 0-F in hexadecimal), while having 8 more planes free to redirect light whenever 

we want to. Those particular planes are the planes used for feedback. Depending on the 

scene that is observed, one particular sector might be addressed once or more times (up to 

the total of 9) in order to increase effective total photon counts. 

In order to redirect light to different sectors, different diffraction patterns are assigned to 

different RGB bits and then superimposed. Red and green planes are responsible for 

redirection of light to each sector once. While 8 bits of a blue plane are responsible for light 

redirection towards light deprived sectors.  

In order to decide which sectors should be observed for extended periods of time, it is 

necessary to analyse the feedback information.  

There are different ways of obtaining the feedback data.  

Firstly, there is division between firmware and software calculations. 

Firmware calculations are much faster and that is why preferable way of generating and 

processing feedback data. However, there might be physical constraints on how much 

resources there are available in firmware (and they are much stricter than software ones), 

which turned out to be the true in this case. As a result the author has implemented simpler 

and less reliable feedback mechanism to test in firmware, as well as more resource 

demanding one in software.  

The general idea behind the feedback algorithm is straightforward. You need to calculate 

the number of photons in each sector over a fixed period of time and based on relative 

numbers, allocate remaining bit-planes to different sectors, so that the minimum photon 

count among sectors is maximised. 
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To be more precise, the algorithm calculates the expected number of light driven events 

if all sectors where to be illuminated once. Afterwards, those sector counts are arranged in 

ascending order and the one with least number of counts has a free bit-plane allocated to it 

(Figure 5.16). As a result its expected photon count increases and the list is arranged again. 

This process is repeated until all available bit-planes are gone. 

 

Figure 5.16 A diagram illustrating the algorithm behind optical feedback 

Before proceeding to simplified firmware version of the algorithm, it is important to 

make note of two things. 

Firstly, it is the fact that because there is a variability of noise levels from a pixel to pixel 

and it is impossible to distinguish between noise driven and light driven events at the exact 

time of it happening, it might be useful to compensate final count results for the expected 

levels of noise. In order for compensation to perform well it is necessary to create a dark 

count map on the sector level, which would subsequently be subtracted from the total event 

count to represent real light levels present in a given sector. Note that per pixel DCR 

compensation is not necessary and might prove to be a waste of resources. 

Secondly, it is important to specify a period of sampling that is relevant to the light 

levels of a given application. Otherwise, if the time interval for data collection turns out to be 

too short, the feedback data might produce results that are close to random and we will not 

receive desired results. 
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In firmware the algorithm was simplified. This was necessary as even though there could 

be potentially enough resources in terms of memory and logic gates, it would still be 

resource demanding in a different way. Namely, there is limited number of clock cycles to 

compute results. That is why comparing all counts against each other multiple times would 

reduce the rate at which new data can be acquired. We can see that there is a potential trade-

off between utilising the feedback algorithm to its maximum potential and photon count 

readout rate. 

The simplified algorithm accumulates photon counts (it does not discriminate between 

noise and light driven counts), as well as total number of counts in all array pixels. 

Afterwards it calculates the ratio of sector counts to total counts for each of the sectors. 

The ratio is compared to the different thresholds: 1/16, 1/32, 1/48, 1/64, 1/80, starting with 

the most rigorous one - 1/80. In fact, because of how difficult it is to implement fractions in 

the firmware, the way this algorithm works is that the inverse of the threshold value is 

multiplied by count and compared to the total count number. 
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( 5.31) 

Where  

Cin_sec  - number of counts in single sector,  

Bi – threshold value,  

Ctotal – total number of coutns. 

Once the condition is satisfied, a corresponding number of bit-planes is allocated to the 

sector, depending on which threshold was used. The stricter the threshold is, the more bit-

planes are allocated. 

There is one significant drawback of the simplified algorithm. Because of the way it is 

implemented it compares planes always starting with sector 0 in ascending order and while it 

is indeed true that sectors satisfying condition above are light deprived, it is not guaranteed 

that they are the only ones in that need. In general, experimental results show that firmware 

representation have a slight skew towards the first sectors being addressed more often with 

additional bit-planes. 

Fortunately, in the case that longer exposure times are applied, this effect should be 

minimised. 

After all free sectors are allocated, a new superimposed pattern is generated and 

addressed to the SLM according to Figure 5.17. 
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Figure 5.17 Diagram illustrating addressing of a pattern generated through optical feedback 

process 

5.7 Proof of concept  

Now we consider whether this approach to structured illumination works as well as 

intended. Note that all results correspond to only the bottom half of the array since the top 

half of the sensor is not capable of TCSPC (see chapter 6). 

5.7.1 Structured illumination 

Firstly, let us choose a diffraction pattern to be used for structured illumination. The 

author has chosen an asymmetric one with the last 8-bits corresponding to sectors 0123478C. 

This pattern corresponds to the following addressing (which is proportional to intensity 

distribution). 

 

 

 

 

Table 5.4 Table shows position of sectors in hexadecimal as well as how many times they were 

illuminated. White –one time. Yellow – 2 times. 
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The effective illumination produced is shown on the Figure 5.18: 

 

Figure 5.18 Picture representing structured illumination. 

It can be seen that the resulting illumination intensity distribution matches the one 

expected once we disregard dc spot in the middle of the array. 

5.7.2 Optical feedback 

Performing measurements over a significant time exposure has shown that number of 

‗real‘ photons received in a given sector is directly proportional to the number of times a 

particular sector is addressed. When referred to real, the author means DCR compensated 

counts. (While this statement is also true for all events as the noise also increases by the 

same factor, it is of no interest to us). DCR compensation is crucial in optical feedback, since 

as the ratio of DCR induced events to signal induced ones increases, we get an increasing 

amount of uncertainty in the registered events. Considering low light levels present in the 

system (valid photon event were measured to contribute to only 20% of total events), DCR 

compensation becomes increasingly important. Note that even after DCR compensation 

some uncertainty remains (especially at such low light levels), since the total number of 

DCR events follows Poisson distribution (more in chapter 6). Regardless, DCR 

compensation allows us to have a much higher confidence in optical feedback information. 
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Further analysis shows that the feedback information obtained from the firmware 

algorithm using the simplified algorithm provides almost the same feedback as the one using 

full one in the software. The difference can be fully associated with the ‗low sector‘ skew 

mentioned before (section 5.6).  

Performing a series of measurements using results of one to determine feedback and 

calculate new structured illumination pattern to use for the next measurement led to the more 

equalised DCR compensated photon distribution among sectors. 

The results of a series of experiments are presented below: 

 

Table 5.5 Compares actual photon count distribution received in the experiment with the 

relative illumination provided based on the optical feedback mechanism 

 

Table 5.6 Compares expected photon count distribution when a new structured illumination is 

calculated in order to compensate for non-uniformity of photon counts received (look Table 5.5). 
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Table 5.7 Compares actual photon count distribution received in the experiment with the new 

structured illumination provided to compensate non-uniformity of photon counts (look Table 

5.5) 

Table 5.5 - Table 5.7 show that there is a correlation between the change in illumination 

pattern and the change in received photon counts. Additionally, expected photon counts give 

a reasonable indication of what actual photon counts will be. There are obviously differences 

that can be associated with random variations. However, they turned out to be much more 

significant than initially anticipated. The reason for that, however, can be associated with the 

fact that DCR has much higher contribution to total counts than light driven counts. All of 

this is a result of the efficiency being lower than the initial prediction (which turned out to be 

optimistic). However, it can be seen that changes in photon counts reflect changes in relative 

illumination (though they might not be as linear as desired).  

Based on the ratio of the minimum photon count distribution for the initial measurement 

and compensated one, it is possible to estimate the approximate gain in the maximum range 

that could be achieved. 

The minimum value in Table 5.5is 156k while the one in Table 5.7 is 258k. The 

corresponding ratio is 1.65 which can be translated to a factor of 1.29 increase in maximum 

range. This gain is based on one assumption – the lowest possible count is caused by most 

distant object rather than most dim one. Regardless, what is the case, the gain still would be 

present but it would be directed into improving depth resolution instead of maximum range.  

The most important thing is that, in general, optimum performance is achieved when 

absolute photons counts received are uniformly spread at the sensor, unless, of course, we 

have a special reason not to resolve some objects reliably.  

5.7.3 Decoupling structured illumination from adaptive sensing 

In order to prove that structured illumination is working as intended, it is necessary to 

show that the structured illumination is synchronised with the sensor mechanism. This would 
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prove that redistribution of light is related to redirection of light to sectors of interest rather 

than only by variable exposure of a sensor to different sectors. 

 Following diagrams show resulting photon distribution (normalised to per second value) 

for three different illumination pattern (all black, 0123478C and 02578ADF) when sensor 

algorithm expects a pattern 0123478C. 

 

Figure 5.19 Normalised intensity distribution with illumination consisting of one spot caused by 

„all black‟ diffraction pattern 
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Figure 5.20 Normalised intensity distribution with structured illumination caused by 

„0123478C‟ diffraction pattern 

 
Figure 5.21 Normalised intensity distribution with structured illumination caused by 

„02578ADF‟ diffraction pattern 
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The average per-pixel photon count on Figure 5.19 - Figure 5.21 is 82, 307 and 253 

respectively. As we can see the average photon count is the highest when the illumination 

and sensor scanning pattern match. Moreover, by comparing Figure 5.20 and Figure 5.21 

directly, we can tell that all sectors expected to be illuminated twice (except for sector 0), in 

the latter has lost light intensity due to illumination and sensing scanning pattern to be out of 

sync. 

Those results present strong evidence that the system works as intended.  

The significantly reduced number of photons on Figure 5.19 is also a proof that the 

system can reject significantly any secondary sources of registered events. 

5.8 Discussion  

This chapter presented an idea for a novel structured illumination system that can be 

used in a 3D imaging system instead of usual uniform illumination or scanning laser system.  

It explains in detail what advantages it can bring with respect to alternative ways of 

illumination, as well as issues associated with it, both those that were addressed and those 

that remain unsolved. Finally, it describes the actual design used together with precise 

reasoning behind them. 

It has been shown that the following system can provide both optical feedback and noise 

rejection at a cost of effective optical power loss. 

Performance characteristic Value 

DCR compensated events (per pixel, per 

second) 

306 

Assumed depth resolution [cm] 
4 

Necessary photon induced events for 
specified resolution with optimal 
algorithm (refer chapter 6) 

43 

Maximum frame rate at distance=2m 

[frame/s] 

7 

Maximum distance at frame rate = 1 
frame/s  [m] 

5.34 

Maximum power levels at scene 
[mW/mm^2] 

9.18 

Angular FoV vertical [rad] 0.015 

Angular FoV horizontal [rad] 0.015 

Table 5.8 Table shows figures of merits of a proposed system based on the measurement results 

presented in this chapter 

Table 5.8 allows us to have a look at the expected performance of the proposed system 

in the form it is now. Maximum power levels at the scene assume optimistic system 
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efficiency, as well as the fact that light will not be holographically focused into beams 

smaller than 1 square millimetre. 

It can be seen that the performance of the system with regards to light efficiency is poor. 

System with such performance will struggle to find suitable application the way it is now. 

However, it is important to notice that neither the SLM is optimised for phase modulation 

nor available components are used to their maximum potential. Additionally, the light source 

used is relatively weak compared to the ones usually used in direct ToF systems - mW 

region [152]; not to mention automotive application -Watt region systems [136].  

That is why analysis was performed to estimate the performance of the system based on 

a slightly improved SLM and assuming better efficiencies, which still can be considered 

reasonable (i.e. based on equivalent systems). The estimated performance was calculated 

using a custom model design to estimate performance of ToF 3D imaging systems. The 

validity of the model was tested excessively on the system described in this thesis, as well as 

uniformly illuminated system (though the accuracy of results is poor).  

Table 5.9 below presents the improvements possible and an associated gain in system 

performance that should be available using current off-the-shelf technology.  

Parameter Existing value Potential value Gain factor 

Peak source power 

[W] 
0.2 20 100 (photons) 

Source frequency 

[MHz] 
10 1 

0.1 (photons), max 

range (up to 75m) 

Source wavelength 

[nm] 
432 1000 

2.4 (angular FoV) 

0.43 (photons) 

SLM pixel pitch 

[um] 
14 2 

7 (angular FoV), 

0.02 (photons)  

Sensor fill factor 0.011 0.7 65 (photons) 

Cone angle 

[degrees] 
19 45 

2.63 (photons), 2.63 

(maximum power 

levels at scene) 

Addressing time 

ratio 
0.57 0.9 

1.58 (photons), 0.23 

(maximum power 

levels at scene) 

Table 5.9 Table illustrates suggested improvements to the system and an associated gain in 

performance 

The source power and sensor fill factor have obvious relationships with photon count. 

Effects of cone angle and addressing time were explained earlier in this chapter. The 

decrease in number of photon counts with wavelength is counter-intuitive. While it is true 

that we can have higher number of less energetic photons considering same source power, 

the inverse square relationship between photon counts and increased FoV, will result in 

effective reduction in photon counts received. The same reason follows the SLM pixel pitch 



153 

 

reduction. Decreasing operational frequency results in reduction of number of pulses 

(measurements) and lower average power. 

The Field of View is purely determined by the divergence angle which is solely 

dependent on the process of diffraction which in turn is completely determined by only two 

factors. First one is the wavelength of light and another is pixel pitch. The Field of View 

increases directly proportional to wavelength that is why it is much more desirable to use 

infra-red light. 

Significant pixel pitch reduction with new SLM model could drastically increase field of 

view as well, as those two characteristics are inversely proportional. Those two changes 

contribute to a clearly visible significant change in field of view.  

Finally, the improvement in addressing time reduces the amount of dc, by reducing the 

time ‗default‘ state of modulation is present. On the other hand, increase in cone angle 

efficiency, increases the amount of light that passes through PBS when in ‗default‘ state. 

Note that the proposed changes still assume poor efficiency of existing system. 

However, the author believes the performance comparison presented in Table 5.10 is more 

relevant this way. 

Performance characteristic Value 

DCR compensated events (per pixel, per 

second) 
7158 

Assumed depth resolution [cm] 4 
Necessary photon induced events for 
specified resolution with optimal 
algorithm (refer chapter 6) 

43 

Maximum frame rate at distance=2m 

[frame/s] 
166 

Maximum distance at frame rate = 1 
frame/s  [m] 

25.80 

Maximum power levels at scene 
[mW/mm^2] 

5.64 

Angular FoV vertical [rad] 0.25 

Angular FoV horizontal [rad] 0.25 
Table 5.10 Table shows figures of merits of a proposed system based on the changes described in 

Table 5.9 

Table 5.10 shows that, the performance can be tremendously improved, by the factor of 

23 when photon counts are concerned, when compared to Table 5.8. It can also be clearly 

seen that the gain in maximum range is directly proportional to square root of photon count 

gain factor; and improvement in frame rate directly proportional to photon count gain. 

Furthermore, the FoV has increased by a factor of 17 in each direction (around 14 degrees), 

which now makes the system viable in a higher number of applications. 
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Note that even the improved performance cannot be considered to be good in absolute 

terms. However, this is attributed mostly by extremely poor efficiency, which is usually 

much higher in existing systems. 

The use of the system in particular application based on results presented here will be 

discussed in chapter 7. 
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 Chapter 6 Adaptive sensing for a Time of Flight system  
 

The reason behind this chapter is to explain adaptive sensing algorithm that works in 

unison with structured illumination. It also describes the design and implementation of 

aforementioned algorithm in the firmware. Finally, it discusses advantages and 

disadvantages of this particular implementation. 

6.1 Adaptive sensing  

In context of this thesis adaptive sensing is defined as ‗a process when a sensor can 

change the way it functions over time based on current or expected circumstances’. The 

change might be unpredictable until the moment it actually happens, however, it should 

follow a set of rules and be recognisable and understandable when it occurs. 

There have been many published work which describe the implementation of adaptive 

systems. Those include a large variety sensors used in meteorology [153], radio spectrum 

utilisation [154], gas sensing robots [155] or underwater vehicles [156]. 

In this thesis, the adaptive sensing algorithm uses an optical feedback received to change 

which group(s) of pixels should register photons. 

The way pixels are grouped is predetermined. Each group consist of 64 pixels divided 

into two smaller groups symmetric with respect to centre of the sensor array, in order to 

match the structured illumination. More information regarding this particular characteristic 

can be found in chapter 5. 

There is a major difference in the pixel groups‘ orientation, however, which is necessary 

to completely match structured illumination beams and the sensor pixels. The pixels in 

groups have unusual orientation rather than horizontal with respect to the sensor position to 

the ground. The reason is the fact that light propagating through the system can be inverted 

in both the x and y-planes. Additionally, initial orientation of the Spatial Light Modulator 

(SLM) plays a significant role regarding this matter. The diagram below presents the 

grouping of pixels in the array as well as its orientation with respect to the default horizontal 

position of the sensor chip. 
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Figure 6.1 Diagram shows orientation of sensor array as well as the positioning of 16 groups of 

pixels that correspond to 16 sectors of illuminated FoV. Upper half of the sensor was crossed out 

as its TCSPC mode does not work as desired. 

Note that an upper half of the sensor array was crossed out. While firmware-wise the 

whole array is capable of Time Correlated Single Photon Counting (TCSPC), the initial 

Megaframe sensor chip was incapable of performing properly time domain counting with the 

upper half of the array. In fact they do work, but they operate at much lower time resolution, 

which renders them much less effective than the lower half (they are noisier as well). As a 

result, while time resolved counts could be obtained for the whole array, the top half of the 

array was purposely switched off during the count filtering process in order to avoid 

accumulation of irrelevant data. This process additionally allows for faster processing and 

transfer of more useful data, by a quite obvious factor of 2. 

Finally, the slight rotation of the array is necessary in order to match the sensor pixels 

with beams of structured illumination as shown on Figure 5.15 in chapter 5. Initial readout of 

pixels is performed in a numerical order according to the hexadecimal system. Subsequently 

readout is determined based on the optical feedback data. It is necessary to take into account 

optical feedback information, because while the initial scan pattern (first 16 sectors -> 0-F) is 

known, the remaining eight sectors would be determined by the aforementioned feedback. 

It is important that the rate of adaptive sensing is not lower than that of structured 

illumination. Otherwise the switching of pixels ‗on‘ and ‗off ‗would not happen on time and 

any gain produced by adaptive sensing would be lost. Individual pixels can perform time 

measurements at a frequency of 100MHz while structured illumination of only 60Hz. It is 
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quite clear that structured illumination is a limiting factor with regards to speed even if we 

account for the fact multiple measurements need to be taken to estimate depth.  

The adaptive sensing algorithm, based on the photon count information it receives, 

determines which groups of pixels should be observed in order to optimise the performance 

under the set of constraints it operates under. The next section will explain what the expected 

benefits of using adaptive sensing are. 

6.2 Expected benefits 

There are three main benefits of using adaptive sensing. Two of them however were 

already described in the equivalent section of chapter 5 – noise rejection and optical 

feedback. Both of those benefits would not be possible without structured illumination and 

adaptive sensing working together.  

The third benefit is independent of structured illumination. To be exact it enables the 

system to shorten the effective frame times. Regardless of the efficiency of the 

implementation, the ‗default‘ design of sensor data collection relies on collecting data from 

the whole array at any given moment. 

This means that there is a significant amount of data to be processed and sent for further 

processing in the software. 

The way adaptive sensing algorithm works is that it allows us to observe only a group of 

pixels at any given time (the remainder contain noise only), which naturally means there is 

significantly less data to process or store.  

This method would fail to deliver any gain in speed only when there is too much spare 

computing power. However, even in such a case spare computing power can be used 

elsewhere to benefit the system. 

Unless all processing is done in firmware rather than software, there will be a significant 

number of data to be sent over from the board containing the sensor and processing chip (i.e. 

Field Programmable Gate Array – FPGA) and a processing unit containing the software. 

Nowadays, this process is usually done over USB cable (for its speed) However, even then it 

has limited transfer of data of around 20Mbs. The value quoted corresponds to USB 2.0 and 

a specific data packet size of 64kb [157]. While it is possible to increase the transfer rate by 

increasing the packet size, the transfer rate will usually be a problem when image data is 

concerned (large raw data packets). Nevertheless, as a result of the limited transfer rate the 

effective frame time had to be artificially reduced to 4 kHz for the basic system (one that 

does not use adaptive sensing). This in turn limited the amount of measurements performed 

during one second of exposure, which meant our total exposure time will be limited as well 
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regardless of light levels. The new sensing method enables us to increase the frame rate by a 

factor of up to 16 which is essentially equal to number of sectors used (Narea - refer to chapter 

5). It is easy to spot that the frame time scales with the number of sectors used, up to the 

point where other factors limiting frame time become dominant. 

Another way to compensate the limited transfer rate is to artificially increase the 

exposure time of single photon count measurement. However, it is important to be aware of 

limitations that such approach brings. While in low light conditions the effect of increasing 

the integration time of a single exposure is insignificant, in medium to high light level 

conditions it will reduce both maximum and effective number of events registered. This on 

the other hand will lead to a reduced sample size, which in turn would lead to higher 

uncertainty in depth resolution, which will be explained, in detail, later in this chapter. 

However, in order to determine the actual limit of a frame rate in the system described in this 

thesis, we need to go into more detail.  

As it was explained in chapter 5 (section 5.3.2) we need a significant number of 

measurements per bit plane addressed in order to reduce a potential error in optical feedback 

information due to a different number of measurements between addressed bit-planes. As a 

result the artificial increase of single measurement time would decrease the number of 

measurements per bit-plane addressed. At the moment the system is designed for a minimum 

of 4μs measurement. While the possible non-uniformity error introduced - 1.05% - is not 

negligible, it is within a reasonable margin. However, further increase in single measurement 

exposure time would seriously undermine the reliability of the optical feedback mechanism. 

Note, however, that the minimum exposure time was initially set to this particular value for 

two reasons. One is that it would be implausible to think that any higher data rates would be 

possible to transfer out. Second one is the design of the sample data and line clock on the 

FPGA which essentially limit the frame clock (and corresponding single measurement time) 

to 250 kHz,  

It means that the system at the same time almost completely compensates for the 

limitation it introduces (optical feedback non-uniformity) as well as increases processing 

speed, decreases read out bandwidth and increases maximum and effective number of 

samples. 

It is possible to argue that in low light conditions or whenever the total exposure is long, 

there will be little benefit. That is true indeed, but only limited to niche applications.  

In the case when all processing including peak detection is done in firmware, data 

processing and transfer is less of the problem. However, it is still appreciated and it at least 
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offsets the extra in-chip resources required for implementation of adaptive sensing 

algorithm.  

Unfortunately, the potential of reducing power consumption of the processing chip will 

not compensate for the extra power used in the system to drive an SLM. 

6.3 TCSPC  

Time Correlated Single Photon Counting (TCSPC) is a method of obtaining timing 

information about photons arriving at the sensor. It operates on the principle of time of flight 

where you send a timed pulse of light and then record its time of arrival. The actual time is 

measured using Time to Digital Converters (TDCs) [69]. 

Time to Digital Converter is essentially a big counter. The number of bits determines the 

amount of levels the counter consists of. In the particular case of this system the TDC 

consists of 10 bits or 1024 levels. Each level in a counter corresponds to a different time unit 

a photon could arrive in. The minimum time resolution of a TDC is dependent on the 

minimum time unit a counter can produce. Usually this time unit is determined by the 

propagation time of a signal through a sort of buffer in the specific CMOS process. 

Switching times lower than 10 ps are achievable [158]. However, the Megaframe sensor 

array used in the system is limited in time resolution to 50 ps [132]. When the photon arrives 

to a SPAD pixel an avalanche effect is triggered generating lots of electrons. This 

phenomenon results in generating an electrical signal which time domain position can be 

determined by direct comparison with the TDC counter value (see Figure 6.2). On the figure 

below each Flip-Flops‘ (FFs) outputs would determine time difference between photon 

arrival and synchronising signal edge. As the time difference increases, start signal would 

propagate through more buffers and more FFs would change their output state. 
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Figure 6.2 Shows a diagram of the basic Time to Digital Converter (TDC) in reverse start-stop 

configuration. 

It is important to mention at this point that the time stamping on Megaframe works in a 

non-intuitive fashion. Rather than calculating the time it that has elapsed from a 

synchronising pulse to the registered event, instead, it measures the time of a photon event to 

the synchronising signal (again refer Figure 6.2). This essentially means that start and stop 

signal are reversed, which results in photon-over-time distributions facing in the opposite 

direction. The reason for reversing those signals is the fact that it greatly improves 

performance in terms of power consumption. Otherwise all pixels would have to operate all 

the time waiting for photons to arrive. With reverse trigger conditions only pixels that 

register photons would start the counting process. Since the system is expected to operate in 

relatively low light conditions, the difference in power consumption is even greater.  

In order to implement adaptive sensing as described in this work, a Megaframe sensor 

array was used, as it performs well in many aspects necessary for good system operation. 

Those include high speed and good time resolution.  In particular it is a 32x32 pixel chip 

with 50 ps resolution per pixel TDCs [132]. Before continuing it is crucial to state that author 

of this thesis has no contribution to the development of the chip and just became familiar 

with it for the purpose of implementing the sensor in the system described.  

The minimum timing resolution, allows us to segregate incoming photons and allocate 

them in appropriate bins creating histograms. The time bin is defined as the minimum timing 

precision with which time of photon arrival can be measured by an individual sensor 

element. 
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It is helpful to digress a little bit at this point. Since TDCs are 10-bit there are 1024 time 

bins available to time stamp the incoming light. This means that there is a sensor related 

limitation of maximum range to minimum time (and associated depth) resolution of 1024:1. 

This limitation imposed a limit of operational frequency of 20MHz (Rmax=7.5m), which was 

used throughout this work. 

Even though TDCs are rated at 50ps, the actual value is determined by the on-board PLL 

chip and voltage line value. In fact the author has noticed that there was mismatch between 

time bins that were receiving photons and the 50ns time period corresponding to operational 

frequency. This mismatch resulted in 1024 time bins being squeezed to a time of around 

48ns. This corresponds to the effective time resolution of around 47ps.  

Regardless, as a result of TCSPC algorithm, the incoming photons are timed and 

allocated into time bins depending on their time of arrival. The end result of this procedure is 

a histogram reflecting the timing information of all photons arriving during a specified 

maximum range of operation (in the time domain). Because of statistics of photon arrival 

(more detail later), the time bin with maximum number of photon counts can be associated 

with the timing that corresponds to the most probable position in space of the object 

responsible for light reflection. 

Before we proceed to the actual implementation of the adaptive sensing, the author 

would like to make a distinction between what is meant by the different times mentioned 

from now on, in order to avoid confusion. 

1. Maximum single measurement time – It is a time limited by the operational 

frequency 
opf

1
. In this case it corresponds to ~50ns. 

2. Single measurement frame time – It is a time necessary to perform single 

measurement exposure for all pixels in the sensor array at least once and extract the 

data from the chip. The clock speed limited this value to 4μs. This was the main 

reason for effective single measurement exposure time to be equal to 4μs. 

3. Effective single measurement exposure time – An actual exposure time allocated for 

collection of an event. It means that any number of events within that period of time 

will be counted as one. In the case of this work, it is equal to 4μs. 

4.  Depth image frame time – A time necessary to obtain a single depth image. A 

reliable depth image needs a significant number of valid events (section 6.5.3). The 

actual time necessary would vary depending on conditions. However, in the system 

described its minimum value is limited by video rate – 16.7ms. 
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5. Optical feedback frame time – A time necessary to obtain reliable feedback 

information for the whole frame. Expected to be longer than a depth image frame 

time since it requires more events to be statistically significant (DCR compensation).  

6.4 Sensing algorithm  

When the sensing algorithm is mentioned in this work it encompasses two main 

functionalities: 

- sector addressing based on optical feedback information 

- analysis of histogram data to calculate depth map corresponding to photon count 

data received 

Essentially it envelopes all processing that happens from when the data leaves sensor 

chip, until a depth image is produced and a new addressing scheme created. 

Let us start with the explanation of the histogram data calculation, as some of its 

elements contribute to the new pattern generation algorithm. 

When a photon count related data leaves the sensor chip it is necessary that it carries 

more information than simply the timing position of an event received. It needs information 

related to the pixel position the data corresponds to as well. Actually the data from the chip 

comes in a bus containing information about multiple pixels in the column. These data is 

then deserialised and arranged in a bus that sorts them by rows. This new bus is later sent to 

the main data pipeline module that takes care of all necessary processing before the data is 

sent out through USB cable to the computer. 

The data flow diagram is presented below 

 

 

Figure 6.3 Block diagram representing data flow from sensor array to computer software. 

It is important to mention that author had no contribution to the development of early 

modules in the firmware (only minor changes have been done). However, a significant work 
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has been done (data pipeline was essentially rewritten) in order to adjust data pipeline 

module for the purpose of using it for adaptive sensing described in this chapter. 

The bus of data approaching data pipeline module is firstly combined with a signal 

containing pixel localisation information. 10-bit localisation information is divided into 

multiple smaller sections, with the most important one being a 4-bit packet containing the 

address corresponding to sector, the pixel was coming from. 

Afterwards data filtering takes place. It should not be a surprise that it is possible that 

there are no events registered within an effective single measurement exposure time period. 

Such an event would receive a time stamp of zero by the sensor; however, it carries no 

relevant information. In order to avoid processing or sending irrelevant data, a sub-module 

was introduced, responsible for filtering of ‗zero-count‘ data. In short it removes all data 

created when no event happened within a specified period of time. 

When the filtering is done, data is stored in memory waiting for a signal from the CPU to 

read data of the FPGA chip. Further analysis is performed in the software. 

The flow diagram inside the data pipeline module is shown in Figure 6.4 

 

Figure 6.4 Block diagram of internal Data pipeline block presented in Figure 6.3. It describes in 

more detail the functionality of the block. 

Afterwards, once data is read out from the firmware, all pixel counts are allocated to 

appropriate bins based on the address of the pixel and timing information. Those time bins 

form a histogram that can be used for the depth estimation.  
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At this point a peak detection algorithm is used on a per-pixel basis to determine 

approximate depth of the object from a particular pixel. Finally, depth information from all 

the pixels is combined together to form a depth map. 

Note that the peak detection algorithms used will be explained later in this section.  

Flow diagram of data in the software is presented in Figure 6.5. 

 

Figure 6.5 Block diagram of the data processing that is happening in the software. Note that 

diagram incorporates processing done in both Java and Matlab. 

As it was mentioned in the chapter 5, the feedback data obtained from the firmware, is 

obtained using a simplified algorithm because it is much faster to obtain. However for the 

purpose of testing, histogram level photon count information can be used to its full potential 

in the software in order to obtain more accurate compensation patterns.  

After feedback data is accumulated or generated in the software a new set of diffraction 

patterns is created and superimposed. At this point a new video image would be ready for 

SLM addressing and an optical feedback loop will be closed. 

Again author would like to note that the Java based software interface that reads data of 

the sensor board was already developed. Author contribution is limited to rewriting the way 

pixel photon count data is allocated; reflecting changes made on the firmware side as well as 

all modules related to feedback processing, compensation pattern generation, peak detection 

and depth map generation. 

In order to compare firmware and software feedback data processing it would be 

necessary to determine the exposure time, that provides both algorithms with a full feedback 

cycle. 
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In general firmware produces feedback in the order of microseconds and operates at 

video rate regardless of exposure (though its accuracy increases with exposure time). The 

software waits for a specified number of photon induced events and calculates feedback 

afterwards. Once sufficient number of events is present, the actual processing time is in the 

order of milliseconds.  

Finally, in order to generate a compensation pattern it is necessary to create and 

superimpose a set of 24 diffraction patterns. By pre-calculating individual patterns for 16 

sectors and superimposing those together, it was possible to reduce total time of generation 

to between 5-10 seconds. However, most of the time taken is used for reading those 16 

patterns from the files. By having a look up table, it would be possible to further reduce time 

significantly below one second mark. Furthermore, if we make use of inherent parallelism in 

the image processing, it should be possible to dramatically reduce total processing time and 

achieve feedback frame rates equivalent to video frame rates. 

6.4.1 Decoupling adaptive sensing from structured illumination 

The purpose of this section is to provide evidence that adaptive sensing contributes to 

optical feedback just as well as structured illumination. The results presented here are 

equivalent to similar in chapter 5. This time instead of using the same adaptive sensing 

algorithm and two illumination patterns, we will keep the illumination pattern constant 

(02578ADF) and vary the adaptive sensing pattern instead (02578ADF and 0123478C 

respectively). 

F E D C 

B A 9 8 

7 6 5 4 

3 2 1 0 
 

Table 6.1 Table shows sector positions in hexadecimal as well as relative illumination of 

corresponding sectors. White – once illuminated. Yellow – twice illuminated. 
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Figure 6.6 Diagram shows a relative intensity distribution received by the sensor for structured 

illumination pattern 02578ADF and adaptive sensing pattern 02578ADF 

 
Figure 6.7 Diagram shows a relative intensity distribution received by the sensor for structured 

illumination pattern 02578ADF and adaptive sensing pattern 0123478C 
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From Figure 6.6 and Figure 6.7 it is clearly visible that when illumination pattern and 

sensing pattern match completely, the intensity distribution as seen by the sensor is much 

closer to the desired one. While structured illumination and adaptive sensing do produce 

some results by themselves, it is the combined effect that brings forward their full potential. 

Finally, the relative average per-second photon count is 318 and 253 respectively, for 

Figure 6.6 and Figure 6.7. 

6.5  Depth estimation 

Let us now consider second branch of the sensor data processing, which is histogram 

generation, peak detection and depth map generation. Author would like to note that majority 

of this section can be found in author‘s own publication [159]. 

Both, generation of individual histograms on per pixel basis, as well as depth map 

generation are straightforward. They only require a proper arrangement of data received. 

However, choosing a peak detection algorithm to be used is a very important decision as 

it will determine the effective depth resolution of a resulting image as well as speed with 

which it can be calculated. 

A total of four peak detection algorithms were tested both on simulated and real data. 

Their performance for different levels of noise, jitter and absolute signal photon induced 

counts was evaluated. The list of algorithms used and a short description of their operation 

principles is presented below. 

a) Elementary Maximum Finding algorithm (Simple). This algorithm is the simplest 

of the four and is used as a benchmark. It searches through all time bin values, 

comparing them sequentially in pairs. The higher value is a temporary maximum, 

until replaced by another value. If the values are equal, the previous argument is 

used as maximum. 

b) Gaussian Curve Fitting algorithm (Gaussian). The algorithm relies on fitting a 

best-fit Gaussian curve to the given set of data after removing the noise floor. The 

particular method used to find best-fit curve is described in detail in [160]. 

c) Divide and Conquer algorithm (D&C). This divides a data set into smaller 

overlapping sets and chooses the one with biggest sum of values as the resulting set 

for a recursive investigation. The process is repeated until the peak is determined in 

the last step. The general D&C algorithm is extremely popular in computer science 

for applications such as sorting and multiplying large numbers. 

d) Continuous Wavelet Transform algorithm (CWT). The algorithm is briefly 

presented by Gregoire et al [161]. In this particular case a number of CWTs are 
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performed for different scale coefficients with the mother wavelet being a Gaussian 

function. Afterwards the results are averaged. The scale values chosen are optimized 

for a given set of experimentally derived input data sets, although it does not, in 

general, guarantee that they represent an optimal solution.  

 

In order to evaluate peak detection algorithms we need a list of criteria to compare them 

with. The most crucial criterion is the reliability. To be more precise it is the probability of it 

finding a peak within certain range of depth error. There is no point of trying to achieve 

absolute certainty because peak detection based on histogram operates based on statistical 

distributions and as a result there will be some (even if negligibly small) chance of peak 

being outside of any chosen range. However we can choose a high enough probability that 

suit our needs, for example, a value that meets some safety regulations. Another criterion 

used will be speed of evaluation. Though author believes it is secondary to reliability for 

most applications, it is also very important. 

While it is theoretically possible to make an exhaustive comparison of algorithms based 

on experimental data, it is definitely not practical. It is always useful to be able to model the 

process of photon detection and perform a detailed analysis based on this model. In fact the 

author would like to propose a novel model for photon detection and depth resolution 

estimation in direct Time of Flight based system. 

6.5.1 Model 

From now on the author will define the depth resolution to be the range of depth that 

gives a high probability of the real depth value being within that range. For the purpose of 

this work the value chosen was ±3σ, written hereafter as simply 3σ. The uncertainty level 

chosen (3σ) determines the number of simulations, and hence the simulation time, required 

to obtain results. 

While the number of photons in any time interval follows a Poisson distribution [67], for 

direct Time of Flight (dToF) based systems, it is the relative distribution of the photons over 

time that allows the determination of depth. The spread of the measured time of arrival of 

photons is the result of an aggregate of the first detected photon in each single measurement 

integrated over the total exposure time. It is mainly determined by two factors - the relative 

intensity of the illumination over time and the absolute number of the expected photons in a 

single measurement [162]. Considering those factors allows us to determine the distribution 

of photons over time due to the light source.  
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However, there are other events that are unrelated to the light source. So, if we consider 

all events registered by the sensor, the combined distribution becomes more complex. Before 

proceeding to the model, it is necessary to establish that it is viable to use peak-detection 

algorithms on such a combined distribution. It is important for ToF measurements that the 

expected number of photons, E(x), for a single measurement satisfies the condition E(x)≤1. 

This allows us to ensure that the shape of the distribution of received photons is the same as 

that of a pulse. Otherwise, we would experience a distortion of the pulse shape [162], which 

would make precise determination of depth impossible. The shape of the pulse itself may 

vary, but there are two very common shapes where short pulses are considered, namely 

Gaussian and secant hyperbolic [163]. Regardless of which one we use the peak value of the 

pulse distribution coincides with its mean. Finally, we have the effect of time jitter which is 

superimposed with the pulse shape as seen by the sensor. The main reason for jitter in 

electronic devices is thermal noise, therefore it is well known that jitter follows closely the 

normal distribution. The combined distribution is a very close approximation to normal, due 

to the higher relative effect of jitter over pulse shape. In any case, the mean value and peak 

value of the distribution still have the same position in the time domain. Moreover, this last 

statement remains true after adding a uniform distribution of noise as that has no effect on 

the position of the peak or the mean. 

In order to model the process of detecting photons we need to know the numerical value 

of the mean and the standard deviation of the normal distribution. We start however by 

explaining the difference between the following two distributions, namely arriving photons 

and detected events. A SPAD sensor, aside from detecting photons, can be triggered by 

internal events that are quantified in terms of a Dark Count Rate (DCR) characteristic as 

explained in section 6.5.1.2 as well as after-pulsing [64]. After-pulsing is a phenomenon that 

occurs when a SPAD is triggered again due to charges caught in so-called traps. After-

pulsing is correlated to a recent event. There is also the potential issue of optical crosstalk 

between pairs of nearest-neighbour pixels. Fortunately, previous reports demonstrate that the 

magnitude of the effect of the last two phenomena – after-pulsing and optical crosstalk - is 

no more than a few percentage points [164] [66] in modern devices. Consequently, it is safe 

to assume their effect on the peak-detection is not significant.  

The DCR can be attributed to thermal generation and is one of the two main factors 

contributing to noise, the other being background light. The combined effect of noise can, 

depending on circumstances, be significant. Its effect on the model is described in detail 

below. 
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6.5.1.1 Light level 

The two main factors that determine light level are the power output of the light 

source and the optical throughput of the system. Based upon the optical output power of the 

source and a characterisation of the system‘s optical efficiency, it is possible to estimate the 

expected number of photons at each of the sensor pixels when observing an object at a given 

distance (chapter 5). It is important to note that even while the characteristics of the imaging 

system remain constant those photon levels are specific to the observed object and will vary 

from object to object. Nonetheless, estimating an expected photon count level provides us 

with necessary data to denormalise the normal distribution and give us a ratio of photon-

induced events to noise-induced events in any given period of time. Additionally, by 

choosing a specific distance of operation we now have a mean for our normal distribution, 

leaving us with the standard deviation, σ, as the only unknown required to complete the 

model. 

6.5.1.2 Noise 

During a specific time bin the actual number of noise events follows a Poisson 

distribution; however, the mean number of noise events follows a uniform distribution over 

time. This is true for both DCR noise and noise caused by background light. It could be 

argued that noise levels induced by either DCR or background light can vary over time as a 

result of changes in environment. Nonetheless, significantly high changes, whether they are 

changes in light intensity or temperature are either on a much longer timescale (seconds 

versus milliseconds) than that used for measurements or are negligible, as is the case when 

controlled conditions are imposed. 

In order to model the uniform distribution of noise, it is necessary to find a mean noise 

value for both DCR and background light and then add those two means together. The DCR 

mean can be found by performing a test measurement in controlled dark conditions. The 

mean value of the background light is specific to the environment and circumstances in 

which the sensor is operating but again can be found by performing a test measurement in 

those circumstances.  

The resulting uniform distribution is combined with the normal distribution in order to 

produce the actual distribution of output from the sensor. However, in order to combine both 

distributions it is necessary to know not only the mean and standard deviation of the photon 

distribution, but also the relative number of counts contributed by photons and by noise. 
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6.5.1.3 Jitter 

Jitter is defined as “the time uncertainty related to true periodicity of an electronic 

signal”. In this particular case jitter represents the combination of all uncertainties when 

measuring the time of received photons. Many sources contribute to the overall jitter. Those 

include characteristics of the light source, the sensor, the synchronising signal, the on-sensor 

clock and the signal path. Because of the nature of jitter and the fact that it can shift the 

timing of the photon counts, it is a factor in determining the effective standard deviation of 

the count distribution. The measure of jitter used most often in the literature is Full Width 

Half Maximum (FWHM) so this is how the jitter is quantified in this work. It can be shown 

that for the normal distribution 

 2ln22

FWHM

 

( 6.1) 

where σ – is the standard deviation of the distribution. 

6.5.1.4 Model summary 

Now that we have the parameters of the normal and uniform distribution it is possible to 

combine them to produce an effective model. The probability, pi, of an event happening in 

any particular time bin, i, is specified as 

 

2

2

2

)(
exp

2

1 ph

tot

ph

tbtot

nn
i

i

N

N
k

NN

N
p

 

( 6.2) 

where  

Nn- is the total number of noise induced events,  

Nph - is the total number of photon induced events,  

Ntot - is the total number of events,  

Ntb – is the total number of discrete time bins in the sensor,  

μn – is the average noise per time bin,  

μph – is the mean number of photon events and  

k - is an adjustment factor, compensating for the fact that the time bin space is finite and 

within the domain of a single measurement, it is possible for photons to fall outside the time 

bin space (see Equation 6.2). Note that this is different k factor than the one used in chapter 5 

(representing sector number). 

The first term on the right hand side of Equation 6.2 corresponds to all sources of noise, 

both internal and external. The second term corresponds to photon events from the intended 
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light source. Equation 6.2 thus represents the probability of any event - noise or signal - 

being registered within a time bin by a SPAD.  

Note that all the probability values corresponding to the normal distribution should be 

adjusted so that Expression 6.3 equals 1.  
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This is done by multiplying each term by the inverse, k, of the initial value of this sum as 

shown in Equation 6.2. This ensures that  

 
1ip

 
( 6.4) 

Now a probability density function can be computed which consist of all elements pi 

where tbNi ,1 and , the set of natural numbers. At this point it is possible to run 

Monte Carlo simulations based on this model. 

6.5.2 Methodology 

The purpose of this section is to provide the reader with details about implementation of 

the model in simulations as well as procedure used for corresponding measurements, in order 

to achieve better comparison between theory and practice. 

6.5.2.1 Simulation 

When preparing a simulation the numbers of average valid photon counts and noise 

counts have to be set. Based on those values and Equation 3 a probability density function 

(pdf) is created. Following this a normalized cumulative distribution function (cdf) is 

calculated. As the cdf is normalized all possible outcomes of photon arrival in the time 

domain can be reached by sampling the cdf with a value in the interval 0 to 1. Afterwards, a 

pseudo random number generator is used a number of times equal to the total number of both 

noise and photon count events. The resulting random numbers are mapped on to the cdf and 

position of the corresponding time bin is extracted. Next, a histogram is produced that is the 

simulation equivalent of an experimental histogram. Finally, each of the set of four peak-

detection algorithms is applied to the data set to determine the effective peak value found on 

the given histogram. The difference between the peak value found and the mean of the initial 

photon distribution corresponds to the effective depth resolution achieved with that 

particular detection algorithm on that particular run. The whole procedure is repeated 3700 

times to produce 3700 data points. A 3σ ―point‖ is defined as the location where a fraction 

1/370 of the data points lies above the line, i.e., where 10 data points lie above and 3690 data 

Νi
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points lie below. A 3σ ―line‖ is defined by joining the 3σ points for all values of the 

parameter being swept (light, noise or jitter). Repeating the procedure 3700 times ensures 

high confidence in the position of each point on the line.  

6.5.2.2 Experimental data collection 

In order to set a specific light level for experimental measurements, the time exposure 

was manipulated until the chosen average DCR-compensated per-pixel photon count was 

achieved.   

In order to set a specific noise count level, a stable source of uniform radiation was 

added and its power modified to give the chosen noise value (Nn) according to  

 phtotn NNN  ( 6.5) 

Where 

Ntot – total number of events 

Nph – number of signal photon induced events 

The actual distance of the object observed from the sensor can be estimated by 

prolonged exposure time and averaging over all pixels. This provides us with significant 

resilience to any random variation. All measurement results are compared with respect to the 

aforementioned actual distance. 

6.5.3 Results 

This section contains all of results regarding verification of the model, as well as 

comparison in performance of peak detection algorithms. 

6.5.3.1 Model 

Before proceeding further it is necessary to determine how well the model performs. 

To that end, Figure 6.8 shows an example comparison of the distribution of events registered 

by the sensor and the distribution predicted by the model presented in Section 2. The values 

of the relevant parameters for the example shown are: Signal light level - 11681 photon 

counts; Noise level – 2340 counts; Jitter level – 9.2 time bins. 
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Figure 6.8 Distributions of photons detected. Solid green bars – distribution of photons received 

during single measurement. Continuous red line – distribution predicted by the model. 

The correlation coefficient for the simulated and measured distributions over all time 

bins, as shown in Figure 6.8, is 0.989. Where peak detection algorithms are concerned, an 

area around the peak is especially important. The correlation coefficient of the central zone, 

magnified in Figure 6.8, is equal to 0.983. Similar correlation values are found across a range 

of signal, noise and jitter levels. This level of correlation is judged sufficient to validate the 

model against the experimental data. 

While it is indeed important that the model fits the experimental distribution well, it is 

equally important that a peak detection algorithm, when applied to the experimental data and 

the simulated equivalent, produce similar results. While it may have been sufficient to show 

the level of correlation near the peak of the distribution only, the author believes that a 

comparison of peak detection algorithm performance on experimental and simulated data 

better serves the purpose. 

6.5.3.2 Depth resolution as a function of signal light level  

Figure 6.9 (a) to (d) illustrates the comparison of experimental (blue points) and 

simulated (red line) data as a function of absolute photon counts at a fixed level of noise (= 

approximately 200 counts) and fixed level of jitter (chosen to match to the value of the 

experimental optical system used, which is 9.2 time bins) for each of the four peak detection 

algorithms. Equation 6.2 provides us with the mean for the distribution in the model, which 
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is the main reference point in Figure 6.9 to Figure 6.13). It corresponds to the value zero 

which is not visible in Figure 6.9 due to the use of a logarithmic scale. Zero is a 

representation of the optimal effective depth resolution. i.e., 1 time bin. All parts of Figure 

6.9 use a logarithmic scale and depth resolution on the y-axis is measured in units of (time 

bin-1). 

The red line represents the cl = 99.7% confidence limit that a simulated value will have 

an absolute deviation smaller than that shown by the line. In visual terms it means that 

almost all of the points are expected to be below the line. Blue crosses (bc), as defined by 

Equation 6.6, represent individual measurements for a given set of conditions.  

 idc xb
 

( 6.6) 

where  

μd – actual depth of an object and  

xi – experimental data point. 

Each one consists of the combined number of events (Ntot) necessary to satisfy the 

condition. Note that it is the absolute value of the deviation from the mean that is plotted in 

each part of Figure 6.9 (and subsequent figures). Plotting the absolute value of the deviation 

allows us to use a logarithmic scale for depth resolution, making the figures more compact 

and meaningful.  

In the case of the experimental data, the 50 data points collected and displayed for each 

value of ―signal light level‖ are obtained partly by measuring multiple pixels (5x) and partly 

by multiple runs (10x), while in case of simulation, samples are obtained solely through 

multiple runs. Pixel-to-pixel timing variation is determined in advance then compensated in 

the experimental data to ensure that that it has no effect on the analysis. 

The comparison presented in Figure 6.9 is by no means exhaustive, but it provides data that 

covers a representative range (almost 3 orders of magnitude) of absolute photon counts.  
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(a) 

 
(b) 
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(c) 

 

 
(d) 

Figure 6.9 Depth resolution as a function of photon counts plotted on a log / log scale. Simulated 

data (red line) and experimental data (blue points) are both calculated using four peak-detection 

algorithms. (a) Simple algorithm (b) Gaussian algorithm (c) D&C algorithm (d) CWT 

algorithm. The algorithm is applied to both the simulated (red line) and measured (blue point) 

data, resulting in both the differing from case to case. Due to the scale of reproduction, not all 

points are individually distinguishable. 
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The red lines on Figure 6.9 (obtained by means of simulations) represent the cl 

confidence limits that any data collected will have an effective depth resolution smaller than 

indicated by red line. This means that we would expect, on average, around 1/370 of data 

points to lie above the line if there was a perfect match between the simulated and the 

experimental data.  

In Figure 6.9 (a) to (d), in each of which there is a total of 600 data points, we 

would therefore expect around 2 experimental points to lie above the red line. The number 

we actually find is 2, 3, 5 and 2 in (a) to (d) respectively. The number of outliers, even 

though limited, is a representation of the correlation between experimental and simulated 

data.  The author considered including the probability of obtained number of points lying 

above the simulation line being present in the distribution predicted by the model. However, 

those numbers would also provide limited representation of the match between the actual and 

simulated distributions. One method of quantification of the match would be to perform the 

same set of simulations for a very large number of steps at different confidence levels and 

calculate the expected and measure the actual number of points lying above the simulation 

line for each of them. However, such a method would require resources beyond those thus 

far available. 

6.5.3.3 Depth resolution as a function of noise level 

Similarly Figure 6.10 illustrates the comparison of experimental measurements (blue 

points) and simulated data (red line) as a function of noise counts for a fixed level of light (= 

512 photons) and fixed level of jitter (chosen as before to be 9.2 time bins). 

Before discussing Figure 6.10 in detail the saturation level (as explained in section 1.2 of 

the author‘s publication [159]) must be considered. The saturation level in this case was set 

to a level of 40000 events. As the number of noise counts was increased, it approached the 

saturation level.  In such circumstances, the observed number of valid photon counts is 

significantly below the number otherwise expected, because valid photons have to compete 

with noise counts during the time periods between dead times. In order to take this into 

account, we estimate the decrease in the effective valid photon count received using the 

following equation: 

  ( 6.7) 

Where  

Nsat – number of counts necessary to reach saturation.   
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This equation is valid when Ntot >> Nph. Equation 6.7 was used to augment the model in 

calculating the red line in Figure 6.10. 

 

 
(a) 

 

 
(b) 
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(c) 

 

 
(d) 

Figure 6.10 Depth resolution as a function of noise counts on a log / log scale. Simulated data 

(red line) and experimental data (blue points) are calculated using four peak-detection 

algorithms. (a) Simple algorithm (b) Gaussian algorithm (c) D&C algorithm (d) CWT algorithm 
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As was the case with Figure 6.9, the comparison presented in Figure 6.10 is not 

exhaustive, but provides data that covers a representative range of absolute noise counts.  

In each of Figure 6.10 (a) to (d), in which there are a total of 750 data points, we would 

expect 2 experimental points to lie above the red line. We actually find 3, 5, 0 and 0 in (a) to 

(d) respectively.  

Unfortunately it was not possible to sweep the level of jitter in the experimental optical 

setup, as a fixed value of jitter is an inherent element of the system.  

6.5.3.4 Comparison of peak detection algorithms 

We next consider a comparison of the peak detection algorithms in more detail. Figure 6.11 

shows a plot of depth resolution versus per pixel photon count, in which jitter remains 

constant at 9.2 time bins and the noise count level is 0.375 (being the average DCR level 

measured at the observed pixels).  The diagram consists of four different lines corresponding 

to the four different peak-detection algorithms used. They are magnified and more detailed 

reproductions of the red lines in Figure 6.9 (a) to (d) that represent best-fit curves to each set 

of simulated data points. 

 

Figure 6.11 Plot of log effective depth resolution vs. log absolute photon counts. Note that, at 

medium and low photon counts, the simple algorithm trace follows very closely the Gaussian 

one. Red dotted line corresponds to threshold depth resolution chosen. 

Based on the data that underlies Figure 6.11 (and later Figure 6.12) we analyse the 

performance of the algorithms based on several different criteria. The first is the depth 

resolution achieved in the region of operation in which the depth resolution is good while 
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varying slowly with absolute photon counts and the second is the level of signal (Figure 

6.11) or noise (Figure 6.12) at which the depth resolution starts to deteriorate rapidly. For 

Figure 6.11 the second criterion will be quantified by the number of counts necessary to 

reach a specific threshold of depth resolution. This method allows us to determine light 

levels necessary to reach specific values of depth resolution. Alternatively, it would be 

possible to determine the achievable depth resolution for a specific photon count, which 

might be more suitable comparison for some applications. Finally, we can consider the 

‗breakdown point‘. In this work it signifies the point at which the function relating depth 

resolution and other factors changes rapidly. It corresponds to the point beyond which the 

peak detection algorithms fail to resolve depth. The reason for the sudden change in the 

function is that, at that point, the Poisson variation in uniform noise becomes high enough 

for the actual peak of a normal distribution to be undetectable. 

The threshold for depth resolution (dth) was chosen to be equal to  

  ( 6.8) 

This value allows for depth resolution well below the jitter FWHM and at the same time 

does not require extremely high photon counts. In the experimental setup dth corresponds to 

around 4cm. Table 1 summarizes algorithm performance. 

Peak detection algorithm Breakdown point 

(Photon counts) 

smaller is better 

Threshold resolution 

(Photon counts) 

smaller is better 

Simple 16 183 

Gaussian 16 177 

D&C 11 83 

CWT 32 45 

Table 6.2 Signal light level (photon counts) that defines the breakdown point and that is 

necessary to satisfy the threshold resolution for each algorithm. 

 Where breakdown point is considered the D&C algorithm offers the strongest 

performance and the CWT algorithm the poorest performance. However, when depth 

resolution is considered, the situation is changed. 

The value towards which the algorithms converge, as the light level increases, is equal 

to around 3 time bins which corresponds to 1/3 of the FWHM jitter. 

Figure 6.12 shows a plot of depth resolution versus noise counts (in which jitter remains 

constant and the absolute photon count level is equal to 183), which produces a region of 

stable operation for all algorithms at low noise levels.  The diagram consists of four different 

2
1
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curves corresponding to the four different peak-detection algorithms used. They represent 

best-fit curves to each set of simulated data points. The four traces in Figure 6.12are 

essentially magnified and more detailed reproductions of the red lines in Figure 6.10 (a) to 

(d). 

The left edge of Figure 6.12 corresponds to a cross-section of Figure 6.11 at valid count 

of 183 where the performance of the algorithms at this point follows our earlier conclusions.  

 

Figure 6.12 Plot of log effective depth resolution vs. log noise level. Note that, at low noise 

counts, the simple algorithm (green line) is not always visible as it follows very closely the 

Gaussian one (magenta line). The dashed red line corresponds to the threshold depth resolution 

chosen. 

As a measure of the performance of each algorithm in the optimal region of operation 

from the data illustrated in Figure 6.12, the average value of depth resolution to the left of 

the breakdown point was calculated. Table 2 summarizes the results.  

Peak detection algorithm Breakdown point 

(Noise Counts), 

larger is better 

Average depth resolution 

in “flat” region (time bins), 

smaller is better 

Simple 14256 5.8 

Gaussian 3105 5.8 

D&C 2704 5.1 

CWT 512 4.3 

Table 6.3 Number of valid photon counts necessary to leave breakdown point and satisfy 

threshold resolution for each algorithm. 
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An analysis of the data underlying Table 2 shows that there a clear trade-off between 

performance at low noise levels and resilience at high noise levels.  Where breakdown point 

is concerned there are large differences in performance. The simple algorithm offers the 

strongest performance, the CWT algorithm the poorest performance and the others 

intermediate performance. Where depth resolution is concerned in the stable region of lower 

noise, the CWT algorithm performs best, the D&C next with both the Gaussian and simple 

algorithms performing relatively poorly. 

The ripples, which are visible in Figure 6.11 and Figure 6.12, are present due to the finite 

number of simulations used to generate each point on the line. They are deemed not to be 

significant but could be reduced by increasing the number of simulations. 

Based on Table 2, the maximum value of noise counts that enables all algorithms to 

reliably achieve a depth resolution better than the threshold defined by Equation 6.8 is 

around 521. This the value allows for stable region of operation for all algorithms up to a 

jitter level of 9.2 time bins. 

Finally, we carry out a series of simulations that cover a sweep of jitter for a fixed 

number of valid photon counts equal to 183 and noise counts equal to 521. The result is 

shown in Figure 6.13. 

 

Figure 6.13 Plot of Effective depth resolution vs jitter. The simple algorithms follows very 

closely the Gaussian one and so is not individually visible. 

From Figure 6.13 we can conclude that, within the stable region of operation of each 

algorithm, the effect of jitter on depth resolution is relatively linear. The breakdown point for 
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the CWT algorithm is consistent with the value expected from the data used to produce 

Figure 6.12.   

The other algorithms have comparable performance across most of the jitter range with 

the D&C algorithm having a slight advantage for higher jitter values and CWT performing 

worse at very low jitter values. 

6.5.4 Further considerations 

There is still a lot worth consideration when photon detection and depth estimation is 

concerned.  

Firstly, knowing the performance of all peak detection algorithms, it would not be 

difficult to choose optimal one for the application. However, by having access to the optical 

feedback information we can go a step further. Thanks to this information we can choose 

different peak detection algorithm for each sector individually depending on light levels we 

expect. As a result, the depth estimation for any given sector would be as good as the best 

algorithm for particular set of conditions. Obviously, there is a possibility of going even 

further, to per-pixel decision making. Obviously, such implementation of each peak 

detection algorithm in firmware, adds to the system complexity. 

Secondly, we have an option of performing additional processing on multiple depth 

maps in order to further improve depth resolution. While it would be necessary to extend the 

effective depth image frame time in order to gather sufficient amount of events for multiple 

histograms, considering the high value of jitter registered, it might be worth it. The methods 

of processing involve: 

1. Averaging – an average of multiple histograms  

2. Median filtering – a median of multiple histograms 

3. A combination of both – first medians of a groups of local values are found, 

followed by an average of those median values (in this case a median of 5 local 

histograms was used) 

The question is whether it is more beneficial to perform long exposure and just 

accumulate more photon events or perform multiple smaller histograms and post-process 

them instead. The answer is, it depends. In order to perform an analysis, pdfs for simple 

algorithm were extracted (Figure 6.9(a)) for different levels of light signal. Next we need to 

decide on the total exposure time. The author has chosen time necessary to gather the 

number of photons for the highest light level (Smax =2048). Afterwards, simulations were 

performed, which randomly choose a depth resolution according to the pdfs, the number of 

repetitions for each light level is inversely proportional to its light level. 
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Where  

Si – is a number of photons received at specific light signal level 

Finally, in the case where there are multiple histograms for one light level one of the 

post-processing methods mentioned before is implemented. The results, shown below, are 

equivalent to performing this procedure 100 times for each light level, for each method 

described. 

 

Figure 6.14 The diagram shows effective deviation from mean value when an averaging post-

processing method was used.  
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Figure 6.15 The diagram shows effective deviation from mean value when a median post-

processing method was used. 

 
Figure 6.16 The diagram shows effective deviation from mean value when a combined post-

processing method was used. 

After looking at diagrams above, it can be clearly seen that regardless of method used 

post-processing is better than longer exposure time. Additionally, the minimum light level 

necessary for optimum performance corresponds to the first value which guarantees a stable 
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region in Figure 6.9 (a). Arguably the optimum method seems to be median filtering, as it 

allows stable, output within one time bin deviation of a mean. However, for certain values of 

light levels, both averaging method and combined method might reach deviations lower than 

one time bin. 

6.6 Practical considerations 

The purpose of this section is to take into account all characteristics of a system and an 

environment that system is operating that are susceptible to change and as a result could 

affect performance of the adaptive sensing. 

One of such characteristics is noise. It was mentioned before that DCR as well as 

background radiation are major contributors to noise. While they both are assumed to be 

constant once measured, as it is the case for given set of conditions, it is no longer true if 

those conditions change. 

DCR is produced by free electrons in the substrate produced by thermal energy. As a 

result it is easy to conclude that as the temperature rises, the number of dark counts 

generated will as well. While it is easy to ensure that the temperature remains constant in the 

controlled environment, it is no longer the case in common market applications. It is easy to 

argue that any temperature changes in the environment would be on much longer time scale 

than the one used for ToF measurements. It is indeed true and while DCR changes can be of 

an order of factor of 10 per 20 Kelvins [165], the temperature change during 4us time period 

can be expected to be minimal. However, those temperature changes will have significant 

effect on the optical feedback. It is necessary to be aware that acquisition of feedback data 

relies on the fact that data collected represents real photon events. This requires us to 

perform a DCR compensation on the total event count data. At this point it is easy to notice 

that a significant change in DCR makes compensation unreliable. This effect becomes 

significantly more important as the ratio of DCR generated counts to photon induced counts 

increases (this would partially explain high variation in feedback results – chapter 5).  

Potential solution to the problem would be to perform periodical DCR measurements in 

order to determine a new DCR map required for the compensation. However, it will reduce 

the number of useful measurements so there is trade-off as usual. Other solutions like low 

DCR sensor or operation in higher light environments have their own obvious practical 

drawbacks. 

The effect of the background light noise is similar to that of a DCR. Most changes to 

external light sources are on much longer time scales than single measurement. Those 

include a variation in Sun intensity or a ‗blinking‘ frequency of light bulbs. However, there 
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are artificial light sources that could operate on much shorter time scales, like IF 

communications transmitters. And there is also the effect of a background light on the 

feedback. However, its nature is significantly different from that of the DCR. While it is 

possible to expect that general background noise would be uniform across the array, it would 

be difficult to predict its absolute value and as a result compensate for it. While the general 

arrangement of sectors in terms of number of photon induced events would remain the same, 

the ratio of those counts to noise counts will significantly change. As a result optical 

feedback would not work to its full potential. Fortunately, the adaptive sensing mechanism 

reduces number of noise events from any source. Furthermore, there are additional methods 

allowing for a reduction in background radiation. The best way to compensate for 

background light noise is to calculate average number of counts in each histogram on per 

pixel basis and subtract that value for each time bin count (note that all counts below zero 

would be set to zero instead). This method while still imperfect as it does not take into 

account that valid counts contribute to average, would still greatly improve optical feedback 

resilience to external noise. 

Other solutions to prevent background light effect include reduction of the background 

light using chromatic filters and using wavelengths of light that are uncommon in other 

applications while still retain high quantum efficiency of SPADs. 

Next issue is also related to DCR of SPADs. There is a phenomenon called Random 

Telegraph Signal (RTS) [166] that seems to affect DCR of already noisy SPADs. Over very 

long times of operation (hours) DCR might change by a significant factor (factor of 10) and 

go back again in unpredictable fashion. While the time scale of the effect is much longer 

than that of even optical feedback, it is worth to be aware of. 

6.7 Discussion 

The objective of this chapter was to present a complementary side to structure 

illumination that enables both optical feedback and noise rejection benefits, namely – 

adaptive sensing. Additionally it provides some insight for the final depth map generation 

process. 

There are number of conclusions to be drawn regarding implementation of adaptive 

sensing that influence performance of the effective system as well as its potential 

applications. Those include: 

- Maximum possible frame rate 

- Power efficiency 

- Depth resolution 
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And because the depth resolution and maximum range are related, as a result latter will 

be also affected. 

Chapter 5 introduced the idea of maximum frame rate being dependant on the addressing 

speed of the SLM, as well as the diffraction pattern generation necessary for the optical 

feedback. Those are constraints imposed by the illumination side. As chapter 5 explains, 

those constraints could be reduced so that effective maximum frame rate of illumination is 

60 frames per second.  The sensor related side of the system introduces more practical 

limitations. 

In earlier sections we have learned that in order to achieve reliable depth resolution we 

need a statistically significant photon count sample. This implies a constraint on either 

minimum light source power or a minimum exposure time. Alternatively we can sacrifice the 

maximum range. This situation creates a 4-way trade-off between aforementioned 

characteristics. Because all four of those are important, there is no perfect choice. However, 

there are locally optimal solutions depending on set of specifications for a given 

applications. 

There are however bad design choices regarding this parameters. Each of characteristics 

is specified by a threshold, which will be explained right now. 

As it was mentioned earlier, illumination side imposes a limit of 60 frames per second 

which could possibly be improved to 85 using custom addressing schemes. Regardless, 

trying to reduce an exposure time below 17 ms for a single histogram evaluation would be 

pointless as any potential gain that respect would be accompanied by poorer performance in 

any combination of remaining three trade-off parameters. On the other hand this potential 

gain would not be able to be realised because of limitations in the structured illumination. 

Similarly to the frame rate, there exists a threshold for maximum range and minimum 

depth resolution. The two of them are limited to be in the ratio of 1024 :1 since the TDC that 

governs time to digital signal conversion has only 10 bits. Unless the TDC are redesigned in 

the way that they can output more bits, it is pointless to improve one of those characteristics 

beyond a 1024:1 ratio. 

Moreover, as results from this chapter suggest, there is little improvement in depth 

resolution with increase in count in the ‗reliable‘ region (Figure 6.9 - Figure 6.12). Inside of 

the aforementioned region, it is jitter that is most crucial. As a result if reducing depth 

resolution is of most interest, innovative ways of reducing jitter within circuitry are advised. 

It is most beneficial to direct any spare optical power to increase maximum range of the 

system. Finally, in a case, such that range to resolution ratio of 1024:1 is achieved it would 

be best to decrease optical power altogether. 
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Last we have the opportunity to discuss desired optical power. Again there are no hard 

limits, but there are some scenarios worth considering.  

In general it is easy to argue that the smaller power consumption of our light source is, 

the better the system will become. It is true indeed, however, there is a law of diminishing 

returns regarding light source power, as it is not the only factor contributing to the overall 

power consumption. In short, because the electronics in the sensor already consume energy 

and in the case of this particular system also the SLM, there is no urgent need to bring light 

source power orders of magnitude below the aforementioned values. In fact keeping them at 

around the same level sounds reasonable as long as it can be justified by a significant 

improvement in performance. 

On the other hand there is little point in defining maximum power, other than whatever 

specification we have to design for. This specification will either be related to economic 

advantage or safety regulations. 

In the latter case, it is related to the maximum permissible exposure (MPE) for human 

safety. If we can ensure that we are below this rate for whatever wavelength we are operating 

in, we would be less restricted regarding the applications of the system. More details on how 

to evaluate MPE is mentioned in chapter 4. 
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 Chapter 7 - Novel 3D imaging system and practical 

applications  
 

The purpose of this chapter is to show a full system design, perform a characterisation 

for a specific application followed by a detailed evaluation of suitability of the system for the 

same application, discussion of the system performance with that of the equivalent systems 

and, finally, a short evaluation with respect to alternative applications. 

7.1 Full system design  

This section will explain the integration process of the structured illumination (refer 

chapter 5) and adaptive sensing (refer chapter 6) towards a fully-fledged 3D imaging system. 

However, before we are able to make a final step it is necessary to determine the application 

of choice for the system. After all application is the crucial factor in setting variable 

parameters for different elements of the 3D imager. 

7.1.1 Initial application choice 

Looking at the application requirement Table 3.2 we should be able to theoretically 

compare different features of the system as anticipated based on results of previous chapters 

and choose the most suitable application. 

Let us start with quickly considering the system cost. At the moment the cost of the 3D 

imaging system is extremely high compared with the cost of commercial product. However, 

if we consider the fact it is first prototype and the advancements in technology and economy 

of scale, it is possible to expect the price to drop to that of commercial sensors (order of 

hundreds of pounds). This statement can be backed up by the fact that commercially viable 

products, containing Liquid Crystal (LC) Spatial Light Modulators (SLM) [167], as well as 

those containing Single Photon Avalanche Diode (SPAD) array sensors [105], have been 

demonstrated. Additionally, cheap laser diodes are also available (below £100) [168].  

Let us now move towards power consumption. It might be good to mention, at this point, 

size as well, as the two are correlated. Similarly to cost, with regards to both power 

consumption and size the current system has a lot of room to improve. However, both of 

those characteristics are expected to scale down in a similar way to cost. As a result, while 

important to evaluate, those characteristics will be, for the time being, treated as satisfied and 

not taken into account when choosing application. 

Essentially we are left with three major technical imaging system characteristics: 

resolution, operating range and frame rate. Rather than considering the effective performance 

of the system so far it is more practical to consider best theoretical performance in order to 
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determine borders of operation and definitely exclude some applications to make our choice 

easier.  

The easiest one is the frame rate. The maximum limit at the moment is 60Hz. There is a 

possibility of slightly higher rate, however, even 60Hz should be enough for each of the 

applications considered. While it is possible to argue that for driver assistance application 

even higher rates are desired. Nonetheless, author assumes that 16.7 ms reaction time which 

corresponds to about half a meter distance at high car speeds lowers the risk sufficiently to 

be a viable option. 

The maximum theoretical range of the system is determined by operating frequency and 

equal to 7.5 meters for initial tests setups. While it is easy in theory to extend range, by 

decreasing operation frequency, it is important to be aware of the side effects it causes. As it 

was mentioned in more detail in chapter 6, any increase in measurement time is associated 

with an increase in error of the optical feedback. Small increases in range will have, in 

practice, no real effect, as sensor single count exposure time is much bigger. In general, 

however, this factor needs to be considered and it indeed does limit the possible use in long 

range applications. 

Finally, we can consider depth resolution. The minimum resolution is 0.75cm 

considering extremely low jitter. It can be expected to go down to 0.3 cm if the sensor with 

state-of-the-art TDC is used. While such depth resolution is sufficient for most applications 

it definitely excludes face recognition, where sub-millimetre resolution is required. Also any 

machine vision requiring interaction with small or fragile objects can be tampered without 

better resolution. Based on chapter 6 results, additional post-processing will improve 

effective depth resolution, but at a significant frame rate loss. 

In summary, the maximum theoretical performance includes most of the applications, 

the only exceptions being ones requiring long range (driver assistance) and very good 

resolution (face recognition and some machine vision scenarios).  

Now let us consider characteristics specific to the system described in this thesis and 

evaluate their effect on our choice of application. In relative terms, the proposed system can 

be described as one featuring low absolute power, but high noise resilience and good 

illumination manipulation. Low absolute power provides a further argument toward short 

range disposition of the system. The high noise rejection allows for the system to work 

efficiently in urban and/or places where lots of stray light is present in the frequencies 

coinciding with frequency of operation used by the system. Finally, a high degree of freedom 

in illumination manipulation potentially helps in increasing safety when operated in human 
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environments (note that improving addressing time efficiency and modulation efficiency is 

crucial with that respect).  

As a result two most appropriate applications would be either gaming or machine vision. 

If the first one is considered, it is expected that resolution might be not good enough for 

precise movement recognition (allowing for significant system jitter) however most of the 

limb movements should be registered sufficiently well. In the case of machine vision, we 

have similar limitation for object interaction robots. Additionally, medium to long ranges 

might have insufficient number of counts for reliable detection. 

The deciding factor in choosing gaming application or machine vision to be the target for 

system described, turned out to be author‘s preference. Additionally size of the lab allows 

only for measurements of up to 4 meters at best (unless system of mirrors is used that would 

further decrease efficiency of the system), there would be significant reduction in the sample 

of measurements for characterisation with respect to other applications.  

Note that the actual performance for the proposed application and its evaluation with 

respect to other applications are presented later in this chapter (Table 7.1 and Table 7.4). 

Now that we have decided on the application it is necessary to specify the parameters of 

the system elements as well as specify parameters of experiment design itself. 

7.1.2 Parameter choice 

First we need to decide on maximum operating range. However, this should be 

considered together with time resolution that cannot be lower than 1/1000 of a single 

measurement period (refer to section 6.3). On the other hand, pulse width minimum for this 

particular system is 50ps as a result of on-chip clock. If we now calculate a single 

measurement period associated with 50ps resolution we get 50 ns. This value corresponds to 

7.5 m in distance. While the potential gaming application might require slightly higher 

range, maybe up to 10-15 meters, practical space constraints will still not be allow for 

reliable measurements above this range. That is why there is no need to restrict time 

resolution. 

To summarise the system will operate in 20MHz frequency as it did for system 

efficiency measurements. 

Now it is time to decide on the light source, its wavelength and power. The choice of 

laser diode for s light source, other than reasons mentioned in chapter 2, was justified by the 

ease of generating synchronising signal and reliable, stable beam. The desired wavelength 

would be in Near Infra-Red (NIR) spectrum range. Unfortunately, author had no access to 

NIR pulsed laser in that range, capable of short pico-second pulses. Instead the 432nm blue 
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laser diode was used.  It is best to maximise the power of laser source in order to maximise 

the number of photon induced events in sensor that is why 432 nm – 200mW laser head was 

used as opposed to 680nm-100mW one. The peak power rating of 200mW was deemed to 

satisfy the safety condition. The precise alignment has to be done with one of the alternative 

modes of operation of the sensor, which allows the user to see in real time the rough 

distribution of photons in the sensor. This method allows for relatively precise alignment of 

structured illumination with the sensor as shown on Figure 7.1. 

 

Figure 7.1 A „print-screen‟ image of an alignment procedure done through software before 

performing distance measurements 

Experimental procedure 

Three different objects are used for the experiment. There was a significant difference in 

surface complexity. The first one is a ―uniform‖ white background over the field of view 

(FoV). While the background is not truly uniform (thin black stripes present), the author 

considered there is no point putting too much emphasis towards that matter considering both 

spatial and depth resolution of the system. Nevertheless, the illumination was directed away 

from paper folds (see uniform background on Figure 7.2). 

Second one is a small object (pen) fitted 15cm in front of a uniform surface (see Figure 

7.2). The separation between pen and surface was chosen based on the expected depth 
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resolution of the system. A black pen was chosen to put strain on the system and provide 

contrast to white paper. At the same time background remained unchanged so that it can be 

easily referenced to previous measurements. 

 

Figure 7.2 A photo of the observed object (black marker pen) 

Finally, the third one is the object with significant variation in surface depth (a rubber 

toy). A toy will be directly adjacent to the ―uniform‖ surface (see Figure 7.3). The width of a 

toy is equal to 12 cm, which is expected to be seen on a depth map. The objects will be 

placed at different distances from the system. The reason for having same background 

remains the same. The choice of yellow toy might seem unfortunate as it provides low 

reflection at blue wavelength of light. However, its main purpose was to provide detailed 

shape rather than high reflectivity. 
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Figure 7.3 A photo of the observed object (rubber toy) 

The short range of operation they system is now was further limited to the range of 1.5 to 

3.25m. The minimum value being limited by the size of metric FoV (any smaller FoV would 

not allow us to distinguish between the observed object features) and maximum being 

limited by the lab space. While the author is aware that limited lab space can be compensated 

by using, for example, a system of mirrors, such a system would even further reduce light 

efficiency and the author decided against it. Finally, the step size for measurements 

performed is equal to 0.25m. 

In order to achieve significant measurement sample and reduce effect of random 

variation on our experimental data. A set of 10 measurements was taken for each 

combination of object observed and distance from the sensor. This procedure leaves us with 

a 270 strong sample space.  

Figure 7.4 shows the setup of the system as used for experimental data collection. 
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Figure 7.4 A schematic of full system design as a 3D imaging system for a gaming application. 

7.2 Full system characterisation 

A set of measurements was performed using the system design explained in previous 

section. The results obtained are presented below. 

7.2.1 Light intensity and depth performance  

While 270 measurements were made only 27 distinct scenarios were analysed. However, 

even then analysing in detail all raw intensity and depth maps would take too much space in 

this work. Instead the comparison of three different objects will be presented at a single 

distance of 2m. Additionally a plot of average array intensity versus distance will be shown.  

Before maps are presented, it is necessary to explain the sort of processing performed on 

the data collected. After running peak detection algorithms as explained in chapter 6, which 

includes compensation for pixel to pixel variation, an average of ten maps was taken. What 

is more, intensity map is normalised to per second value. In practice exposure rates were 
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much longer (about 5 minutes per repetition). This means that depth resolution corresponds 

to much higher photon count and is expected to be very good. Finally, the map was median-

filtered in x-y plane to remove several outliers with extremely high DCR. Note that while 

median filtering is efficient in removing noisy pixels in the middle of the array, it struggles 

with edge pixels and in fact might introduce additional deformations near the corners. As a 

result author manually set some pixels in order to improve presentation. Number of pixels set 

for a given diagram will be mentioned in the figure captions. 

Last but now least, the following illumination pattern was used as structure illumination 

(Figure 7.5). It is the same pattern that was used in Figure 5.18 and it illuminates twice 

sectors 0123478C. It enables compensation to outer sectors and at the same time its 

asymmetry clearly portrays the relative position of sectors and orientation of the array. The 

following figures will show the structured illumination used and results associated with it. 

 

Figure 7.5 A photo of structured illumination pattern used. Note it is the same pattern as shown 

in Figure 5.18 

Blank paper 

It is clear from Figure 7.6 that the intensity pattern detected by the sensor roughly 

matches that of the structured illumination. The are some differences, however. Firstly, we 

have a rapid decrease in intensity at the edges which is related to a slight misfit (around 1 

pixel) between the illumination size and the sensor FoV (refer Figure 7.1). Secondly, we 

have large DC spot in sectors ‗D‘ and ‗E‘, which corresponds to the middle of the array.  
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As for Figure 7.7, we can see that depth of the object is mainly uniform. The depth 

resolution of is actually limited to only 0.8cm, which corresponds to around 1.1 time bins. 

Such a high degree of accuracy can be explained by the combination of high total (not per 

second) photon counts and post processing, in particular averaging of multiple measurements 

and pixel-to-pixel variation compensation. Note that the results obtained are consistent with 

the estimated depth resolution performance after averaging is introduced (Figure 6.14). 

 

 
Figure 7.6 Normalised intensity map of a uniform surface at 2m distance from the sensor  



201 

 

 
Figure 7.7 Depth map of a uniform surface at 2m distance from the sensor. (0 edge pixels 

modified)  

 

Black pen 

The intensity map of the black pen is very similar to that shown on Figure 7.6. While the 

part of the map not obstructed by the pen looks exactly the same, the other part has 

significantly reduced normalised photon count. We could expect more counts from the object 

that is closer, however in this case the fact that the pen is black and the associated low 

reflectance have had a much bigger effect. 

The depth map on Figure 7.9 allows us to see more information. First of all we can see 

clearly distinguishable object at different depth than the uniform surface. Detailed analysis 

tells us that the object is 12.2 – 15.5 cm in front of the uniform surface, which is close to the 

value we expected – 15cm. Furthermore, the edge of the array suffers a high variation in 

value, which is related to median-filtering algorithm. As a result 3 pixel values were 

modified. 

It is important to note that the width - pixel wise- of the pen is slightly smaller (1-2 

pixels) on depth map (Figure 7.9) compared to the intensity map (Figure 7.8). It is also 

related to the median-filtering algorithm, which takes into account nearest neighbourhood of 

each pixel and might remove one line of pixels from the edge of the object.  



202 

 

 

Figure 7.8 Normalised intensity map of a black pen 15cm in front of a uniform surface at 2m 

distance from the sensor  

 
Figure 7.9 Depth map of a black pen 15cm in front of a uniform surface at 2m distance from the 

sensor (3 edge pixels modified) 

 

 



203 

 

Rubber toy 

Similarly to the pen image, the intensity map of the toy resembles that of uniform 

intensity map outside of toy position. The actual photon count corresponding to the toy is 

also lower than that of the uniform surface but higher than that of the black pen, but only 

marginally (Figure 7.10). It can be explained by the fact that yellow toy does not reflect well 

blue light, as they don‘t overlap on the wavelength spectrum. 

The depth map resembles an almost uniform surface in front of other uniform surface. 

While the toy had detailed features at the resolution of human eye, the system resolution of 

almost 1cm gives it a spheroid shape (Figure 7.11). The approximate distance of the object 

on the map from a uniform surface is equal up to 7.5cm which is close to the actual distance 

centre of the toy which is 3-9 cm.  

 

 

 

 

 

Figure 7.10 Normalised intensity map of a yellow rubber toy 0-12cm in front of a uniform 

surface at 2m distance from the sensor  
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Figure 7.11 Depth map of a yellow rubber toy 0-12cm in front of a uniform surface at 2m 

distance from the sensor. (7 edge pixels modified) 

Intensity vs set distance 

It is expected that the average intensity and corresponding number of photons received is 

going to be inversely proportional to the square of the distance. While the correlation 

coefficient between best fit function and experimental data is still 0.937, we could hope to 

obtain smaller variation from one set of measurements to another. Note that 10 repetitions 

were made. Due to the fact there were no change in setup in between them, they carry the 

same system optical efficiency, hence averaging unfortunately does little to smooth things 

out. 
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Figure 7.12 Log(Average array intensity) versus Log(distance) Red: experimental data points. 

Blue: Best fit function. 

Perceived depth vs set distance 

An approximate correlation coefficient between perceived and set depth for both Figure 

7.13 and Figure 7.14 is 0.99985 and 0.99984 respectively. However, it can be clearly seen 

that in the case of the latter the gradient seems to differ slightly. It seems that, in fact, the 

measurements were overcompensated in the latter case. In fact when you analyse individual 

histograms for distance measurements, the ‗squeeze ‗ of time bins visible on earlier 

measurements, was no longer present during distance measurements. Author conjecture, that 

there is slight variation in TDC clock rate related to temperature, which should be monitored. 
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Figure 7.13 A graph of perceived depth (red dashed) and set depth (blue) versus set depth. 

Perceived depth uses compensation for the fact there are 1024 rather than 1000 time bins. 

 
Figure 7.14 A graph of perceived depth (red dashed) and set depth (blue) versus set depth. 

Perceived depth uses compensation as explained in section 6.3.  
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To summarise, we can see that intensity, as well as depth results match our expectations 

based on previous experimental results. While high variation in intensity persists, at least 

depth results are very accurate (Figure 7.13 and Figure 7.14). 

The photon count value is sufficient for any peak detection algorithm; however, it is not 

enough to perform multiple measurements within the same period of time. Increase in optical 

power is advised, especially since frame rate higher than 1 frame/s is preferable. Finally, we 

need to take into account noise levels. Based on illuminance under different conditions [169] 

[170], we can assume that lighting conditions for a living room are about 300-500 lux. Using 

the conversion equation (7.1) we can calculate the optical power per unit area and associated 

noise count. 

 avE
P  ( 7.1) 

Where  

P – optical power per unit are (Wm
-2

) 

Eav – average illuminance (lx) 

η – luminous efficacy (lmW
-1

) 

In lighting conditions of a living room, the expected noise will cause a reduction in valid 

photon count corresponding to a factor of 0.159, as a result of sensor saturation with noise 

events. In order to compensate that and the actual noise itself, we would need to increase 

valid photon count by a factor of about 10. Any additional increase in the optical power of 

the source or optical efficiency of the system can be directly translated into higher frame rate 

or traded off for better depth resolution through non-linear function (refer to Figure 6.11) . 

7.2.2 Limitations  

The system at this very early stage of development suffers from many limitations. First 

and foremost is just absolute light levels received. Weak light source coupled with low 

optical efficiency does not provide enough photons for most applications, but that is only to 

be expected considering equipment used.  

There is an obvious range limitation. Why it is related to photon count, it is more of a 

limitation of ranging method itself. Square root relationship between distance and power is 

never going to be a preferable choice for long range applications.  

As for other characteristics like depth of resolution and frame rate, they can essentially 

be traded off with light levels. This means that one of them is always going to be a limitation 

taking into account insufficient number of photons. 
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7.2.3 Evaluation  

Table 7.2 presents the expected performance with regard to distance, frame rate and 

depth resolution for three systems based on experimental results. First system is the one 

measured, second one represents the same system but projected towards operation in room 

light conditions. Third one is an improved version with components optimised for the system 

according to chapter 5. Note that light levels were used as a trade-off function, 1:1 with 

frame rate, 1:1 with distance and based on custom function as shown in (Figure 6.11).  

 

Paramter 

Proposed 
system in 
controlled 
condition 

Proposed 
system in room 
condition 

Improved 
system in room 
conditions (with 
changes 
following Table 

5.9) 

Proposed 
system with 
optimised 
efficiencies 
of optical 
elemtents  

Max range [m] 5 5 5 5 

Desired depth 
resolution [cm] 1 1 1 1 

Photons per 
second at max 
range 106 16.9 394 8030 

Photons 
necessary to 
leave 
breakdown point 32 32 32 32 

Repetitions 
necessary to 
reach desired 
depth resolution 30 30 30 30 

Effective frame 
rate [frames/s] 0.11 0.0175 0.409 8.37 
Table 7.1 Performance table of the characterised system in low light levels, estimated 

performance in room light conditions and system improved to state-of-the-art components. 

Note that results shown in Table 7.1 do not include any gain from optical feedback, 

which varies and reaches the maximum value of 6 for some parts of the observed scene. 

Furthermore, even the most optimistic system does not include any improvements with 

regards to jitter, which means a significant amount of repetitions needs to be made to reach 

desired depth resolution. 

7.2.4 Comparison of state-of-the-art systems  

The comparison table offering insight on the performance of some 3D imaging systems 

for gaming applications is presented below. 
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Parameter 
SoftKinetic 
DS325 

Softkinetic 
DS311 

MESA SR4000 
01 

MESA SR4000 
06 

Max range [m] 0.15-1 4.5 0.1-5 0.1-10 

Depth 
resolution [cm] 1.4 3 1 1.5 

Frame rate 
[frames/s] 60 60 50 50 

Power [W] 2.5 10 12 12 

Cost [$] 249 299 N/A N/A 
Table 7.2 A comparison of state-of-the-art gesture recognition systems by two manufacturers 

Softkinetic [171] [172] and Mesa Imaging [173] 

As you can see the performance between proposed system and the systems available on 

the market is comparable, the major difference being frame rate. 

7.3 Applications  

For the sake of this thesis author decided to create a point scale that allows to compare 

how well a system performs in a particular application. Depending on how well a given 

specification is met a certain number of points is awarded. If one of the parameters is 

significantly lacking the system is rejected straight away. Note that an increase in point 

number is not significant once a specification is met, however it drops fast when below 

specification requirements. System that performs very well should obtain number of point 

equal to ten times the number of specifications considered. 

Performance to recommended 

specification ratio 

Points awarded 

<0.1 Rejected 

0.1 1 

0.2 2 

0.3 3 

… … 

0.9 9 

1 10 

1->5 11 

>5 12 

Table 7.3 Table shows a point scale used for system evaluation for given application 
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Now it is time to evaluate the system described for other applications presented in 

chapter 3. 

Only optimised system will be considered. There is no point evaluating existing system, 

since it would be rejected for all applications. 

Application 
Max 
range 

Depth 
resolution 

Frame 
rate 

Power 
consumption Cost 

Automotive 
-parking 
assistance 12 11 12 1 rejected 

Automotive 
- driving 
assistance rejected 12 2 10 4 

Gaming 11 4 2 11 2 

Machine 
vision 10 4 8 10 4 

Security 12 rejected 12 11 10 
Table 7.4 Table shows system performance for different applications according to proposed 

point scale. 

 

It follows expectation that the system has failed to meet specifications of most of the 

systems, since we have learned before that in order to meet application specifications you 

need to design system in a particular way. Interestingly, however, the machine vision score is 

slightly better in two aspects than that for gaming application. It is mainly due to the fact that 

it has lower frame rate requirements, as well as the fact that conservative robotics system 

was used as reference. While scores are significantly below desired 50 point mark, existing 

state-of-the art products would also fail to reach this mark. The reason is because author 

decided to raise thresholds slightly in order to reflect the fact the system relies on technology 

(like SLM) that is not yet available. And we all know that over time we expect better 

performing systems. 

Finally, while author is aware that both the point distribution of a performance scale as 

well as the weighting attributed to different points of merit might vary depending on the 

person concerned, this section was considered useful to provide general idea about system 

performance for a given application. 
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 Chapter 8 - Conclusions 
The purpose of this chapter is to summarise the results presented in this thesis, propose 

directions in which a future work can be carried on as well as evaluate them in the light of 

the initial objectives. 

8.1 Results summary  

8.1.1 Structured illumination 

A Spatial Light Modulator (SLM) was used to provide structured illumination in order to 

provide optical feedback for direct Time of Flight (dToF) 3D imaging system. The benefits 

introduced by the system as well as current limitations of the system are presented below. 

Benefits 

 Redirection of light from near to far object allows for an improvement in range 

(estimated gain G=1.3) 

 Redirection of light towards dim/important objects allows for an improvement in 

depth resolution (~40% improvement assuming equal number of dim and bright 

objects, no post-processing and operation in linear region of depth resolution 

function - Figure 6.11) 

 Possibility of redirection of light away from light sensitive areas translates to safer 

system when laser related hazards are concerned. (Reduced total light levels increase 

safety even further).  

 Offers a potential for further light modulation for feedback or efficiency purposes 

(i.e. multi-level optical feedback, structured illumination for fill factor 

compensation) 

Limitations 

 Significantly reduces optical efficiency of the system: theoretically by a factor of 

7.5, currently by a factor of 43 

 Increased system complexity by introducing new optical elements (mainly SLM and 

PBS), which means increased system cost and power consumption 

8.1.2 Adaptive sensing 

An adaptive sensing algorithm was used in conjecture with structured illumination in 

order to improve noise performance of a 3D imaging system. The full list of benefits and 

limitations is presented below. 
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Benefits 

 Decreased number of noise events registered by the sensor by a factor which  is 

scalable with sector number (16 in the case of this work) 

 Faster processing rate and transfer rate of registered events as a result of reduced 

number of relevant pixels observed at any given time (same factor as in previous 

point). 

 Reduced maximum exposure time (related to processing rate), which increases 

saturation threshold and performance under high light level conditions. 

 Allows implementation of simultaneous peak detection methods based on optical 

feedback information 

Limitations 

 Shares limitations associated with the method of structured illumination used, which 

is necessary for implementation of adaptive sensing. 

8.1.3 Applications 

The system was tested in controlled condition to characterise its performance. The 

performance results were consistent with efficiency measurements. Moreover, simulations 

have shown that implementation of an optimised version of the system is viable for gaming 

and machine vision applications, given sufficient light levels which can be simulated by the 

prolonged exposure (compensating for increased noise) 

It has been shown that given optical element optimisation and improvements to the 

system explained in chapter 5), it can satisfy applications‘ requirements and perform on a 

comparable level with existing products. 

8.2 Future work  

As a result of limited manpower and resources there have been some questions 

unanswered and many paths unexplored regarding this project.  

Future work regarding structured illumination for Time of Flight (ToF) can be divided 

into three main parts: improvement of the structured illumination mechanism, modelling of 

the ToF systems in general (and ones involving Single Photon Avalanche Diode (SPAD) 

based sensor in particular) and signal processing. 

8.2.1 Structured illumination 

Fully operational structurally illuminated ToF based system has been developed; 

however, its performance as of now is lacking. While it would be trivial to say that an 
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improvement in hardware can improve performance, the author believes it is necessary to at 

least identify the components that can provide the most significant improvement; and 

preferably offer potential solutions or ideas that are not hardware dependant. 

At the moment the two weakest points of the system are: a small angular Field of View 

(FoV) and a very low light level.  

Looking at the diffraction equation (equation 2.3), we have two possibilities of 

improving angular FoV, namely increasing wavelength of light source or decreasing the 

pixel pitch of a Spatial Light Modulator (SLM). It is possible and even advisable to increase 

wavelength to Near-Infra-Red (NIR) light, however when increasing wavelength even 

further we need to take into account another factor. Namely, it is the reduction in the 

sensitivity of SPAD based sensor associated with longer wavelengths [165]. 

As a result we need to rely on an improvement in SLM technology. Comparing state- of- 

the-art technology featuring 8μm pitch with the optimal one of 2μm presented in Table 5.9. 

This means a four-fold increase in performance. It is not unreasonable to expect that at some 

point in time such performance is achieved, because there are incentives for decreasing pixel 

pitch. Firstly, smaller pixel pitch means less silicon area used for the same array resolution. 

Secondly, it offers larger diffraction angles when phase modulation is concerned. 

An alternative is a potential use of the ToF based system for long range narrow FoV 

targeted sensor, which could lock-on a distant object and track its distance and, allowing for 

a sufficient depth resolution, more subtle movements. The performance of the system in such 

an environment could be examined. The ability to redirect all available light to a targeted 

object seems especially relevant. Long distance considerations, however lead us to another 

issue, which is low light level. 

 Light level issues can be addressed by either increasing the system efficiency or 

increasing the laser source power. Because the power of the light source used in 

experimental data collection was relatively low, it is expected that it could be increased. 

However, it is insufficient to just rely on a stronger light source. Looking again at the Table 

5.2 we can see that the most room for improvement lies in the sensor fill factor. There exists 

a known trade-off in the field between fill factor and pixel size (fill factor decreasing with 

the reduction in pixel size). As a result increasing fill factor in the usual manner is expected 

to not be a viable option in the future (especially since we want larger arrays of smaller 

pixels). Author is aware of three potential solutions to the problem that might be worth 

considering. 

The first option is to use an array of micro-lenses directly above sensor array. Placed in 

such a manner the will increase the collection area of light for the sensor and direct the light 
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directly into sensitive area onto corresponding pixels. While there are obvious losses 

associated with this method, namely transmission loss and the one with misalignment of the 

sensor pixels and micro-lens array, the gain in effective fill factor is considered to be very 

high. According to [174] the effective fill factor of 30-40 % (up from ~1%) is achievable 

with a SPAD based sensor. 

The second possibility is to try and use SLM and its light control possibilities to redirect 

light onto sensitive areas of the sensor directly. While the idea itself was not tested in similar 

system before, it has been proven before that SLM can be used to focus light on a SPAD 

based sensor in microscopy [175]. In order to effectively perform such operation in a ToF 

system, some further steps are necessary, since the situation here is more complex. In 

particular, the fact that observed objects are at varying distances, there is a need for a 

feedback mechanism to relay this information to the software in order to generate a new 

diffraction pattern with a different focal point. Additionally this focal point might change for 

different areas of FoV, not only over time. This would require a very fast Computer 

Generated Hologram (CGH) computation. It would also be necessary to characterise the 

actual position of sensitive areas across the sensor array, because the asymmetry between 

pixels is to be expected. However, once those issues are overcome, a very significant gain in 

fill factor can be achieved. 

The third path is related to recent development in two layer silicon processes [176]. Such 

technology allows for the sensor pixels to be manufactured on different level (in physical 

space) than a corresponding on-pixel processing circuitry. This development can be 

compared to existing structure with Back-side illuminated (BSI) photodiode-arrays [177] 

Once this process develops further, it will allow us to increase the fill factor to nearly 

100% by moving all the processing part of the sensor to the secondary layer. This solution 

offers the highest degree of gain, because it is digital signal processing elements that are the 

most limiting factor when fill factor is concerned (that and the guard ring). Unfortunately, 

this method is also the one that is most theoretical. The process is in its infancy and to 

author‘s knowledge no SPAD sensors based on this technology has been built. However, 

once the sensor design in a given process is successful, the implementation in the 3D 

imaging system is straightforward.  

Finally, we can consider optimising diffraction efficiency. Again, there are multiple 

approaches that can improve system performance. First one would be increasing diffraction 

pattern efficiency, which relies heavily on computer resources. Second approach would 

target hardware itself. Using SLM with much higher number of modulation states would 

allow us to approach maximum theoretical limit of diffraction efficiency. However, using 
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many multiple states for illumination of one sector, would require more time for addressing 

(and in case of LC based SLM – LC switching time), which would result in lower achievable 

frame rates. That is why an intermediate solution – SLM with 4 modulation states might be 

optimal, as it significantly increases diffraction efficiency as well as eliminates mirror image 

with only 2 additional modulation states. One way of achieving such an SLM is presented by 

Lee et al [178]. 

8.2.2 Modelling 

In order to utilise something efficiently or improve its performance, it is often useful to 

make sure we understand its behaviour well. This is the reason why precise modelling of 

physical phenomena is so useful in scientific research. 

Throughout this work a light propagation in ToF system was modelled in detail and 

special emphasis was put upon understanding time correlated photon detection by a SPAD 

based sensor. The full model gives us a powerful tool in prediction of depth resolution. It 

works under the assumption that exact number of light source and noise induced photon 

events are known. And while the efficiency characterisation of the system offers a 

reasonable approximation to make such an assumption viable, there are still ways available 

to enhance the model. 

Despite the fact that model incorporates efficiency of every single component, such 

approach while serving the purpose is inaccurate. In fact there are features of the setup 

contributing to light loss, which by simplification were attributed to the transmission loss of 

the material they are made of. One of such factors is angle of incidence of light propagating 

through the system on the components. This one is especially significant when SLM is 

concerned. Another one is planar misalignment. While usually insignificant in simple 

systems, they not only increase with the complexity of the system, but they compound 

together as well. That is why author suggests light efficiency decreases as the square of 

―complexity‖ for most reasonable definitions of ―complexity‖. The author also believes that 

modelling the expected losses related to those factors will give us a more accurate estimate 

of system performance. 

Another interesting aspect to consider is modelling of the observed objects. While 

exhaustive modelling of those is close to impossible due to the sheer number of different 

objects available. However, it is possible to model the light behaviour when in contact with 

objects expected to appear in a given application. It is even more of the case if we decide to 

focus on a corner analysis of possible objects based on the most distinct features. Those 
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features might include, but are not limited to, colour (spectral absorption), texture (scattering 

ratio) and shape complexity (multiple reflections).  

While the analysis of the depth resolution modelling is quite detailed, there is still room 

for improvement. Three-dimensional analysis of the factors presented in chapter 6 would be 

optimal, but even replicating the variability of jitter in real life would contribute to validity 

of the model. Despite the fact that jitter is inherent to the system, it is possible to simulate 

variation in electronics jitter by increasing the width of the pulse (assuming that pulse width 

is the dominant factor to jitter already). Such measurements, however, are obviously 

accompanied by specific requirements in hardware, for example, an appropriate laser source. 

8.2.3 Signal Processing 

Signal processing is an important part of the system which is sole determinant of the 

frame rate achievable, but also impacts the efficiency of CGHs and as a result the system as 

a whole. 

With regards to improving frame rate there are many possibilities to consider. The more 

dedicated hardware for processing is used, the faster it can be done. Right now the system 

incorporates Field programmable Logic Array (FPGA) chips to compromise speed with 

flexibility, which is important when new systems are developed. However, the shift toward 

dedicated processing on the chip would provide a significant improvement. While peak 

detection might be too complex for a practical sensor chip, just being able to produce 

histograms on sensor will reduce processing time significantly. Note that there is a trade-off 

between increasing on chip processing and increasing fill factor. That is why the idea of two 

layer sensors becomes even more attractive. 

Additionally, being able to move the depth map calculation from software to FPGA or 

dedicated processing chip would decrease computational time even further and make the 

actual processing time a bottleneck of optimising speed rather than transmission time as it is 

now. While shifting any processing on sensor would require development of a new sensor, 

the shift from software to firmware requires no additional hardware. It does require 

significant development time, that is why it was deemed that within time scale of the project 

it was more important to concentrate on making system fully operational.  

Finally, we should consider CGH computation. In fact this is the most demanding part of 

the signal processing when resources are concerned. This was one of the reasons why pre-

calculated patterns were used for a holographic projection. While pre-calculated patterns are 

efficient, they are uniform within the area they illuminate and as a result they do not allow 

for additional feedback within the sector they illuminate. Moreover, we cannot use pre-
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determined patterns if we want to try and focus light on sensitive area of the sensor (as 

mentioned earlier in the chapter). It is not surprising then, that being able to dynamically 

generate CGHs would provide us with many benefits. There exists a holographic projection 

technology that operates in video frame rate region [179]. However, the system described in 

this thesis incorporates multiple patterns displayed sequentially at a frequency of 60Hz, all of 

which rely on precise intensity distribution. Unless, we are willing to sacrifice this accuracy 

in intensity distribution, a CGH generation would need to be one or two orders of magnitude 

faster or more likely perform more computations in parallel. For obvious reasons, latter 

option is more feasible with current technology, though it would still require a significant 

increase in resources. 

8.3 Project evaluation  

The purpose of the project has been to explore a new application for holographic 

projection. As a result, structured illumination was used to provide a structured illumination 

for a novel ToF based system. The system as a whole is operational and preliminary results 

were obtained. With respect to those objectives the project was a success. While there is a lot 

of potential for future work, which was described in this chapter, the work presented in this 

thesis provides a coherent analysis of implementation of such a system and its potential 

performance in specific applications. 

Below is presented a summary of the work done throughout the project. 

8.3.1 Summary 

Implementation of structured illumination with an SLM for a dToF system is feasible. It 

provides a gain in light intensity in some regions of the FoV at the expense of other regions. 

The optical feedback mechanism that enables to optimise performance for a given scene 

observed was proposed and implemented. Its correct operation was demonstrated, however, 

not in real time at this stage of development. Adaptive sensing associated with structured 

illumination was developed which resulted in reduction of noise as seen by the sensor. 

A model was developed describing light propagation through the system, which helps 

characterise existing system, as well as a range of dToF based systems. Furthermore, a 

model describing photon detection by a SPAD based sensor array was developed, as well as 

the method which evaluates performance of single peak detection for histogram based 

sensors. 
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8.3.2 Conclusions 

Both structured illumination and adaptive sensing contribute to any gain in performance 

resulting from the implementation. Based on analysis presented in this work, the resulting 

3D imaging system would probably be best suited for short range (gaming or machine 

vision) applications, however, it needs a lot of improvement and optimisation before it 

performs well enough to be commercially viable. 

Models developed in throughout this project help to evaluate performance of a dToF 

based systems in their prototype stage. As a result they might be a valuable tool for a 

development of any such system. In particular they can be used for determining light 

efficiency of the system, its depth resolution and range.  
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 Appendix A – Fourier Transform 
 

Fourier Transform (FT) is a mathematical construct which has found many applications 

[20]. In the field of engineering it is used most often used when digital signal analysis takes 

place, where it allows us to relate time domain to frequency domain. 

Let us define a time function as f(t). The Fourier Transform of this time function F(x) is 

equal to: 

dtixttftF )2exp()()(  (A1) 

Furthermore, it is possible to extract original time domain function by performing 

Inverse FT (IFT) on frequency domain function.  

dxitxtFtf )2exp()()(  (A2) 

However, both FT and IFT can be used not only to relate time and frequency, but also 

spatial separation and spatial frequency. When one dimension is concerned, the relationship 

is exactly the same as that for time and frequency. For two dimensions a 2-dimesional FT 

(2FT) and its inverse (2IFT) can written as follows 

dxdyiynixmyxfnmF )2exp()2exp(),(),(  (A3) 

dmdninyimxnmFyxf )2exp()2exp(),(),(  (A4) 

It is easy to notice at this point, that while equations A3 and A4 might be useful, their 

implementation in computing in such a form is not practical. The reason is that they are 

continuous and infinite. As a result a discrete equivalent of FT was developed that allows us 

to approximate the value of continuous FT. Corresponding discrete 2FT and 2IFT are as 

follows. 
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Many different algorithms were implemented that evaluates DFT but they do it much faster 

than when implementing DFT directly. Those algorithms are called Fast FT (FFT). One of 

such algorithms was used in Matlab software for the purpose of generating diffraction 

patterns used for structured illumination.  
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Now let us consider the implications of 2FT when used in context of holographic projection. 

Firstly, let us assume that diffraction pattern is a spatial frequency plane F(m,n) and 

holographic image is a spatial separation plane f(x,y). It is straightforward to see that each 

element of the diffraction pattern contributes towards each discrete light spot in image plane. 

The intensity of an arbitrary point in space a(k,l) can be determined as follows: 
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 (A7) 

Now let us define an arbitrary point on diffraction pattern F(m,n) as a point with normalised 

transmission when seen in the context of whole array. 
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Finally, by operating under an assumption that the diffraction pattern is close to a square, we 

can combine equations A7 and A8 to reach the equation used throughout the thesis for an 

approximate complex value of a point in image plane during holographic projection. 
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Now let us consider two points a(k,l) and b(-k,-l). Using equation A9 for the second point we 

get: 
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It is easy to show that for any complex term e
ix
 its amplitude is equal to e

-ix
. Since intensity 

of the image spot is equal to square of its amplitude, intensity of image spot b(-k,-l) is equal 

to that of a(k,l). This is a mathematical prediction of mirror images that appear during 

holographic projection. In fact for every image spot in image plane a(k,l) there is a 

corresponding spot symmetrical with respect to centre of the image plane and equal in 

intensity (the centre of the image plane is arbitrary). While this analysis is suited for 

amplitude modulation it does provide the insight into why mirror images appear. 

Furthermore, note that possible values of t(m,n) are determined by number of states, which 

means that increase in number of states gives us greater control over the value of a(k,l). 
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 Appendix B – SLM addressing scheme used for 

holographic projection 
 

Addressing scheme used for all holographic projection experiments. It was obtained 

from Forth Dimension Displays together with SXGA-R3 SLM system [41]. Note that 

duration in the table below corresponds only to ‗normal‘ frames. The gaps in between end 

time and start time correspond to ‗inverse‘ frames. 

  

Start [μs] End [μs] Duration [μs] Bit-Plane 

315.20 532.80 217.60 R0 

993.24 1210.84 217.60 R1 

1671.29 1888.89 217.60 R2 

2349.33 2566.93 217.60 R3 

3027.38 3244.98 217.60 R4 

3705.42 3923.02 217.60 R5 

4383.47 4601.07 217.60 R6 

5061.51 5279.11 217.60 R7 

5739.56 5957.16 217.60 G0 

6417.60 6635.20 217.60 G1 

7095.64 7313.24 217.60 G2 

7773.69 7991.29 217.60 G3 

8451.73 8669.33 217.60 G4 

9129.78 9347.38 217.60 G5 

9807.82 10025.42 217.60 G6 

10485.87 10703.47 217.60 G7 

11163.91 11381.51 217.60 B0 

11841.96 12059.56 217.60 B1 

12520.00 12737.60 217.60 B2 

13198.04 13415.64 217.60 B3 

13876.09 14093.69 217.60 B4 

14554.13 14771.73 217.60 B5 

15232.18 15449.78 217.60 B6 

15910.22 16127.82 217.60 B7 
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 Appendix C – PBS backward transmission efficiency  
The purpose of this appendix is to prove that for a reflective FLCoS SLM with cone 

angle of 22.5 degrees, the PBS transmission efficiency is always 50% under the assumption 

both modulation states appear around the same amount of time. The assumption is not 

unreasonable considering there are over a million of pixels and diffraction patterns are 

optimised to reduce dc beam, which is done exactly by making the numbers of two 

modulation states as equal as possible.  

Firstly, let us note that in reflective SLM the change in angle of polarisation is equal to 

four times the angle of LC cell. In this particular case (cone angle of 22.5°) the angle 

difference in two polarisation states will always be 90° (or π/2 radians). 

 

Assuming polariser passes horizontally polarised light, the amplitude of light passing 

through the PBS is )sin(0A and )2/sin(0A  respectively (where A0 is amplitude of 

light leaving the SLM and α is an arbitrary angle). Now using our initial assumption we 

reach an expression for the average intensity of light: 
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Since )cos()2/sin( equation C1 can be written as 
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Which is half of our initial intensity and what we were trying to show. 
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 Appendix E – Lay summary of thesis 
The thesis presented introduces use of holographic projection in order to improve the 3D 

imaging system. The motivation behind the work is recent increase in a public interest in 

both capturing and displaying of 3-dimensional information.  

     The work concentrates mainly on two aspects of the 3D imaging system, namely, 

illumination and photon detection. Thanks to the use of holographic projection as structured 

illumination within the system it is possible to redirect light to the points of interest and as a 

result a more efficient light usage can be obtained. The holographic projection is achieved 

using Ferro-electric Liquid Crystal on Silicon. 

     Photon (light) detection is improved by changing sensing algorithm within the sensor 

to match the pattern of illumination. As a result it is possible to decrease effective noise as 

seen by the aforementioned sensor and further improve performance of the system.  

     Both structured illumination and new sensing algorithm can achieve a significant 

improvement in performance. 

     Finally, works presents results obtained with the proposed system, discusses 

performance achieved, as well as mentions potential applications for the described 3D 

imaging system. 
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