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for the first time is a complete programmable pinhole based imager/profiler device for lasers 

supported by a micro-controller and a cost-effective DMD platform. Designed and 

implemented within this platform is a stand-alone imager device. The device is additionally 

supported by software implemented for DMD control purposes and synchronization between 

the micro-controller operations for correct and reliable data acquisition and interpretation. 

The adopted working principle is based on the pinhole scan Time Division Multiple Access 

(TDMA) mode. Starting from the developed platform, further improvements of the imager 

device are made, demonstrating new working principles based on Frequency Division 

Multiple Access (FDMA) and Coded Division Multiple Access (CDMA) coded optical 

modulations. Specifically, proposed are the design and implementation of the novel imaging 

device called Coded Access Optical Sensor (CAOS) where CAOS is capable of operating 

with all the aforementioned working modes. Experimentally and successfully demonstrated 

for the first time is the FDMA-TDMA CAOS imager mode for coherent light laser imaging 

and the presented results demonstrate its efficiency when compared with the TDMA-only 

imager mode working principle. A major improvement with the novel CAOS design is its 

extreme Dynamic Range (DR) performance that greatly overcomes the previously 

demonstrated DR obtained with the TDMA imager mode. Specifically, imaging DR 

improved from 22 dB to 77 dB for the laser imaging experiment. Motivated by this 

impressive performance, also presented in this dissertation is the CAOS imager used as an 

incoherent imager for the white light high dynamic range imaging scenario. The proposed 

CAOS imager is used in cooperation with a Complementary Metal Oxide Semiconductor 

(CMOS) sensor imager device forming a new smart imaging device called the CAOS-CMOS 

camera. When imaging conditions exceed the limited CMOS sensor DR performance, the 

CAOS imager is engaged to successfully image the target scenario confirming its great 

potential when deployed in extreme contrast imaging conditions. The CAOS imager 

experimental DR performance is further improved by deploying a higher quality Data 

Acquisition (DAQ) card having greater signal sampling characteristics and processing power 

compared to the cost-effective micro-controller device engaged with lower bit value analog-

to-digital converters. With the improved DAQ configuration, for the first time, demonstrated 

are a further improvement of the obtained experimental camera DR reaching 136 dB and the 

reengineering of the deployed optical design for the implementation of a novel multispectral 

and hyperspectral CAOS imager device suitable for visible and near infrared high DR 

imaging scenario. Specifically, the use of a DMD based programmable CAOS-mode spectral 

filter is incorporated and demonstrated within the CAOS multispectral camera design. 
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f   Frequency (Hertz) 

F   Focal Length 

FDMA   Frequency Division Multiple Access 

FFT   Fast Fourier Transform 

FOV   Field-of-View 

FT   Fourier Transform 

GUI   Graphical User Interface 

He-Ne   Helium-Neon 

HDR   High Dynamic Range 

Hz   Hertz 

LCr   LightCrafter 

LED   Light Emitting Diode 

LM   Laser Module 

LS   Laser Source 

LSD   Laser Scanning Display 

M   Mirror 

MO   Microscope Objective 

MEMS   Micro Electro Mechanical Systems 

ND   Neutral Density 

NEP   Noise Equivalent Power 

OAD   Optical Array Device 

OCT    Optical Coherence Tomography 

OD   Optical Density 

P   Pinhole 

PBS    Polarizing Beam Splitter 

PC   Personal Computer 

PD   Photodetector 
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PDA   PhotoDetector Assembly 

PPD   Point Photodetector 

QWP   Quarter Wave Plate 

R   Receiver 

RF   Radio Frequency 

SLM   Spatial Light Modulator 

SF   Spatial Filter 

SM   Smart Module 

SNR   Signal to Noise Ratio 

T   Transmitter 

TDMA   Time Division Multiple Access 

TF   Tunable Filter 

TI   Texas Instruments, Inc. 

TIM   Timer 

TOF   Time-of-Flight 

T/R   Transmitter/Receiver 

VGA   Variable Gain Amplifier 

WLI   White Light Interferometry 
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Fig. 9.7. Shown are the detected RF spectrum peaks |S(f)| for different visible band spectral 

selections programmed by the CAOS-mode of DMD2 in TF1. (a) |S(f = f0)| = 49.68 × 10-4 

obtained when the entire DMD2 is programmed to direct all spectral components of the white 

light agile pixel at f = f0 = 400 Hz CAOS-mode to PD1. (b) |S(f0 + f3)| = 0.4581×10-4 

obtained when DMD2 is programmed to direct only the red color spectral band light to PD1 

using a f3 = 50 Hz CAOS-mode. (c) |S(f0+f2)| = 1.091×10-4 obtained when DMD2 is 

programmed to direct only the green color spectral band light to PD1 using a f2 = 62.5 Hz 

CAOS-mode. (d) |S(f0+f3)| = 0.4597 ×10-4 and |S(f0 + f1)| = 1.074×10-4 obtained when DMD2 

is programmed to simultaneously direct the red and blue color spectral band light components 

to PD1 using f3 = 55.5 Hz (red) and f1 = 83.3 Hz (blue) CAOS-mode. ................................ 165 

Fig. 9.8. Highlighted are the detected peak |S(f1)| for different optical attenuation, DAQ 

voltage range configuration, and sampling duration time. (a) |S(f1)| = 1.228 obtained for a 10 

V DAQ range setting when no optical attenuation is used and ts = 5 s. (b) |S(f1)| = 1.43×10-5 

obtained for a 10 V DAQ range setting when ND filter is equal to OD = 5 and ts = 5 s. (c) 

Peak at f1 buried in system noise floor for a 10 V DAQ range setting when ND filter is equal 

to OD = 5.5 and ts = 5 s. (d) |S(f1)| = 3.56×10-6 obtained for a 200 mV DAQ range setting 

when ND filter is equal to OD = 5.5 and ts = 5 s. .................................................................. 171 

Fig. 9.9. (a) |S(f1)| = 1.902×10-6 obtained for a 200 mV DAQ range setting when ND filter is 

equal to OD = 6 and ts = 5 s. (b) Peak at f1 buried in system noise floor for a 200mV volts 

DAQ range setting when ND filter is equal to OD = 6.3 and ts = 5 s. (c) S(f1)| = 6.371×10-7 

obtained for a 200 mV DAQ range setting when ND filter is equal to OD = 6.3 and ts = 60 s. 

(d) S(f1)| = 3.662×10-7 obtained for a 200 mV DAQ range setting when ND filter is equal to 

OD = 6.6 and ts = 60 s. (e) Peak at f1 buried in system noise floor for a 200mV volts DAQ 

range setting when ND filter is equal to OD = 6.9 and ts = 60 s. ........................................... 173 
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object presenting surface irregularities such as borehole depths in a 3-D sample. Moreover 

the versatile shape sensor is tested by imaging the pin region of a 16-pin Integrated Circuit 

(IC) Thin-Shrink Small Outline Package (TSSOP) and also used to reconstruct the shape of a 

3-D aircraft part, making the 3-D shape sensor ideal for a wide range of applications. 

Chapter 3 presents the design of a shape sensor that uses an ECVFL and a line 

illumination scanning for 3-D shape sensing and reconstruction [5]. The proposed design uses 

a smart single viewing axis camera module designed to work with a laser line illumination 

scanning principle. Image processing algorithm techniques are presented in this chapter that 

evaluate the acquired laser illuminated target images. The deployment of a laser line scanning 

illumination with respect to the Chapter 2 demonstrated single laser point scanned ECVFL 

based 3-D shape sensor represents a major improvement in shape sensor speed performance 

[1, 6]. In particular, the line illumination sensor experimentally demonstrates 16X per-point 

3-D scan performance improvement when compared to the Chapter 2 presented point-scan 

based sensor. The proposed shape sensor is experimentally demonstrated using a liquid 

ECVFL and a transverse direction motion mechanical platform to successfully 3-D map 40 

mm depth steep surface profile objects with a demonstrated experimental mean measurement 

error of <5% within the designed working range.  

Chapter 4 presents a novel projection display system that is ECVFL based and called 

Smart art display [7]. The use of an ECVFL in the projection display design allows the 

projection of sharp and in-focus images over multi-distances/multi-level 3-D surfaces. In 

order to 3-D map the multi-depth target projection, the proposed projection system functions 

in unison with an embedded and non-invasive distance sensor that uses the ECVFL for both 

sensing and projection purposes. With respect to conventional laser scanning and Spatial 

Light Modulator (SLM) based projection systems, the proposed projection system offers in-

focus non-distorted projection over a multi-distance screen zone with varying depths [8]. A 

basic computer automated experimental projection system for a screen depth variation 

distance ranging from 12 cm to 77 cm with respect to the edge of the projection system is 

demonstrated. The projection system uses a 633 nm laser beam, a 3 kHz scan speed galvo-

scanning mirrors and a liquid-based ECVFL, improving on the 2011 non-automated 

implementation [9]. Furthermore, this chapter shows the 3-D projection capabilities of the 

Smart Art Display, including the projection of a non-distorted image over a two-depth screen 

versus a distorted image obtained via dominant prior-art projection methods. 
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Chapter 7 presents for the first time the design and implementation of the novel Coded 

Access Optical Sensor (CAOS) Imager/Camera [16]. High spatial resolution, low inter-pixel 

crosstalk, high Signal-to-Noise Ratio (SNR), adequate application dependent speed, 

economical and energy efficient design are common goals sought after for optical image 

sensors. Imagers based on pixelated imaging devices such as CCD/CMOS sensors avoid 

pixel-by-pixel scanning as all sensor pixels operate in parallel, but these imagers are 

fundamentally limited by inter-pixel crosstalk, in particular with interspersed bright and dim 

light zones. This chapter presents and discusses the CAOS agile pixel imager sensor design 

platform that can greatly alleviate the aforementioned fundamental limitations, empowering 

smart optical imaging for particular extreme contrast environments. Specifically, this novel 

CAOS imager engages an application dependent electronically programmable agile pixel 

platform using hybrid space-time-frequency coded multiple-access of the sampled optical 

irradiance map. This chapter demonstrates the foundational working principles of the first 

experimental electronically programmable CAOS imager using hybrid time-frequency 

multiple access sampling of a known high contrast laser beam irradiance test map, with the 

CAOS imager based on a TI DMD device. Experimentally, the CAOS imager provides 

imaging data that exhibits 77 dB electrical Signal-to-Noise Ratio (SNR) and the measured 

laser beam image irradiance specifications closely match (i.e., within 0.75% error) the laser 

manufacturer provided beam image irradiance radius number. The proposed CAOS imager 

can be deployed in many scientific and non-scientific applications where pixel agility via 

electronic programmability can zoom in on desired features in an irradiance map subject to 

the CAOS imaging operation. 

Chapter 8 presents for the first time the CAOS-CMOS camera design that combines 

the CAOS imager platform with the CMOS multi-pixel optical sensor [17]. The chapter 

describes how the combination of a classic CMOS sensor light staring mode with the time-

frequency-space agile pixel CAOS imager mode within one programmable optical unit is able 

to achieve a high dynamic range imager design for extreme light contrast conditions. The 

proposed CAOS-CMOS camera is built using a DMD, a silicon point photo-detector with a 

variable gain amplifier, and a silicon CMOS sensor with a maximum rated 51.3 dB Dynamic 

Range (DR). A white light imaging scenario comprising three different brightness 

simultaneously viewed targets is achieved by the CAOS-CMOS camera demonstrating an 

experimental 82.06 dB DR. To confirm the potential of the presented CAOS-CMOS camera, 

the image acquisition of the same scenario was shown to fail when viewed with the classic 
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CMOS image sensor due to the limited CMOS camera DR. The results presented in this 

chapter extend the coherent laser imaging performance in Chapter 7 to incoherent white light 

imaging [16]. Applications of the proposed novel camera include industrial machine vision, 

welding, laser analysis, automotive, night vision, surveillance and multispectral military 

systems. 

Chapter 9 further extends the results provided in Chapter 7 and Chapter 8. It is shown, 

for the first time, the CAOS camera designs to enable simultaneous dual optical band 

imaging suited for extreme contrast multispectral bright target scenarios [18]. The proposed 

design deploys DMDs for time-frequency agile pixels CAOS-mode modulation in both the 

spatial and spectral domain in the image space. The design also uses two-point detectors that 

are spatially and spectrally isolated. This new imager can simultaneously and independently 

detect pixel selective image irradiance information for two different broad spectral bands, 

visible (VIS) and near infrared (NIR), that further undergo independent spectral image data 

extraction via finer-tuned wavelength filtering using all-optical or CAOS-mode electronic 

filters. A proof-of-concept visible-near infrared band CAOS imager is successfully 

demonstrated using a target scene containing LEDs having different central wavelengths and 

using narrowband optical filters. Furthermore, using the CAOS-mode, simultaneous colour 

content monitoring of a white light image target is demonstrated. For the proposed design a 

higher bit count Analog-to-Digital Converter (ADC) device is deployed with both range and 

sampling duration parameter control, allowing a wider dataset acquisition. Such considerable 

data set size undergoes electronic Digital Signal Processing (DSP) to extract higher DSP gain 

and additional noise suppression. The introduction of the aforementioned features improved 

the achieved experimental DR by 56 dB over the CAOS-imaging demonstration presented in 

Chapter 8 [17]. 

Finally, chapter 10 presents conclusions of the thesis by highlighting key results and 

suggesting future works to further improve the proposed smart module designs. 
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In [16-19], the use of the ECVFL for imaging, display and distance measurements has 

been proposed and demonstrated. Specifically, [16] demonstrates a single point distance 

sensor while [17] demonstrates a 3-D distance mapping sensor. The optical design in [17] 

includes off-axis camera viewing which inhibits the use of this 3-D shape sensor design for 

borehole sensing scenarios such as depicted in Fig. 2.1(b) which require a single viewing axis 

based sensor. Furthermore, in [17] a non-automated scan system design is proposed and 

demonstrated. Also, in [17] the sensor design does not allow input beam diameter control for 

aberration reduction resulting in a non-optimal illuminating laser beam diameter being 

deployed for sensing applications. In [18] is proposed a laser sampling head design for 2-D 

image acquisition applications. Note that [18] does not describe a 3-D shape sensor but 

provides an optimized optical design for 2-D image sensing with the highest transverse 

resolution possible for all target distances. Furthermore, in [19] it is shown how the basic 

ECVFL-based distance sensor can be implemented as a smart high resolution laser scanning 

display.  

In this chapter, a computer automated 3-D scan shape sensor with on-axis camera 

viewing, including target illuminating beam diameter control for optimal scan transverse 

resolution, is designed and demonstrated for a variety of complex objects undergoing optical 

inspections. Specifically, proposed is a low cost single view point 3-D shape sensor for non-

contact measurements that provides high transverse resolution over the designed working 

range and, due to the on-axis nature of the sensor design, the proposed sensor is not subject to 

the occlusion problem illustrated in Fig. 2.1(b). First, the chapter describes the proposed 3-D 

shape sensor optical design theory. Next a variety of distance measurement experiments are 

conducted to showcase the versatility of the proposed sensor to measure shape along One 

Dimensional (1-D) (e.g., multi-boreholes test part), Two Dimensional (2-D) (e.g., integrated 

electronic chip pin layout testing), and 3-D (e.g., aircraft 3-D part) imaging domains. The 

chapter concludes with an assessment of the sensor performance, features and limitations. 
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21]. For instance, a bigger optical aperture at the lens entrance creates a stronger beam spot 

spreading effect due to spherical aberration in the lens. Aberrations can be counterbalanced 

either by designing a system of aberration correcting lenses and/or by simply decreasing the 

input beam diameter. In the proposed design compared to the prior work [12-14], the latter 

solution as shown in Fig. 2.2(b) has been used where a SF controls the optical aperture Ds. 

Note that although decreasing the input beam diameter Ds reduces aberrations, it also 

increases diffraction effects that result in a larger diffraction limited beam spot diameter. In a 

practical scenario, these two effects need to be considered carefully and balanced to achieve 

the smallest possible focused spot diameter at the target plane.  

Fig. 2.2(c) shows the camera design which is based on an imaging lens L with a focal 

length of F, a camera aperture of diameter DA and a CMOS sensor chip. The distance from 

the CMOS sensor to L is denoted as di, the distance from L to BS is denoted as d3 and the 

distance from BS to the edge of the T/R module is denoted as d2. hc is defined as the total 

distance from the target plane to camera lens entrance to i.e. hc = d3 + d2 +h. In order for the 

3-D shape sensor to work for a chosen target depth range, the camera needs to take 

acceptably sharp images of the target illuminated spot over all these depth values. To ensure 

this condition, the camera parameters such as F and DA need to be set carefully to allow a 

sufficient DOF. Section 2.2.1 describes a theoretical overview of the factors affecting the 

DOF of the camera to select experimental camera parameters for optimal 3-D shape sensing 

using the proposed system. 
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2.2.1 DERIVATION OF CAMERA DEPTH OF FIELD (DOF) 
 

 

For optimal performance of the shape sensor, an important aspect to consider is the 

camera design. Specifically, the DOF of the camera needs to cover the measuring range of 

the 3-D shape sensor. Therefore, in order to choose the appropriate camera parameters, this 

section involves a derivation of the DOF which will help to determine the experimental 

camera parameters needed for a desired 3-D shape sensor design. The DOF of camera is 

defined as the range of distances on the object side over which a focussed image is formed on 

the imaging CMOS sensor chip. The depth of focus is defined as the range of distances on the 

image side over which a focused image is formed on the imaging sensor. For the single lens 

camera system shown in Fig. 2.3, an object O is perfectly focused onto an imaging sensor to 

form an image I. In Fig. 2.3, F is the lens focal length, DA is the lens aperture diameter, do is 

the lens to object distance and di is the lens to image distance. Onear is the point on the optic 

axis on the object side representing the near limit of the DOF while Ofar is the point on the 

optic axis on the object side representing the far limit of the DOF. Ifar is the point on the optic 

axis on the image side representing the image of the point Onear while Inear is the point on the 

optic axis on the image side representing the image of the point Ofar. Note that don is the lens 

to Onear distance, dof is the lens to Ofar distance, dif is the lens to Ifar distance and din is the lens 

to Inear distance. Ci is the permissible diameter of the blur circle formed on the imaging sensor 

 
 

Fig. 2.3. Optical ray diagram of a single lens imaging system illustrating the concept of 
Depth of Field. 
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in order for an object to be considered in focus and Co is the corresponding (conjugate) 

diameter in the object space. The shaded grey region on the object side represents the extent 

of the DOF and the corresponding depth of focus region on the image side is also shaded in 

grey. P1, P2, P3 and P4 are marked points on the diagram to aid the following DOF derivation. 

For an imaging system, the thin lens equation relating F, di and do is given by [20]: 

,
111

io ddF
���       (2.2) 

while the transverse magnification MT of the camera is [16]: 
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In terms of an object of height yo forming an image of height yi, MT is:  

o

i
T y
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Note that in Eqn. (2.4), both yo and yi are assumed to be positive when measured 

upwards from the optic axis. Now, Co can be thought of as the object height yo as it is 

measured on the object plane. Ci can be thought of as the image height yi as Ci is measured on 

the image plane. Therefore, MT can be written as: 
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Rearranging for Co gives: 
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Combing Eqns. (2.3) and (2.5) gives: 
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Note that in Eqn. (2.6), the negative sign from Eqn. (2.3) cancels that of Eqn. (2.5). 

Substituting di from Eqn. (2.2) into Eqn. (2.6) gives: 
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Moreover, to automate the system, a Graphic User Interface (GUI), developed in 

C++/CLI language, controls the camera in real-time, ECVFL current (hence focal length), x-y 

motorized stage and the synchronization of the components. The GUI is also responsible for 

the image processing part of the depth sensing routine. The spot diameter (in pixels) of the 

captured image is found by transforming the image captured into a two-level binary image (1 

bit per depth) and counting the number of white pixels above a certain intensity threshold. 

The result of the counting routine is proportional to the spot size. Therefore, the optimum Fe 

value corresponding to the smallest spot size allows depth information recovery by consulting 

the calibration curve obtained during the training phase of the system. The aforementioned 

operations are all summarized in Fig. 2.5. 

 

 
 

Fig. 2.5. Flow chart diagram illustrating the sequential steps of the proposed 3-D shape 
sensor, highlighting the steps implemented in the imaging processing algorithm. 
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The Fig. 2.2(b) design is experimentally implemented in the laboratory facility as 

shown in Fig. 2.6(a). Since Fe and current i values are proportional, the calibration curve 

obtained in the training phase is shown in Fig. 2.6(b) which plots depth h versus current i. 

Given the experimentally chosen h range of 40 mm, the theoretical diffraction limited spot 

diameter 2wdiff derived from Eqn. (2.1) is plotted versus depth h and shown as a solid curve in 

Fig. 2.6(c). Figure 2.6(c) also shows the experimental x-y transverse resolution data of the 3-

D shape sensor obtained by placing the CMOS sensor chip on the target plane and then 

implementing image processing on the CMOS sensor chip provided beam spot pattern.  

To assess the transverse resolution performance of the demonstrated shape sensor, the 

data sheet of a commercially available micro-epsilon model ILD 1700-40 triangulation-based 

sensor with a similar depth range is studied. This micro-epsilon sensor provides a spot 

 

 
(a) 

 

 
(b)    (c) 

 
Fig. 2.6. (a) Laboratory setup of the proposed 3-D shape sensor including the mirrors M1 
and M2 deployed for beam alignment, (b) experimental 3-D sensor depth h calibration data 
versus ECVFL drive current values i for the designed 40 mm depth measurement range, 
and (c) 3-D shape sensor x-y transverse resolution calibration curve for spot diameter 
2wmin versus depth h values obtained during the sensor calibration phase. A comparison 
between experimental (dots) and theoretical (line) values is shown. 
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diameter of no less than 210 µm in the 40 mm operational range [27]. Therefore, in terms of 

the transverse resolution, the demonstrated shape sensor has a spot diameter that is 

approximately four times smaller than the micro-epsilon triangulation sensor.  

 

To demonstrate the versatility of the calibrated shape sensor, three types of shape 

sensing experiments are performed. As illustrated in Fig. 2.2(a), the proposed sensor is first 

used to map the depths of the sample with multiple boreholes. Figure 2.7(a) shows the solid 

block sample obtained by joining two custom delrin material made parts having matte dark 

surfaces. The two separated block 3-D sample design allows one to check that the borehole 

bases are flat and a vernier caliper can be used to measure borehole depths. Note that in this 

experiment, the vernier caliper is used as a reference for subsequent 3-D shape sensor 

 

 
(a) 

 

   
(b)      (c) 

 
Fig. 2.7. (a) Side view of the custom-made boreholes solid block that is assembled by 
stacking two separate blocks, (b) top view of the assembled boreholes solid block, and (c) 
solid block 3-D borehole depth reconstructions using the proposed ECVFL-based sensor. 
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measurement data. Figure 2.7(b) shows the solid block hole structure which is organized in a 

3×4 matrix where the 4 depths columns are labelled as h1, h2, h3, and h4. For calibration 

purposes, the 2 parts of the block are separated and depths are measured with a vernier 

caliper, giving the depth values shown in Table 2.1. For each borehole, the diameter Dh is 

equal to 5 mm and the distance between each neighbouring hole center is 10 mm. Note that 

for each hole in the block, a single point scan at the center of the hole is performed using the 

proposed 3-D shape sensor and the corresponding measured depth values are presented and 

compared with the calliper measured depth values in Table 2.1. As shown in Table 2.1, the 

measured depth values are close to the reference vernier readings. More precisely, Table 2.1 

includes the mean measurement error (in mm) of the measurements compared to the vernier 

readings which are 0.84 mm, 0.58 mm, 0.44 mm and 0.50 for depth columns h1, h2, h3 and h4, 

respectively. 

These mean errors are all within ±0.5 mm of the corresponding vernier depth values. 

For each column depth h1, h2, h3 and h4, the 95 % confidence interval of the true mean depth 

value is calculated using the statistical t-test [28] and presented in Table 2.1. The average 

error of the system (in mm) is the average of the individual mean measurement errors of the 

depth columns, which is 0.59 mm having a standard deviation of 0.17 mm. To evaluate the 

mean percentage error of the system, each of these mean measurement error values (in mm) 

are divided by its corresponding vernier reading and multiplied by 100. This gives a 

percentage error for each depth columns h1, h2, h3 and h4. The mean percentage error of the 

system is the mean of these individual percentage errors, which is approximately ±3% when 

compared to measurements from the vernier caliper. Fig. 2.7(c) shows the 3-D view of the 

reconstructed solid block holes depth map. 
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Table 2.1. Experimental solid block borehole depth values obtained with the proposed 3-D 
shape sensor and a vernier caliper. When using the shape sensor, one measurement is taken 
for each hole approximately at its base centre point. 

 

 h1 

[mm] 
h2 

[mm] 
h3 

[mm] 
h4 

[mm] 
Vernier 
Caliper 10.16±0.01 20.32±0.22 30.06±0.05 40.18±0.063 

3-D Shape 
Sensor 

11.20 
10.90 
10.90 

 

20.70 
21.00 
21.00 

 

30.01 
29.62 
29.24 

 

39.32 
40.60 
39.95 

 

Mean 
Measurement 

Error 
+0.84 +0.58 -0.43 -0.50 

Mean 11 20.9 29.62 39.95 

95% 
Confidence 

Interval  
via t-test 

11±0.42 20.9±0.42 29.62±0.94 39.95±1.58 
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processing routines where pin verification can be performed by looking at the presence or 

absence of peaks. 

 

 
(a) 

 
(b) 

 
(c) 

 
(d) 

 
Fig. 2.9. (a) 2-D optical intensity map obtained for the A region of the TSSOP IC using the 
proposed ECVFL-based sensor, (b) 2-D optical intensity map obtained for the B region of 
the TSSOP IC using the proposed ECVFL-based sensor, (c) 1-D normalized intensity plot 
for zone A of the IC component obtained using the proposed ECVFL-based sensor 
showing the presence of all pins, and (d) 1-D normalized intensity plot for zone B of the IC 
component obtained using the proposed ECVFL-based sensor showing the locations of the 
two missing pins. 
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Next, the proposed 3-D shape sensor is deployed to generate a complete 3-D point 

cloud map of a Fokker aircraft part having volumetric containment dimensions of 35 cm × 8 

cm × 4 cm. This 3-D part has conformal non-uniform surfaces making standard contact 

measurement techniques unusable for 3-D mapping. The aircraft part shape acquisition is 

experimentally carried out by utilizing a motorized stage covering an area OW=32 cm by 

OL=4 cm in the x-y plane with a step side resolution of 5 mm for a total of 504 points in the 

3-D point cloud. As shown in Fig. 2.10(a), the part surface varies from being mostly flat in 

the middle region to having two asymmetric slopes on the sides. Figure 2.10(b) shows the 

point cloud map obtained for the scanned aircraft part under test via the proposed shape 

sensor revealing the non-uniform surface regions optimized for aerodynamic air flow 

operations. Figure 2.10(c) shows a 1-D plot of h versus OL across the Fig. 2.10(a) aircraft 

part. 1-D traces such as Fig. 2.10(c) can be used as a quick inspection check for locating 

defects in shape profiles before carrying out a detailed 2-D scan. In order to obtain a 360° 

FOV coverage 3-D point cloud of a generic 3-D part, independent 3-D point clouds using 

different Field of Views (FOVs) must be acquired. These different point cloud datasets must 

be combined via software to obtain the complete 3-D object point cloud. 

 

 

 
(a)      (b) 

 
(c) 

 
Fig. 2.10. (a) Fokker aircraft part used in the 3-D shape sensing experiment, (b) 3-D point 
cloud map of the Fokker aircraft part obtained using the proposed 3-D shape sensor, and 
(c) 1-D plot of h versus OL, outlining the shape profile of the aircraft part shown in (a). 
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For example, Fig. 2.11(a) shows a proposed laser line source-based 3-D shape sensor. 

The single line is scanned across the 3-D target to acquire multiple 2-D point clouds that are 

stitched together to form a 3-D point cloud. Note that for faster data generation, multiple such 

line-based 3-D shape sensors can be combined to form a multi-line 3-D shape sensor. 

Furthermore, Fig. 2.9(b) shows an inter-line shift method that can be applied to produce a 

high resolution 3-D point cloud. In this method, all lines are shifted to multiple locations 

between a line pitch interval to acquire 3-D point clouds that are combined to produce a high 

spatial resolution 3-D point cloud data set. 

 

 
(a) 

 
(b) 

 
Fig. 2.11. (a) Proposed laser line source-based 3-D shape sensor optical design, and (b) top 
view of a laser line pattern with 4 lines illuminating a target for the proposed ECVFL-
based 3-D shape sensor. 
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principles of the proposed sensor, showcasing experimental results that demonstrates the 

improved sensor performance including a faster speed of operation. 

 

 
(a) 

 
(b) 

 

 
(c) 

 
Fig. 3.1. (a) Proposed optical design of a single viewing axis laser line illumination 
based 3-D shape sensor. (b) Proposed camera module design used for image 
acquisition. (c) Camera module optical ray diagram. 
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Figure 3.1(b) shows the proposed design of the camera module used in the 3-D shape 

sensor. An imaging lens L with a focal length F, a camera aperture labeled as SFC having 

diameter DA, and an imaging sensor chip constitute the camera module. The distance from the 

imaging sensor to L is denoted as di, d3 is the distance from L to the BS, and d2 is the distance 

from the BS to the edge of the sensor module. Acceptably sharp images of the target 

illuminated laser line are necessary over all the depth values within the sensor working range. 

Hence F and DA camera parameters need to be chosen carefully to allow a sufficient Depth of 

Field (DOF) interval value which will guarantee sharp in-focus subjects within the designed 

camera DOF. A detailed view of camera imaging lens operation is illustrated in Fig. 3.1(c) 

where the optical ray diagram is shown. F is the lens L focal length, DA is the lens aperture 

diameter, do is the lens to object distance, and di is the lens to image distance. Onear is the 

point on the optic axis on the object side representing the near limit of the DOF. Ofar is the 

point on the optic axis on the object side representing the far limit of the DOF. Ifar and Inear are 

the points on the optic axis on the image side that are the images of the points Onear and Ofar 

respectively. don is the lens to Onear distance while dof is the lens to Ofar distance. dif  is the lens 

to Ifar distance, and din is the lens to Inear distance. Ci is defined as the permissible diameter of 

the blur circle formed on the imaging sensor in order for an object to be considered 

sufficiently in focus while Co is the corresponding (conjugate) diameter in the object space. 

In Fig. 3.1(c) the shaded grey region on the object side represents the extent of the DOF. 

Using geometry, the DOF equation which is used to determinate the camera parameters is 

written as: 
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The detailed and rigorous derivation of Eqn. (3.4) is fully described in [15]. Note that 

the Eqn. (3.4) expression represents the DOF of the camera module, and not the DOF of the 

target illuminating beam. Additionally, to correctly design and verify the camera parameters 

involved, the thin lens equation is used which is defined as [26]: 
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and following Eqn. (3.5), the imaging system magnification factor M is defined as [26]: 
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To compute the sensor working distance hR, the classic ray-optics thin lens imaging 

Eqn. (3.5) and the Fnet Eqn. (3.2) are deployed for the two-lens system (see Fig. 3.2(a)) 

formed by the LLM and ECVFL. In Fig. 3.2(a), the point P is the back-projected laser virtual 

point source seen inside the LLM. The combined cylindrical lens-ECVFL lens system 

performs the thin-lens imaging operation between the target plane and the back-projected 

point P. By applying Eqn. (3.5) for the cylindrical lens Lc, one can write:  

,
111

icocc ssF
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where so=soc is the lens-object distance and si=sic is the lens-image distance. Rearranging Eqn. 

(3.7) gives: 
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Fig. 3.2. (a) Side view ray optics diagram of the ECVFL and LLM cylindrical lens Lc based 
two lens system. TP: Target Plane. (b) Laser line illumination behavior due to different 
ECVFL focal length values. In this illustration, the optimum ECVFL value for is given by 
Fe,0. 



- 42 - 

 

Using geometry, the ECVFL object distance soe is: 

.icsoe sds ���       (3.9) 

Inserting Eqn. (3.8) into Eqn. (3.9) gives: 
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Next, using Eqn. (3.5) for the ECVFL gives: 
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where si=sie is the ECVFL-image distance. Rearranging Eqn. (3.11) gives: 
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Inserting Eqn. (3.9) into Eqn. (3.12) gives: 
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Next, inserting Eqn. (3.8) into Eqn. (3.13) gives: 
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Rearranging Eqn. (3.14), one can write: 
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Using Eqn. (3.15), the working distance h measured from the edge of the shape sensor 

module to the target is given by:  
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the imaging sensor pixel size p, the sensor dimension is equal to 1200×5.3 µm = 6.36 mm. 

Using Eqn. (3.5), the FOVx value is calculated as: 

mm
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Note that if required, the camera optics can be designed to cover a wider FOV. In Fig. 

3.4 it is shown a flow chart that highlights the constraints in the design as described 

previously.  

 

 
 

 
 

Fig. 3.4. Flowchart diagram for that shows the relationship among the designed working 
range hR, DOF, and FOV.  
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The sensor system is programmed to operate along with an in-house software Graphic 

User Interface (GUI) developed in C++/CLI language which controls in real-time the 3-D 

shape sensor operations. The GUI is responsible for synchronization operations and interprets 

the commands that are sent to the ECVFL from the lens driver controller. The GUI also 

manages the communication between the microcontroller and the motors and implements the 

designed image processing algorithm. 

The minimum laser line illumination width is dictated by the optimum Fe value which 

is linked to the current i applied to the ECVFL. Given a laser line illumination spread along 

the x-direction (row direction) as shown in Fig. 3.5(a), it is possible to determine a net 

irradiance value for a row of pixels in the image. This operation is done by adding the 

individual optical irradiances of each pixel in a row. Figure 3.5(b) shows an example 

irradiance distribution for the case of focussed and unfocussed illumination lines. Note in 

particular how a focused laser line translates into a sharp peak intensity profile. The measured 

profile intensity data experimentally obtained is used to measure the line illumination width. 

Figure 3.5(c) shows the result obtained with the described method. Similar results are 

obtained during the calibration training phase of the sensor over the experimental working 

distance. The average laser line illumination width wpx value is 20 pixels in the CMOS 

sensor. Using Eqn. (3.6) and the distances involved in the optical design, M at the mid range 

working distance is computed as M = -di/do = -(72.7 /160) = -0.454. Knowing M and by 

multiplying the imaging sensor pixel pitch size p with the line illumination width size in pixel 

unit wpx, the line illumination width value wL at the mid range working distance plane is 

computed as: 
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which is the experimental line illumination width value at the mid range working distance. 

This value represents the experimental transverse resolution along the y-direction of the 

proposed 3-D shape sensor. 
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(a) 

 

   
(b)      (c) 

 

  
(d)      (e) 

 
 

Fig. 3.5. (a) Laser line illumination width camera snapshot for an unfocused (left) and a 
focussed (right) beam. (b) Laser line illumination intensity versus CMOS sensor pixel 
location along y-direction for an unfocused (dotted line) and a focussed (solid line) laser 
line beam. (c) Experimentally measured laser line thickness (in CMOS sensor pixel count) 
versus ECVFL drive current for a given depth hi = 10 mm. (d) Laser line illumination 
falling over a cube shaped object. (e) Laser line illumination divided in n segments. 
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The line illumination scenario shown in Fig. 3.5(a) occurs only when the target depth 

profile is uniform along the line direction. A typical scenario could be the one shown in Fig. 

3.5(d) where the laser line illumination falls over an object having different heights with 

respect to the base of the target plane. In such scenarios, the laser line is programmed to have 

a minimum line width only in a portion of the overall laser line for a single ECVFL value Fe. 

As shown in Fig. 3.5(e) scenario, the illumination line is divided into n segments representing 

n independent illumination lines. This is done in order to individually evaluate each line 

segment. According to the object depth h, the n-th segment will have a unique line 

illumination width with respect to a particular ECVFL focal length. The tuning operation of 

the ECVFL Fe focal length affects all the n segments at the same time. Nevertheless, the 

recovery of the optimum Fe values for each segment is still possible, by observing the line 

width illumination behavior at each segment independently. As mentioned earlier for Fig. 

3.5(a), the line irradiance estimation operation along the x-direction was performed over the 

entire line length. For Fig. 3.5(e), the line irradiance estimation along the x-direction is 

performed only for the length of a given segment. This is done so one finds n optimum Fe 

values corresponding to the thinnest line segment. Knowing the corresponding optimum Fe 

values for each segment and using the calibration map obtained for the 3-D shape sensor, the 

depth information for each segment can be found. The value n needs to be chosen carefully 

according to the experimental conditions. Not only is n related to an increase in algorithm 

complexity, it is also sensitive to optical speckle. Specifically, when a laser light interacts 

with the target surface, optical speckle is created and recorded by the imaging sensor. An 

improper value of n negatively effects the line width evaluation due to the contribution of the 

coherently scattered light. For the experiment different values of n were considered to 

establish an n value that offers the best compromise in terms of depth measurement error and 

sensor performance for the adopted working range. A value of n = 16 was used in algorithm 

implementation. The n value also dictates the experimental transverse resolution along the x-

direction which is also correlated to the camera field of view. With the experimental 

parameters settings used, the transverse resolution along the x-direction is experimentally 

shown to be equal to 1 mm. 
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By experimentally compiling the 3-D sensor calibration map over the full designed 

working range using the optimum Fe values, the Fig. 3.6 sensor calibration curve is obtained. 

The calibration points are acquired with a resolution of 2 mm in depth covering the complete 

designed 40 mm depth range and a best line fit is drawn through the points. With the 

calibration map available it is possible to pursue the line scanning operation of the entire 3-D 

target placed on the target plane. For a given x-y location, a series of images are acquired 

while sweeping through the ECVFL Fe over the desired depth range. Once the Fe sweeping is 

complete, the image processing algorithm evaluates all the images captured and extracts the 

laser line illumination width data (i.e., for all n segments). As mentioned earlier, the 

minimum width dimension extraction relative to the n-th segment is performed considering 

the optimum Fe value for each segment. Finally, the optimum Fe values obtained are 

evaluated using the calibration curve, thus obtaining the target depth value for the considered 

x-y location for each line segment. This process is repeated for a number of x-y positions 

using the programmed x-y motors step resolution to scan the object over the entire x-y plane. 

The accuracy of the calibration method for this experiment is dictated by factors such 

as the stability of the ECVFL optical and electrical properties over its focal length range, the 

optical spatial stability of the line illumination, the mechanical stability of the 2 mm step 

change motion stage, image corruption due to speckles in the observed illumination line, and 

ultimately the signal processing quantization noise in the image processing algorithm. 

 
 

 
 

Fig. 3.6. Experimental calibration depth h versus ECVFL drive current i for the designed 
40 mm depth range. Raw data (dots) and the best fit curve (solid line) are shown. The 
curve fitting operation was performed using MATLAB. 
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Several test scans were made to evaluate the performance of the proposed sensor. 

Shown in Fig. 3.7 (a) is an abstract representation of the cube deployed in the experimental 

demonstration. Figure 3.7(b) shows the delrin material object having two heights of 1 cm and 

2 cm and Fig. 3.7(c) shows the profile obtained using the 3-D shape sensor with a 5 mm x-y 

motor step resolution. All the measurements obtained were within ±2 mm with respect to the 

actual target depth, giving an error of less than 5% in the designed working range. Figure 

3.8(a) shows a delrin material object having a stair-case shape with 4 levels and a step height 

of 10 mm. The four different levels are at heights of 10 mm, 20 mm, 30 mm, and 40 mm. To 

3-D map the entire object, a 5 mm x-y motor step resolution is chosen. Experimentally a 

worst case ±2 mm depth measurement deviation (see Fig. 3.8(b)) compared to the actual 

target height values is observed. Again, the depth measurement error is < 5%. Next the shape 

sensor is used to map a delrin object material having a narrow crevice of 7 mm width and 15 

mm depth.  

 

 
Fig. 3.8. (a) Staircase sample delrin block having 10 mm, 20 mm, 30 mm, and 40 mm 
height for each step respectively. (b) Complete object 3-D profile obtained with proposed 
3-D shape sensor. 

 
Fig. 3.7. (a) Abstract representation of the two cubes deployed for the experimental 
demonstration (b) Sample delrin block made by two cubes having 1 cm and 2 cm heights, 
respectively. (c) 3-D profile obtained with the proposed 3-D shape sensor. 
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As shown in Fig. 3.9(a), the crevice is custom manufactured inside a solid block 30 

mm tall and 15 mm wide. Using the shape sensor in the 3-D scanning mode, a total of 26 

individual scans are obtained, in other words, using n = 16, 416 individual data points. The 

reconstructed 3-D object (see Fig. 3.9(b)) gives a worst case ±2 mm deviation from the actual 

target depth values, giving a less than 5% deviation error within the 40 mm designed depth 

working range. For visualization purposes a cut-section along the widest direction of the 

object is presented in Fig. 3.9(b) where the narrow crevice in the object is highlighted. 

Next, examined is the proposed sensor speed performance when compared to our ref. 

15 single laser spot scanning based 3-D sensor. In both sensors, the processing time depends 

on three factors, namely, the ECVFL settling time, the transverse motor step scan size and the 

laser line illumination width measurement algorithm execution time. The algorithm 

processing time is dependent on the PC processor power. This processing time for most 

modern electronics can be considered to be fast (near real-time) since the functions 

performed in the algorithm are not computationally demanding. For sake of simplicity, the 

time required to re-position the sensor using the motors in a new scan point can be excluded 

for both sensors comparison. This is appropriate since both sensors have the same motor 

configuration, therefore same re-positioning time. Regarding the ECVFL, it is necessary that 

before acquiring a laser line snapshot with the camera module, one allows a safe settling time 

for the device. The optical fluid contained in the Optotune ECVFL needs an average of 10 ms 

for this ECVFL model to adjust its position from a different current setting. For instance, the 

ECVFL can be programmed to operate using 100 distinct Fe values in the designed working 

 
 

Fig. 3.9. (a) Sample having a narrow crevice with a 15 mm depth and 7 mm width. (b) 
Partial cut-section 3-D profile reconstruction using the laser line shape sensor. 
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range. Therefore, allowing a total of 50 ms for the camera module to capture the image and 

sweeping the Fe for a total of 100 values implies an acquisition time of 5 seconds for each 

motor position. In the Fig. 3.9(a) target sample case, 26 scans are made to cover the entire 

target which takes about 2 minutes. With respect to ref. 15 where a different ECVFL, model 

EL-10-30 by Optotune, having 15 ms settling time was used, 10 seconds were required to 

cover a single depth scan position. Excluding the time for the motor to reach a different 

position, mapping the entire object with a single sampling laser spot implies an execution 

time of over 60 minutes. That being said, the improvement introduced with this new approach 

is significantly consistent, rated as 16 points per second versus 0.3 points per seconds, in 

other words, a 53 times per-point acquisition time improvement in terms of speed 

performance versus the ref. 15 3-D shape sensor. This time can be further improved by using 

commercially available high speed motorized x-y stage having faster re-position time. For 

instance, the ILS-LM Motor series by Newport provides motors having up to 500 mm/s 

maximum speed [30] compared to the 1 mm/s motor speed used in the described experiment. 

For the proposed sensor, the limitations are mainly related to the inevitable speckle 

that is generated when a laser light source interacts with the target material. An excess in 

speckle complicates the correct determination of the minimum line width. The solution for 

this problem is to use an optical diffuser with moving components to average out the 

unwanted effect [31, 32]. For example, Optotune manufactures a controllable laser speckle 

reducer that can be easily integrated in the proposed optical design such as the LSR-3010 

model [33]. Improvements can also be made in the image processing algorithm 

implementation. Note that for a given ECVFL focal length setting, the proposed algorithm 

computes the smallest possible diffraction limited (and aberration reduced) width of the 

illumination line for every given depth h of the target object within the designed working 

range. Therefore the use of an efficient and robust image processing evaluation algorithm that 

incorporates speckle reduction is key for minimizing experimental depth errors for the 

proposed 3-D shape sensor. Additionally, the development of efficient algorithms that are 

able to interface continuously with the scanning object and with the motor movement 

position can significantly improve the scanning time.  
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3.4 CONCLUSION 
In conclusion, proposed and demonstrated is the design of a novel single viewing axis 

laser line illumination based 3-D shape sensor that uses an ECVFL combined with line shape 

image processing to provide high transverse resolution imaging. The use of the laser line 

illumination scan method allows parallel target shape depth processing which results in an 

experimentally demonstrated 53 times per-point acquisition time improvement with respect to 

our previously demonstrated single laser point scanning based 3-D shape sensor. The sensor 

is deployed to successfully map objects having steep slope surfaces as well as internal 

cavities, such as crevices having narrow openings. The average experimental measurement 

error is computed to be less than 5% within the designed sensor working range of 40 mm. 

Speckle reduction strategies implementation as well as efficient decisional algorithms can 

further improve the performance of the proposed 3-D shape sensor. The proposed sensor can 

be deployed where traditional 3-D shape sensor techniques have limited performance due to 

off-axis placement constraints or where costs should be minimized without sacrificing 

imaging transverse resolution. 

  









- 58 - 

 

  





- 60 - 

 

to produce the smallest focused beam spot size possible at a specified 2-D screen location, 

allowing for an improved variable screen distance range with minimal reduction in display 

spatial resolution and image quality [8]. In 2013, a further step was made by conducting 

another proof-of-concept study using an ECVFL-based LSD that showed a 2-D screen 

variable distance range of up to 800 cm with a laser spot (image pixel) radius of less than 1 

mm over the variable screen distance range [9]. This chapter extends the smart LSD work 

idea. In fact, designed and tested is a first fully automated Smart Art Display for multi-depth 

screen applications such as found in artistic scenarios so the laser spot size and location is 

optimized for best artistic viewing with the 3-D multi-depth conformal screen. Additionally, 

the proposed system design incorporates a novel built-in embedded depth sensor for 3-D 

mapping of the screen projection surface to enable adaptive control of projected laser spot 

(pixel) to suit the specific screen distance for best artistic effects. 

 

 
 

 
 

 
Fig. 4.1. Example projection scenarios using a dual-depth screen and various projection 
technologies such as (a) Standard LCD/DLP projector with limited depth-of-focus; (b) 
Classic Laser Scanning Display (LSD) which presents image distortion; and (c) Proposed 
Smart Art Display which produce a high resolution image with no image distortion. 
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provided by a Data Acquisition (DAQ) Card model 6211 from National Instruments. The 

Smart Art Display uses a near in-line embedded camera module for distance sensing. The 

imaging lens used within the camera module is labelled as ECVFL2 and is model EL-10-30 

from Optotune with a clear aperture diameter of 10 mm. The ECFVL2 focal length is also 

controlled using an Optotune electrical lens driver controller. ECVFL2 is positioned at a 

distance di=8.33 cm away from the CMOS sensor chip. To implement the imaging condition, 

the classical thin lens equation is used to design the ECVFL2 focal length for a given screen 

distance within the experimental projection range h of 65 cm. 

 

Figure 4.3 shows the screen distance versus ECVFL1 drive current calibration dataset 

(shown as dots) for a designed 65 cm range h. Each dot corresponds to the ECVFL1 current 

when the smallest laser spot was recorded on the CMOS sensor chip surface placed at a test 

screen location. The scanning galvo, DAQ card, ECVFL1, and camera module (including 

ECVFL2) are connected to a processor that controls the entire display operation. A 

MATLAB Graphic User Interface (GUI) is implemented to control beam spot size as well as 

beam scans to generate desired graphics display on a given multi-depth screen.  

Shown in Fig. 4.4 is a text sample output displaying information using 2 different line 

thicknesses. This indicates how an artist using this display can optically draw with changing 

laser pen widths depending on the application. Here the shown view size is 6 cm height by 11 

cm width, and the information is displayed on a flat screen. 

 
 

Fig. 4.3. Smart Art Display embedded distance sensor calibration data of localized screen 
distance L versus ECVFL1 current when observing the smallest laser spot on the projection 
screen that is covering a projection screen depth variation of h=65 cm. 
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small spot detection evaluated the spot size change for each ECVFL1 focal length tuning 

operation. The optimum focal length value corresponding to the smallest spot was obtained, 

and using the calibration map of ECVFL1 current versus the distance L (Fig. 4.3), the 

estimate of the screen distance L is computed. The experimental values obtained for this test 

with the embedded distance sensor were 12.8 cm, 24 cm, 34 cm, 42 cm, 53 cm, 63 cm, and 

71 cm with a measurement error that increased with L. As we have shown, distance sensing 

methods based on single spot size observation have limitations if a non-robust image 

processing algorithm is used [9]. However, better methods can be deployed to increase the 

distance sensing performance in the proposed display such as by using multi-image 

acquisition [11] and machine learning algorithms or engaging time of flight laser radar 

techniques. 

 

4.4 CONCLUSION 
In conclusion, proposed and demonstrated is a novel projection display called a Smart 

Art Display suitable for projection over multi-distance conformal screen. The system 

counters issues of loss of resolution, blurring, and distortion when using LSD and DLP/LCD 

projectors for multi-depth screens. The proposed system includes the use of an ECVFL for 

in-focus projection within a designed screen depth working range and an embedded distance 

sensor used for 3-D mapping of the screen projection surface profile. The proposed display 

can be deployed in artistic creations and art installations where an interaction between the 

displayed information within a 3-D screen platform and the human observer is desired for a 

better visual perception. Ultimately, viewers could even create an augmented reality 

interactive experience with real-time feedback to the display system. Future work includes 

the use of the robust methods for efficient distance sensing and the implementation of the 

Smart Art Display in a larger scale all-colour installation. 
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(a) 

 

 
 (b) 

 

 
(c) 

 
Fig. 5.1. Proposed agile electronically programmable wavefront splitting interferometer 
designs using a Spatial Light Modulator (SLM) such as (a) a transmissive SLM, (b) a 
DMD SLM and (c) a Beamsplitter with a DMD SLM. Original version of the shown 
diagrams can be found in [34]. 
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Figure 5.6(a) and Fig. 5.6(b) show the module design for implementing a smart 

camera for 3-D imaging via single point photo-detection and with focus and aperture size 

control via an ECVFL-SLM combination. The cascaded ECVFL 420 and DMD 450 devices 

are engaged within a novel design to deliver the powers of a specific application, in this case, 

a 3-D imager. As shown in Fig. 5.6(a), various transverse image planes at different axial 

directions (along beam direction) of a 3-D object 460 are imaged on to the DMD plane using 

a cascade of a fixed lens 430 and the ECVFL 420. Thus, by changing the ECVFL focal 

length by electronic control 440, a sequence of 2-D images of the object 460 at different axial 

depths (along the optic-axis of the system) are acquired using pin-hole profiling control of the 

DMD 450 and the focus/beam collection lens 433 and the single large area point photo 

detector 470. Thus, the DMD forms a moving pin- hole on the projected 2-D image 

plane/DMD plane where the object 2-D image occurs for a given axial/depth position of the 

3-D object 460. 

 
 

Fig. 5.5. Block diagram of a 3-D imager design using electronic beam 3-D scan/position 
controls and a single point photo-detector and optical illumination source. An original 
version of the shown diagram can be found in [40]. 
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ECVFL 420 can be used to sample object image data on a per color (e.g., red, green, blue) 

basis. Spatial block 490 can be an electronically controlled LC color filter. 

As the DMD 450 can be programmed by an electronic controller 440, the pinhole on 

the projected image can be made to move across the entire image to form a 2-D point 

sampler, thus having photo detector 470 produce point-by-point object irradiance data that 

can be used by the processing electronics 440 to reconstruct the given 2-D image slice. Given 

the ECVFL varies its focus, plural object 2-D image slices can be reconstructed to make a 3-

D image of object 460 and hence realize a 3-D camera. The smallest pin-hole size is a single 

micromirror while bigger pinhole sizes and needed shapes can be used depending on the 

object type and imaging quality needed.  

Figure 5.6(b) shows a transmissive 3-D camera module design using a liquid crystal 

LC SLM 445 instead of the DMD shown in Fig. 5.6(a) although the working principles are 

similar. In this case, light entering the system is linearly polarized for proper LC SLM 

operations. Typically, the LC SLM 445 consists of two polarizers with LC material layer 

sandwiched in-between so that no separate external polarizer is needed in some cases of LC 

SLMs. In this embodiment, the entire 3-D camera is controlled by an electronic controller 

440 for optical power detection by the photodetector 470, SLM 445, color filter 480, and 

ECVFL control, and image processing at the processing and controller electronics 440. 

A typical SLM can have 1 million pixels implying 1 million pin-holes can sample a 

typical projected image falling on the flat SLM surface. Typically, pixels are square or 

rectangular design, so one can program the SLM to form a variety of pinhole shape such as 

hexagons, circles, ellipses, etc, to form the point-sampling head/delta function. Fixed lens 

430 can be replaced by a mechanically spinning head containing a variety of fixed but 

different focal length lenses to give more focus power to the 3-D camera module. 

Figure 5.7 is a schematic diagram showing the module for implementing combined 

projector and camera module for 3-D imaging with single point photo-detection. The basic 

design is the same as Fig. 5.6, except the spatial block 490 is replaced by a light source L1 

505 that feeds the DMD projection system. To act as a DMD image projector, a digital image 

is fed to the DMD 550. Light for projection that carries the chosen image is directed through 

the path containing the imaging lens combination of fixed lens 530 and ECVFL 520. To 

generate a 3-D image, one can change the ECVFL focal length to a direct image plane in the 

3-D object plane. 
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projector. In its basic mode with ECVFL inactive, the module forms both a 2-D camera via a 

point detector and a 2-D image projector. 

 

Figures 5.8(a) and 5.8(b) shows the proposed module for implementing a classic lens-

based aperture controlled camera with a digital 2-D SLM and 2-D detector array. Figure 

5.8(a) uses a transmissive LC SLM 655 cascaded with a fixed imaging lens 630 and an 

ECVFL 620. The SLM 655 produces a controlled aperture for the imaging camera 605 to 

 
 
 

 
(a) 

 

 
(b) 

 
Fig. 5.8. Schematic block diagram of a module for implementing a lens-based aperture 
controlled camera with a digital 2-D SLM and 2-D detector array. An original version of 
the shown diagram can be found in [40]. 
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control light throughput. The ECVFL 620 provides image focus control. Fixed lens 630 with 

the ECVFL 620 acts as the imaging lens that transfer the object plane to the CCD imager 

plane. The CCD 605 is a 2-D detector array. Figure 5.8(b) shows a similar aperture controlled 

camera module as Fig. 5.8(a) apart from the fact that the SLM 655 is a reflective DMD 650 

and the optical design is reflective. 

 

Figure 5.9 is a schematic diagram showing the module for implementing a classic 

lens-less pinhole camera with a digital 2-D SLM and 2-D detector array. Unlike the Figs. 

5.8(a) and 5.8(b) modules, the Fig. 5.9(a) and 5.9(b) configurations contain no lens for 

 
 

 
(a) 

 
(b) 

 
Fig. 5.9. Schematic block diagram of a module for implementing a lens-less pinhole 
camera with a digital 2-D SLM and 2-D detector array. An original version of the shown 
diagram can be found in [40]. 
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profile as a result of placing attenuating optical components. For high power lasers, i.e. >100 

mW, these sensors are less effective in giving an accurate and exact profile due to the large 

amount of beam attenuation required. 

A new imaging technique based on the use of a Digital Micromirror Device (DMD) 

has been proposed and demonstrated in the knife edge and pinhole scan modes [9-12]. This 

imager is able to withstand high laser powers without the need of attenuation or disruptions in 

the beam path, and has demonstrated high repeatability and accuracy in providing two 

dimensional (2-D) laser beam irradiance at any cross section along the beam propagation 

axis. In this chapter, an embedded version of the imager for laser beam mapping is presented. 

Embedded systems have been recognised as a fundamental enabling technology for a 

wide range of Cyber-Physical System (CPS) applications such as healthcare, security, 

entertainment industrial domains and others, due especially to the capability to perform real 

time digital signal processing in small size devices. Each device embodies an embedded 

general purpose processor that integrates computing, analog/digital converters and several 

other peripherals in order to collect and process data from the external world, generally 

collaborating to coordinate activities with other devices. 

Combining embedded device advances with mature techniques to monitor and detect 

laser beam profiles allows the development of high accuracy, low cost and small size devices 

[13-16]. In this chapter, presented is the design and implementation of a low cost and low 

power embedded system to achieve a high accuracy smart agile pixel imager for laser beam 

profiling. The proposed approach significantly extends the state-of-the-art with respect to 

embedded hardware and software co-design of such systems, combining an ultralow power 

microcontroller from Texas Instruments (TI) with a TI DMD chip through the novel 

integration of state-of-the-art profiling techniques directly processed on board. This 

innovation to the best of our knowledge is notable as it is the first such embedded digital 

processing system proposed in the literature. 

This chapter is organized as follows. The architecture of the system along with a brief 

description of the Gaussian laser beam is presented in section 6.2. Section 6.3 focuses on the 

description of individual experimental components used for the proposed embedded systems 

based profiler demonstration, as well as the experimental setup and results. Finally, section 

6.4 states the conclusions and the applications of the proposed embedded system based 

imager. 
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6.3 EXPERIMENTAL EMBEDDED BASED LASER BEAM IMAGER  

SETUP COMPONENTS 
An experimental prototype of the proposed embedded based laser beam imager is 

shown in Fig. 6.3. The different components used in this experimental setup are stated below 

and described in detail. 

 

 
 

Fig. 6.3. Detailed experimental block diagram of proposed embedded imager. 

     
(a)      (b) 

 
Fig. 6.2. (a) A simulated 1-D Gaussian beam intensity distribution showing the 1/e2 beam 
width 2w, (b) A simulated 2-D cross-section of a Gaussian laser beam intensity distribution 
using (a) for orthogonal axes of irradiance map.  
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6.3.3 PHOTODETECTOR 
For the experimental prototype system, two Thorlabs SM05PD1A silicon based 

photodiodes are deployed as PDs. Each of them has a spectral response range from 350nm to 

1100nm. The output voltage level given by the PD circuitry depends on the input laser optical 

power on the chip and the load resistance chosen in the deployed PD circuit. 

6.3.4 SYNCHRONOUS COMMUNICATION 
A Direct Memory Access (DMA) ensures synchronous communication between the 

scanning of images on the DMD chip and the PD voltage acquisition by the micro-controller 

ADC. The DMA is controlled by a timer (TIM) which has its frequency set by the GUI. The 

same TIM in this scenario controls both the ADC sampling time and the image frame speed 

in the LightCrafter (DMD). TIM properties such as pre-scaler and period are initially set 

accordingly by the GUI. The image frame rate of the LightCrafter limits the overall profiling 

speed of the system. In this case, the frame rate on the DMD is set to 50 Hz to guarantee 

correct operation and allow a large amount of images. Moreover, during the ADC sampling 

execution process, another task managed by the system is serial communication. Data relating 

to the beam profile is sent through a serial port into a peripheral such as a PC where the GUI 

is designed to receive this data and eventually execute post processing operations. Powerful 

tools such as MATLAB can be used to perform analyses of the data received and plotting 

actions. 
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6.4 EXPERIMENTAL DEMONSTRATION 
For the experimental demonstration of the prototype embedded systems based imager, 

a Helium-Neon 05-LHP-991 Melles Griot laser is used, having a wavelength of 632.8 nm and 

optical power of 15 mW. Initially, a beam profile is captured using the proposed imager at a 

distance of d0 = 50 cm from the exit of the laser module, as shown in Fig. 6.4(a). The 2-D 

irradiance map at d0 = 50 cm is acquired using a 3 x 3 micro-mirrors set pinhole size, scan 

rate of 50 Hz and a total number of 5,306 images, and is shown in Fig. 6.4(b). By fitting 

Gaussian beam equations in MATLAB onto this acquired irradiance map, the 1/e2 beam 

diameters in both x and y dimensions are found to be 887.6 µm and 897.8 µm, respectively. 

The theoretically predicted value of the beam radius for this distance is 906 microns. Next, as 

part of the demonstration, a lens of focal length 20 cm is inserted in the laser path, and placed 

at a distance d1 = 30 cm from the exit of the laser module as shown in Fig. 6.5. The lens 

concentrates or focuses the optical power of the laser at around d2 = 20 cm, before the laser 

diverges as d2 is increased.  

 

 
(a) 

 
(b) 

Fig. 6.4. (a) Experimental setup with the imaging plane (DMD plane) at d0 = 50 cm away 
from the laser source. (b) MATLAB plot of embedded agile pixel imager acquired 2-D 
beam irradiance map obtained using an agile pixel size of 3x3 micromirrors during the 
imaging process. 
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Table 6.1 shows data acquired using the agile pixel imager for distances d2 values of 

20 cm, 25 cm and 30 cm. Pinhole sizes of 3 x 3 and 5 x 5 micromirrors sets are used for each 

d2. Using MATLAB fitting operations, beam radii wx and wy are computed corresponding to 

the diamond arrangement x and y coordinates, respectively. The last column of Table 6.1 

shows the 1/e2 values, wµ, computed within the micro-controller that are calculated by finding 

the transverse axis distance between the two 1/e2 crossing points of the 1-D intensity curve. 

These values have an error offset from the MATLAB fitted ones since each micromirror is 

7.64 microns wide, and 3 x 3 and 5 x 5 micromirror pinhole sizes represent the actual 

physical step size during the scanning process. When the micro-controller internally locates 

the physical location of the fitted irradiance corresponding to the 1/e2 beam intensity, error 

arises due to these large scanning step sizes. This difference in MATLAB curve-fitted 

estimates and micro-controller calculated values can be minimized by programming 

Table 6.1. Experimental data showing 1/e2 beam radii estimates extracted using MATLAB 
and micro-controller for different d2 values and pinhole sizes. 

 

Pinhole 
Size 

[micromirrors] 

Distance 
d2 

[cm] 

MATLAB  
1/e2 radius 

wx [µm] wy [µm] 
 

Micro-controller 1/e2 
radius 
[wµ] 

 
3×3 

 
 

21 
26 
31 

 

126.4 125.0 
143.2 141.4 
194.7 195.4 

 

126.0 
145.8 
194.4 

 

 
5×5 

 
 

21 
26 
31 

 

126.4 125.0 
143.2 141.4 
194.7 195.4 

 

126.0 
145.8 
194.4 

 

 
 

 

 
 

Fig. 6.5. Lens having 20 cm focal length incorporated in setup stated in Fig. 6.4(a). 
Distance d1 is kept fixed at 30 cm, while d2 is changed to values of 21 cm, 26 cm and 31 
cm. 
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interpolation and fitting algorithms within the micro-controller software. Fig. 6.6 displays 1-

D cross section MATLAB obtained plots for each of the d2 distances i.e., d2 = 20 cm, 25 cm 

and 30 cm. The 1/e2 threshold is marked using a black colored horizontal line on each plot. 

Table 6.1 and Fig. 6.6 show that for focused beams, with concentrated optical power, the 

embedded system based imager is able to adequately give beam profiles representing actual 

2-D beam irradiance. 

 

 

 

 

 
 

 
   (a)      (b) 

 
(c) 

 
Fig. 6.6. Embedded imager acquired 1-D plots showing imaging capability for different 
distances along beam propagation path. Imaging is carried out at d2 values of (a) 21 cm, 
(b) 26 cm and (c) 31 cm. The approximate 1/e2 threshold is also shown in each plot with a 
horizontal line. 
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6.5 CONCLUSION 
Presented is an embedded platform based agile pixel imager suitable for industrial 

laser beam profiling applications. The design uses a DMD chip along with embedded 

electronics including a micro-controller which orchestrates the imaging process and acquires 

data through its ADC ports. The experimental prototype is demonstrated for Gaussian laser 

beam profiling displaying accurate high resolution 2-D irradiance maps of beam cross 

section, enabling 1/e2 beam computation as well as file transfer to a PC for further analyses. 

Applications include high optical power laser beam profiling in industrial manufacturing and 

laser quality testing sector. Future work will address improvements in the micro-controller 

computed 1/e2 radii values via implementation of curve-fitting algorithms within the micro-

controller. 
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of very weak EM signal detection buried in wideband EM noise (created by all the unwanted 

EM signals) is achieved using highly sensitive Radio Frequency (RF) electronics with 

powerful on-chip encoding and decoding via analog and Digital Signal Processing (DSP) 

within energy efficient and compact high speed hardware [12, 13]. 

Earlier we have proposed and extensively demonstrated an agile pixel DMD-based 

imager that functions basically as the proposed CAOS imager, but with the agile pixels 

programmed in a limited SNR operations starring mode which acquires irradiance (i.e., 

intensity) data without any time-frequency modulation [14-20].With present-day RF/optical 

communications and a robust fully programmable smart image sensor design in mind, 

proposed is the CAOS imager design that has the potential to deliver high SNR images by 

uniquely exploiting the time-frequency signaling domain of agile pixels-based spatially 

distributed optical radiation that is received by one easy to align optical antenna with a single 

RF output [21]. Specifically, the proposed CAOS imager uses image optical irradiance agile 

pixel position coding via time-frequency modulation codes implemented by a programmable 

Two Dimensional (2-D) Optical Array Device (OAD) interfaced with a single point optical 

receive antenna called a point Photo-Detector (PD). Each agile pixel position with its 

corresponding irradiance value in the multi-agile pixels optical irradiance map has its unique 

time-frequency code, thereby unleashing the extreme sensitivity and processing power of 

electrical domain analog and digital signal post-processing implemented by modern 

electronic chip technologies [22]. 

This chapter starts by providing the design and working principles of the CAOS 

imager, including the key features and capabilities of the imager. An experimental CAOS 

imager demonstration is implemented based on using a visible band DMD as the OAD. The 

experimental CAOS system imaging quality is tested and compared using a commercial 

system laser beam with the laser manufacturer providing the accurate Gaussian laser beam 

irradiance map specifications [23]. In addition, significant performance improvement of the 

demonstrated CAOS imager SNR is compared with our previously demonstrated limited 

SNR agile pixel DMD-based starring mode imager [19, 20]. The chapter concludes with a 

summary of the key CAOS imager design and experimental results. 
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7.2 PROPOSED CAOS IMAGER DESIGN 
Figure 7.1 shows a possible implementation of the CAOS imager that can operate in 

two modes of imaging, i.e., passive mode and active mode. The passive mode of CAOS 

imager operation occurs when irradiance to be imaged comes from an external radiation 

source and falls on the OAD agile pixels-plane. The active mode of operation occurs when 

the OAD acts as an internal pixelated radiation source that illuminates the object undergoing 

imaging that for near-field imaging is placed at or adjacent to the OAD agile pixels-plane. 

The OAD is an electronically programmable device that allows one to select the location, 

shape, and size of any given nth agile pixel plus its time-frequency modulation characteristics 

to suit the particular imaging scenario. The pixel is called an agile pixel as its agility comes 

both in the spatial domain and time-frequency coding domain and can be electronically 

optimized for a given imaging scenario. The number of agile pixels N deployed is also 

application dependent. As an example, Fig. 7.1 shows N = 3 pixels each having a unique code 

cn(t) defined by its time-frequency modulation characteristics, i.e., the irradiance I1 due to 

agile pixel 1 (i.e., n = 1) is modulated at a higher temporal frequency (shown as a digital 

on/off time sequence) than the irradiance I2 due to agile pixel 2, which in turn is modulated at 

a higher temporal frequency than the irradiance I3 due to agile pixel 3. Lens S1 (or concave 

mirror optic) is positioned to collect the individually coded optical irradiance signals on the 

 
 

Fig. 7.1. CAOS imager implementation (side view). 







- 110 - 

 

 

To further elaborate on the signal flow workings of the Fig. 7.1 CAOS imager 

implementation, Fig. 7.2 shows a signal flow chart where shown are 3 different sizes, shapes, 

and positions of the agile pixels labelled as 1, 2, and 3 that are coded with codes c1, c2, and c3, 

respectively. All the time-frequency coded optical signals engage simultaneously on the PD. 

This optical analogy is similar to the cell phone scenario where numerous EM signals 

incident on the RF antenna is equivalent to the many optical agile pixels in the irradiance map 

incident simultaneously on the point PD. Decoding of agile pixel position based irradiance 

values is implemented by using the PD generated temporally varying electrical signal and 

subjecting it to high speed analog and digital electronics-based one Dimensional (1-D) 

coherent (i.e., electrical phase locked) or incoherent signal processing. With the agile pixel-

based irradiance values recovered from what looks like a chaotic RF signal, computer-based 

non-iterative image processing (2-D) and reconstruction techniques are used to stitch together 

the 2-D optical irradiance map observed by the CAOS Imager. Do note that the selected 

sizes, shapes, and locations of the agile pixels within a given sampling time slot can also be 

optimized to extract the desired image features with maximum SNR based on application 

specific intelligence. 

 
 

Fig. 7.2. CAOS imager signal flow chart. 
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Complete electronic programmability gives the CAOS imager powerful attributes 

both as a smart spatial sampler of irradiance maps and also for electronic processing to enable 

high performance encoding and decoding of the agile pixel irradiance map. Much like 

wireless and wired communication networks, the agile pixel can operate in different 

programmable time-frequency coding modes like Frequency Division Multiple Access 

(FDMA), Code-Division Multiple Access (CDMA), and Time Division Multiple Access 

(TDMA) [22], [24-26]. CDMA and FDMA will produce spread spectrum RF signals from the 

PD while TDMA is the staring-mode operation of the CAOS imager, one agile pixel at a time 

producing a DC signal. For full impact of the CAOS imager, agile pixel codes should include 

CDMA, FDMA or mixed CDMA-FDMA codes that produce not only PD signals on a broad 

RF spectrum but also engage sophisticated analog, digital, and hybrid information coding 

techniques to provide isolation (e.g., minimum cross-correlation) and robustness amongst 

time-frequency codes used for OAD pixel coding [27]. As pointed out earlier, coherent high 

sensitivity detection in the electrical domain can be used for decoding of the agile pixels. For 

example, high SNR correlation operations can be run in parallel using the code set to decode 

the pixel irradiances. These correlation operations can be implemented in physical hardware 

that forms a bank of 1-D time signal correlators or in a software-based DSP system or even a 

hybrid of the two approaches. 

The CAOS platform instantaneously brings the following unique features when 

compared to prior-art imagers: (a) the agile pixel space-time-frequency characteristics can be 

programmed to suit the imaging scenario with adaptive control deployed as needed; (b) 

staring mode PDs such as CCD/CMOS sensors naturally produce a photo-detection electrical 

noise spectrum that is dominant around the DC and lower frequency components [28]. The 

CAOS imager produces its photo-detected signal at a temporal frequency band that is away 

from the noisy part of the PD output near DC, thus creating a higher SNR signal for decoding 

signal processing. All electronics are fundamentally subjected to 1/frequency(f) or 1/f noise. 

By having the output signal frequency band for the PD in the CAOS imager away from DC, 

the 1/f noise in the signal processing electronics chain is also lower as f can be from many 

tens of Hertz to many GHz [29]. In addition, it has been known for many years that when 

using a single photo-detector for spatial light capture, simultaneous detection of light from 

different sampled spatial zones versus single zone light capture can lead to improved SNR of 

the time modulated photo-detected output signal [30]; (c) after photo-detection, electrical 

domain coherent detection such as with electronic mixing plus phased locked amplification 
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and filtering can provide detection of extremely weak signals buried in noise. The CAOS 

imager can exploit this coherent detection and processing feature in the robust electrical 

domain versus in a vibration/optical phase sensitive domain of optical interferometry; (d) the 

spatial imaging resolution of the CAOS imager is determined by the size of the agile pixel 

selected for time-frequency coded modulation on the OAD and not by the optical quality of 

the diffraction limited optic S1. For passive mode of operations, the OAD is a transmissive 

(or reflective) Spatial Light Modulator (SLM) device. In this case, the smallest size of the 

time-frequency modulating agile pixel is the smallest size of the programmable pixel in the 

SLM. Various SLM technologies can be deployed such as using optical MEMS/NEMS, 

liquid crystals, Multiple Quantum Wells, and nano-photonic devices. Optically addressed 

pixel structure-free SLMs can also be deployed as the OAD. In the case of imager active 

mode operations, the OAD is a light source array device like a 2-D optical display device, 

e.g., a 2-D laser array, a 2-D LED array, or a light source array coupled waveguide/fibre 

array device. Depending on the OAD technology, in the near future one can even envision a 

pixel size as small as an atomic radiator, thus easily beating the optical diffraction limit when 

deploying an active mode near-field CAOS imager. Because all agile pixel positions and their 

irradiances on the OAD are encoded in time-frequency and decoding of pixel information no 

longer depends on the optical diffraction limits of the lens optics in the imager, exceptionally 

low inter-pixel crosstalk levels can be achieved via the electronic signal processing 

operations even when the pixel sizes are much smaller than the Abbe diffraction limit [31]; 

(e) the optical signal incident on the PD as well as the PD generated electrical signal look 

chaotic and are inherently secure as the image cannot be recovered without the pixel codes 

needed for decoding at the receiver; (f) the CAOS platform is extendable to Three 

Dimensional (3-D) imaging techniques including light sheet, confocal, and wavelength 

diversity-based methods [32, 37], by also applying time-frequency coding to pixels in the 

third spatial dimension. In addition, the CAOS imager can be combined with classical 2-D 

CCD/CMOS-based imagers to interrogate sub-2-D image zones in the full 2-D image space 

where sub-critical data must be extracted from the image scene. 
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Because of the slow data transfer speed and significant memory limitations of this low 

cost TI LCr board built for pico-projectors, the full image of the incident laser beam 

irradiance is generated by operating the CAOS imager agile pixel in a hybrid FDMA plus 

TDMA mode by scanning 3 agile pixels in a raster format line scan. For example, agile pixels 

1, 2 and 3 modulate at frequency codes f1, f2 and f3 Hz. After the irradiance data is recorded, 

agile pixels 4, 5 and 6 are also set to modulate at f1, f2 and f3 Hz and the subsequent 

irradiance data is recorded, and so on. Furthermore, in-coherent stand-alone electrical 

detection of the PD acquired electrical signal data is used to generate the post-processing 

signal that contains the coded pixel irradiance values. The PD electrical signal is digitized 

using the ADC of the micro-controller and fed to the PC where it is subject to DSP via a Fast 

Fourier-Transform (FFT) operation in MATLAB. As mathematically indicated in the earlier 

section, the agile pixel irradiance values are proportional to the FFT spectral peak values and 

are obtained directly from the frequency domain of the FFT data. Specifically, the imager 

operation 2-D scan parameters are: 2160 agile pixels time modulating via FDMA coding in 

sets of three with each set modulating for 6.24 seconds followed by a 14 seconds delay before 

the next set modulates to ensure synchronisation between PC, micro-controller and LCr 

DMD board. The size of each agile pixel is 6×6 micromirrors and the sampling rate of the 

ADC is set to 2.4 kHz to acquire the PD signal. A total of 720 (2160/3) text files having 

coded irradiance map data are generated from the PD signal ADC data. With the available 

processing unit, a program in MATLAB which takes 5 seconds to run, implements the FFT 

algorithm on the 720 files and extracts the relevant electrical spectral peak values which 

represent the normalized optical irradiances of the agile pixel sampled laser beam map. Using 

this decoded data, the 2-D irradiance map is plotted and an inbuilt 2-D Gaussian fitting 

function in MATLAB is used to estimate the 1/e2 beam radius.  
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Figure 7.4(a) shows the coded 1-D time signal produced by the PD and recorded by 

the ADC for three agile pixels at the DMD chip plane coded with on/off modulations of f1 = 

80.1 Hz, f2 = 133.4 Hz, and f3 = 200.2 Hz resulting from the two-tilt state nature of the DMD 

chip micromirrors. Figure 7.4(b) shows the FFT signal processing decoding of the three agile 

pixel irradiances I1, I2, and I3 at the DMD chip plane that were coded with the FDMA-TDMA 

coding. Because in theory, there are no FFT frequency spectral peak overlaps between the 3 

coded agile pixels (i.e., when one assumes that each FFT spectral peak resembles a narrow 

spectral Delta function with no frequency content outside its main spectral lobe), one can 

consider that there is very low optical crosstalk between the 3 agile pixel decoded irradiances, 

a fundamental feature of the CAOS imager. In reality, when operating in this FDMA only 

mode, one must choose the coding frequencies to have minimal instantaneous spectrum 

overlap and with additional filtering, one can pluck spectral/optical irradiance data with 

 
(a) 

 
(b) 

Fig. 7.4. (a) Coded 1-D time signal produced by the PD for three agile pixels on the DMD 
chip. (b) FFT signal processing decoding of the three micromirror agile pixel irradiances 
I1, I2, and I3 that are proportional to the normalized spectral values computed by the FFT 
operation. 
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essentially minimal inter-pixel crosstalk. Figure 7.5(a) shows the 2-D irradiance of 2160 agile 

pixels data (60×36 = 2160) from the experimental CAOS imager using 60 1-D line scans 

across the DMD chip with each line scan consisting of 36 agile pixels. Specifically, Fig. 

7.5(a) shows the normalized optical intensity versus distance in mm covered during the 1-D 

line-by-line scanning process using 3 simultaneous and side-by-side placed agile pixels 

moving along each scan line. Figure 7.5(a) is explained using Fig. 7.5(b). Figure 7.5(b) on the 

left side shows the optical irradiance distribution incident on a simulated DMD chip having a 

micromirror grid of 6 rows and 9 columns. Figure 7.5(b) on the right side shows the pixel-by-

pixel irradiance map over the simulated chip beginning with the irradiance contribution from 

row 1 and onwards. In Fig. 7.5(a), the inter-pixel pitch in the line scan direction is 64.8 

microns (6×micromirror diagonal of 10.8 µm). Note that in the line scan plot, the maximum 

value of the coded electrical spectral component obtained via the FFT corresponding to a 

particular agile pixel in the scan is normalized and given a value of 1. Figure 7.5(c) shows a 

zoom of the FFT acquired decoded irradiance data to estimate the average null or noise floor 

in the imager giving an estimated normalized average minimum noise floor of 0.00014267 

leading to an imager electrical SNR of 77 dB. This is equivalent to a 38.5 dB optical 

irradiance SNR with optical SNR computed as: 

.
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Imager electrical SNR is two times the optical SNR. Note that previously we have 

proposed and demonstrated a DMD-based staring mode agile pixel optical imager that 

demonstrated an optical SNR of 10.7 dB, resulting in an image electrical SNR of 21.4 dB [19, 

20]. Our present results point to the greatly improved SNR of the CAOS imager, even though 

coherent detection is not deployed in the electronics of the decoder to achieve image 

decoding. Figure 7(d) shows the full decoded 2-D irradiance map produced by the CAOS 

imager using the FFT decoding data. Using the acquired CAOS imager-based irradiance 2-D 

spatial beam map and 2-D Gaussian fitting in MATLAB, obtained are 1/e2 laser beam waist 

radii of wx = 526.0 µm and wy = 530.1 µm. In comparison, using Gaussian laser beam 

propagation theory and the laser manufacturer data sheet 325 µm minimum beam waist 

radius and 67.5 cm beam travel distance to DMD, one gets wx = wy = 529.9 µm. This 

manufacturer specified beam radius value is within 0.75% error (i.e., 100% (529.9-

526)/529.9) of the CAOS imager Fig. 7.5(d) data provided 2-D Gaussian fitting measurement 





- 118 - 

 

 

 

 
 

      
 

(c)     (d) 
 
 

 
(e) 

 
 

Fig. 7.5. (c) Zoomed version of Fig. 7.5(a) irradiance data to estimate the average null 
or noise floor in the imager (d) The fully decoded 2-D irradiance map produced by 
CAOS Imager showing raw (i.e., unprocessed) intensity values, normalized to 1. (e) 
Comparison of central cross-section data of the CAOS imager acquired laser beam 
image (dots) vs. laser manufacturer provided theoretically expected Gaussian beam 
envelope (dashed line). 
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improved imager design platform called Coded Access Optical Sensor (CAOS) [25-27] that 

has the ability to provide high dynamic range low inter-pixel crosstalk images using time-

frequency-space coded agile pixels. Presented in this chapter is a novel hybrid imager design 

that combines the CMOS/CCD sensor or any photo-detector array (PDA) sensor with the 

CAOS imager platform within one fully programmable optical camera unit. Specifically, the 

CAOS-CMOS/CCD imager functions as a smart high dynamic range image information sifter 

that is guided by raw image data generated from a CCD/CMOS PDA sensor. This chapter for 

the first time describes the implemented optical design and operations of a CAOS-CMOS 

camera including an experiment demonstrating the powers of its high dynamic range to 

decipher objects under extreme contrast and brightness conditions. 

 

8.2 THE CAOS-CMOS CAMERA DESIGN 

 

Figure 8.1 shows the design of the proposed CAOS-CMOS imager. Lens L1 directs 

the irradiance to be imaged from an external light distribution plane onto the agile pixels-

plane of the programmable Two Dimensional (2-D) DMD. The point PD engaged with the 

DMD via the lens L2 operating in the Scheimpflug [28] imaging condition forms the CAOS 

imaging platform. In contrast, the CMOS PDA engaged with the DMD via the lens L3 

 
 

 
 

Fig. 8.1. The CAOS-CMOS Camera design. 
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domain. The FDMA frequency codes need to be chosen carefully to avoid 

interference/crosstalk due to inter-modulation products and frequency harmonics between 

chosen frequency codes. Using Eqn. (8.4), the irradiance map of the image at the DMD plane 

can be reconstructed by sampling the amplitude of S(f) at each coded frequency location, and 

then assigning each amplitude to its corresponding agile pixel location, allowing a complete 

2-D image reconstruction. Because the point PD combined with the VGA, SM1/SM2 control, 

and electronic decoding can avoid point PD optical saturation and produce high 

computational signal processing gain, target 2 will register in the viewed camera image when 

using the CAOS mode. To calibrate the low brightness target 2 relative to the high brightness 

target 1, the CAOS mode is also applied to at least the maximum irradiance zone of the 

known target 1 zone so a relative irradiance map for both targets can be generated. In effect, 

the CAOS-CMOS camera via smart camera processing operations can produce a true image 

from a high brightness and high contrast imaging scenario.  

How the camera sifts through the viewed pixels in the scene in the CAOS mode 

depends on the camera application and optical scene characteristics. In other words, the size, 

location and temporal characteristics of the coded agile pixel as well as the number of 

simultaneous agile pixels used during sifting is determined by the camera processor in 

collaboration with the CMOS sensor gathered real-time images plus machine learning 

parameters acquired via prior training of the application deployed camera. In effect, speed of 

acquisition of full images via the proposed camera is not only hardware and software 

dependent, but also application dependent with trade-offs between agile pixel sizes and 

sampled pixel total count versus camera response time.  
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(a) 

 
(b) 

 
(c) 

 
Fig. 8.5. 2-D image reconstruction of the target scene using the CAOS mode of the CAOS-
CMOS camera. (a) scaled irradiance map I(x,y) is shown, (b) scaled irradiance map of the 
logarithm of I(x,y) values is shown, and (c) same plot as in (b) but with additional labels of 
regions R1, R2, R3 and R4 as well as location of traces T1, T2 and T3 used for 
quantitative image analysis purposes. 
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Figure 8.6(b) plots |S(f)| for R2 covering the filament. In Fig. 8.6(b), the amplitude 

|S(f1)| = 3.125 indicates the pixel covering the filament while the pixel covering the scene 

background has a relative irradiance of |S(f2)| ~0.1. Figure 8.6(c) plots |S(f)| for R3 covering 

the traffic sign, giving |S(f1)| = 0.2823 and |S(f2)| = 0.3037. Figure 8.6(d) plots |S(f)| for R4 

covering the background of the scene. Figure 8.6(d) shows that no significant irradiance is 

being picked up by the frequency domain plot at the two frequencies of interest, i.e., |S(f1)| 

and |S(f2)| ~0.1, which is the noise floor of the experimental system. Also marked in Fig. 

8.5(c) are line traces T1, T2, and T3. Trace T1 passes through the torch region, T2 passes 

through the traffic sign region while T3 passes through the filament region. The 1-D optical 

irradiance I(y) along the y-direction of the DMD chip for traces T1, T2, and T3 are shown in 

Figs. 8.7(a), 8.7(b), and 8.7(c), respectively. These Fig. 8.7 plots illustrate the variation of 

optical irradiance along different line regions of the image. 

  
(a)    (b) 

  
(c)     (d) 

 
Fig. 8.6. The frequency domain plots of chosen CAOS acquired signals at regions (a) R1 
covering a segment of the torch, (b) R2 covering the filament, (c) R3 covering the traffic 
sign, and (d) R4 covering the black background. Note that only |S(f)| peaks at frequencies 
f1 = 133.4 Hz and f2 = 200.2 Hz indicate the scaled relative optical irradiance at the 
corresponding agile pixels. The peak at 150 Hz appearing in each plot is due to the 3rd 
harmonic of the 50 Hz electricity mains supply. 
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size is deployed. Using a larger pixel size increases the per pixel coded optical irradiance 

striking the point PD, increasing the likelihood of detection of weak light irradiances 

although at the expense of output image resolution. In this case, one must also be careful not 

to exceed the voltage limit of the ADC as increasing the agile pixel size also increases the 

light irradiance collected from the bright regions of the scene. Note that there is also a trade-

off between the CAOS-mode imaging speed and N, the number of simultaneously sampling 

agile pixels as N increases. In other words, to operate the camera at faster imaging speed, the 

larger number of modulating agile pixels can result in a stronger total optical irradiance 

striking the point PD. In order to avoid saturation of the point PD, the VGA gain needs to be 

reduced and this affects the detection of weak irradiance regions in the viewed scene. 

The smart operation of the hybrid camera uses the fast speed acquisition CMOS-mode 

acquired images that undergoes threshold image processing to first identify the spatial 

locations of any high brightness targets. To implement a fast operations CAOS-mode, a 

search mode is implemented to look for low optical irradiance targets such as by using 

orthogonal direction line (slit) scans, e.g., along x and y directions of the DMD plane. For the 

case in the experiment, the right-hand side of the CMOS-mode image (see Fig. 8.4(c)) 

appears dark that is about half the image frame. Considering a slit width of 20 micromirrors, 

there are 15 and 28 slit positions covering the x and y direction scans, respectively. Using a 

slit reset time of 5 seconds (includes modulating and loading time), the experimental system 

takes 75 seconds to generate a x-slit scan and 140 seconds to generate a y-slit scan. Via image 

processing, the acquired 2-D slit data provides zoomed locations of possible weak irradiance 

targets. For the experiment, the 2-D slit scan mode indicates presence of weak irradiance 

targets in the zoomed 15×28 agile pixel count region. With N = 2, 420 (15×28) agile pixels, 

FDMA modulation in sets of 2 agile pixels, a set loading and acquisition time of 6 seconds 

(presently highly limited by our non-optimized electronic boards), a 21 minutes image 

acquisition time is required. For a full DR analysis and comparison between the CMOS-mode 

image and the CAOS mode image of the hybrid camera, a complete CAOS-mode scan of the 

DMD chip (28×31 agile pixels) is acquired as shown in Fig. 8.5. Deploying CMDA codes 

using a current state-of-the-art 32 kHz frame rate DMD-based CAOS mode [37], one can 

estimate much faster image generation time. Assuming a scanning grid of 1000 agile pixels 

on the DMD plane, one can deploy 100 different CDMA orthogonal or pseudo-random codes 

[38] with each code having a length of 100 bits and each code assigned to a certain agile pixel 

in a 100 agile pixels grouping. Given a 32 kHz frame rate, a single bit time duration is 1/(32 
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8.4 CONCLUSION 
For the first time, proposed and demonstrated is a CAOS-CMOS camera that combines the 

time-frequency agile pixel CAOS imager with the traditional CMOS camera architecture to 

realize a powerful, high dynamic range imaging platform. The CAOS-CMOS camera design 

deploys a DMD chip which receives the incoming optical irradiance from a target scene and 

selectively directs it towards the CAOS arm and the CMOS arm of the camera. In the 

experimental demonstration, a target scene consisting of a bright light source and two dim 

light sources near the CAOS-mode noise floor are used to investigate the performance limits 

of both the CAOS and CMOS operational modes of the hybrid camera. The CMOS camera, 

rated at 51.3 dB DR according to the manufacturer, is experimentally shown to provide an 

image having insufficient dynamic range, whereas the CAOS-mode camera exhibited a DR 

of 82.06 dB under the experimental conditions and successfully reconstructed the target scene 

completely. This experimental 82.06 dB DR value of the CAOS operational mode is limited 

due to the components used in the demonstration. Much higher DR values are obtainable 

using the CAOS mode of the camera using different programmable settings of the camera 

smart components plus the improved electronic capabilities of the ADC, and/or by deploying 

coherent detection via phase-locked loop amplification. The high DR imaging performance of 

the CAOS-CMOS camera has diverse applications across the fields of astronomy, machine 

vision, safety and surveillance, undersea observations and marine science, medical imaging 

and extreme environment imaging. 
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before saturation. In addition, due to spillover effects, the bright target creates crosstalk noise 

in the neighboring pixels of the PDA. As an example, one commercial multispectral imager 

offers a 60 dB dynamic range which is inadequate for extreme contrast spectral imaging [11]. 

To counter the pixel saturation problem and extract a higher dynamic range from the limited 

dynamic range PDA, a High Dynamic Range (HDR) processing technique has been applied 

to multispectral imaging where gradual optical attenuation is applied to the scene to acquire 

multiple images and electronic imaging processing is used to reach an unsaturated final 

image [12-13]. Although this HDR approach and other methods (e.g., increasing pixel size, 

controlling pixel integration time, resetting pixel output voltage or using non-linear 

amplification at each pixel site) can improve the dynamic range of a camera under overall 

bright light scene conditions [14], a fundamental problem can occur when further attenuation 

of the weak light target in the scene will send the PDA pixel irradiance information into the 

noise floor of the limited instantaneous dynamic range PDA. Thus, a spectral camera that 

avoids or limits the use of scene light attenuation and also avoids calibration and control of 

the many individual pixels in a PDA is highly desirable for obtaining true high (e.g. > 130 

dB) contrast images. Furthermore, it would also be highly beneficial that this extreme (e.g. > 

130 dB) instantaneous dynamic range imager has simultaneous dual-broadband channel 

detection with all-optical or electronic domain fine tuning capabilities within each band and 

additionally provides a low (e.g. < -50 dB) inter-pixel isolation and inter-band isolation 

levels. Such an imager can be envisioned to work in unison with traditional prior-art PDA-

based multispectral and/or hyperspectral imagers to extract the desired application specific 

pixel data for smart spectral imaging.  

Therefore, to put things in context, earlier we proposed and demonstrated an agile 

pixel imager (called by some as a single pixel camera/imager) using a Texas Instruments (TI) 

Digital Micromirror Device (DMD) that deploys a point Photo-Detector (PD) and agile pixel 

programming to spatially map an incident irradiance pattern [15]. In effect, the large micro-

mirror count (e.g., 1 million micro-mirrors) DMD when combined with the large quantum 

well capacity point PD forms a PDA. Furthermore, an agile pixel programmed as a desirable 

shaped and positioned light sampler on the DMD extracts the incident irradiance on the DMD 

and transfers it for capture by the point PD, thus forming the agile pixel imager. To add 

operational robustness, a two point PD design has also been proposed and demonstrated for 

this agile pixel imager [16]. This starring-mode imager has been demonstrated for various 

spectral bands including UV, visible, and NIR [17], plus a design has been demonstrated that 
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CAOS-mode encoded image pixel data to extract finer wavelength content from the imaged 

agile pixel. Compared to our previous 80 dB CAOS mode dynamic range performance [19-

20], it is shown for the first time how using a higher resolution ADC with both amplitude 

range and sampling duration control along with a larger dataset DSP implementation extends 

the imager dynamic range to a desired 136 dB level. This chapter provides the detailed design 

and experimental analysis of the proposed simultaneous dual band CAOS imager. 

 

9.2 SIMULTANEOUS DUAL OPTICAL BAND  

CAOS CAMERA DESIGN 

 

Shown in Fig. 9.1 is the proposed simultaneous dual optical band CAOS camera 

design. Multi-wavelength light passes through imaging lens L and a Smart Module (SM) 

optic to be incident on the DMD1 plane. The SM optic can contain light conditioning optics 

such as variable focal lenses, variable apertures, variable attenuators, and polarizers. The user 

decides the components make-up of the SM optics as well as on the two different spectral 

bands for camera operations called spectral band 1 and spectral band 2. Given the spectral 

band 1 and 2 wavelengths, the user selects the appropriate point PD unit detector technology 

deployed in the camera.  

 

 
 

Fig. 9.1. Proposed simultaneous dual optical band CAOS imager design. 
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The PD unit as shown can also use a Variable Gain Amplifier (VGA) module or 

engage optical amplification before photo-detection. Selected agile pixels on the DMD1 

plane are time-frequency modulated with specific CAOS-mode codes enabling the image 

irradiance to acquire different RF codes, much like different telephone numbers assigned to 

different pixels in the optical image. The TI DMD1 micromirror has two tilt states causing 

the optical image time-frequency modulated light signals to simultaneously show up in both 

PD channels of the CAOS camera. As the DMD1 is a digital-only spatial light modulator, 

each agile pixel time-frequency modulation produces its CAOS-mode specific square wave 

electrical signal at the point PD outputs. L1 and L2 act as imaging lenses between the DMD1 

and PD1/PD2 planes. For multispectral imaging operations, F1 and F2 are fixed broadband 

spectral filters matched to spectral bands 1 and 2, respectively. For hyperspectral imaging 

operations, TF1 and TF2 are tunable spectral filters matched to spectral bands 1 and 2, 

respectively. For example, F1, TF1 and PD1 in channel 1 of the camera can deploy visible 

channel devices while F2, TF2 and PD2 in channel 2 arm can use NIR wavelength selection 

components. Because the TI DMD1 operates between approximately 320 nm to 2500 nm 

wavelengths [32], a variety of dual bands can be realized for the proposed camera. There are 

various options for the required TF1/TF2 modules such as designs using bulk Acousto-

Optical Tunable Filters (AOTFs), DMD, volume Bragg gratings, and liquid crystals [33-36]. 

PD1 and PD2 units provide RF signals whose RF spectra contain CAOS coded agile pixel 

irradiance data for the optical filtered light from the two different spectral bands of the 

camera. Specifically, PD1 and PD2 provide spectral image data for spectral bands 1 and 2, 

respectively. Decoding this detected RF spectra using time-frequency electronic signal 

processing recovers the agile pixel irradiance values for the selected wavelengths. RF signals 

from both PD1 and PD2 are recorded simultaneously and subjected to high speed electronic 

processing. 

There are a number of innovative design features of the Fig. 9.1 imager design that 

create enhanced imaging performance in terms of dynamic range, inter-pixel crosstalk, inter-

band crosstalk, and within broadband channel spectral channel crosstalk. Note the DMD 

time-frequency modulation CAOS-mode operation instantaneously sends selected agile 

pixels input image light to both optical detection channels of the imager. Because the two 

detection channels are physically separated, fixed broadband optical filters (F1/F2) matched 

to the point PD (PD1/PD2) broad wavelength band can be deployed to greatly reject the 

unwanted band light, implementing spatially powered optical spectral filtering. The CAOS-
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mode creates agile pixel light signals with RF modulation, each pixel having its unique 

electronic RF spectral signature that is decoded after photo-detection using RF wireless-style 

processing. Furthermore, note that TF1/TF2 can be programmed in an additional CAOS-

mode to time-frequency modulate selected hyperspectral wavelength channels within agile 

pixels, allowing the use of RF spectral processing to detect specific narrow spectral band 

image data. Because RF domain signal processing can operate with extreme dynamic ranges, 

electronic filtering can be used to further reject optical spectral crosstalk within a broadband 

optical channel. Thus the proposed Fig. 9.1 imager can engage both optical and electronic 

filtering to reject unwanted optical wavelengths. In the same spirit, spatial crosstalk between 

agile pixels in the image can also be reduced using RF domain electronic processing. 

Another innovative feature that is empowered by the CAOS-mode is the use of 

controlled ADC and DSP operations to extend the instantaneous dynamic range of the imager 

and in-turn improve image spatial and spectral crosstalk performance. Specifically, proposed 

and shown experimentally for the first time in this chapter is how using a higher resolution 

ADC with both amplitude range and sampling duration control along with a higher data set 

DSP implementation extends the imager dynamic range by creating significant signal 

processing gain and noise floor suppression. This electronic digital domain feature is possible 

because of the CAOS mode agile pixel operations via point PD detection that naturally 

produces an RF spectrum rich data set that can engage the power of wireless-style DSP 

processing. For example, consider an N-bit ADC using a sampling rate of fs kilo-

samples/second with an agile pixel sampling duration time of ts seconds. The voltage range of 

such an ADC can also be programmable and can be set between various voltage ranges to 

create a zoomed in extreme resolution detection of a weak signal. The output of the N-bit 

ADC then undergoes DSP, for example, spectrum analysis via DSP Discrete Fourier 

Transform (DFT) operation computed by the FFT algorithm implemented in a dedicated 

processor. The DFT produces processing gain resulting in noise suppression. Specifically, 

FFT-based processing gain in dB is equal to 10 × log(M/2) where M is the number of points 

in the FFT [37,38]. Given that the output of a point PD has a designed Dynamic Range (DR) 

of A dB, subjecting the point PD signal to FFT processing leads to a final output enhanced 

camera DR of A+10×log(M/2) dB. For example, a two million point FFT can produce an 

additional 60 dB processing gain for the imager, enabling exceptional agile pixel image and 

spectral map capture. 
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Figure 9.3(a) shows the visible scaled irradiance map obtained using the CAOS 

camera visible channel while Fig. 9.3(b) shows the NIR scaled irradiance map obtained using 

the CAOS camera infrared channel. In both cases shown in Fig. 9.3, the base 10 logarithm of 

the experimentally obtained scaled irradiance map Is(x,y) = K×I(x,y) is plotted along the 

scene x-y axes. Figure 9.3 shows that indeed the CAOS dual optical band imager has 

correctly located the positions of the 3 visible targets and 1 NIR target in the viewed scene. 

 

 
(a) 

 
(b) 

 
Fig. 9.3. (a) Visible scaled irradiance map obtained using the CAOS visible-NIR 
simultaneous dual optical band imager visible channel. (b) NIR scaled irradiance map 
obtained using the CAOS camera infrared channel. 
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NIR bands for PD1. Regarding the measured inter-spectral band optical isolation for CH2, its 

value is computed as 10 log [1/(9.97 x 10-4)] = -30 dB (or an electrical isolation of -60 dB). 

Note that the inter-spectral band camera isolation can be further improved if cascading of 

multiple F1 and F2 filters is used in the CH1 and CH2 paths, respectively. 

 

 
(a) 

 
(b) 

 
Fig. 9.5. Shown is the normalized optical irradiance plotted versus agile pixel scan 
distance as the agile pixel conducts a line-by-line scan over the DMD1 plane making 442 
agile pixels. Plot in (a) is generated from PD2 (NIR channel) while plot in (b) is generated 
from PD1 (Visible channel). Note that (b) is obtained by unrolling into a 1-D array, the 2-
D array data shown in Fig. 9.4(b). 
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Note that one can compute the optical (and electronic) contrast of the detected narrow 

spectral channel images by using the experimentally measured agile pixel irradiance values 

via the FFT spectral trace |S(f)| data. One can compute the image electrical contrast DRim in 

dB as: 
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Here |S(f)|max and |S(f)|min are the maximum and minimum values of the electronically 

processed FFT signal for a given narrow spectral band image map. For the experimental 

narrow spectral band images at 450 nm, 550 nm, 625 nm, and 1450 nm, |S(f)|max values are 

510.5, 110.4, 788.9, and 58.15, respectively. At 450 nm, 550 nm, 625 nm, and 1450 nm, the 

|S(f)|min values are 0.1473, 0.1587, 0.1315, and 0.1578, respectively. Given these values, the 

narrow spectral band images at 450 nm, 550 nm, 625 nm, and 1450 nm have measured 

electrical contrast ratios of 70.78 dB, 57.125 dB, 75.56 dB, and 51.32 dB, respectively. Note 

that the measured narrow spectral band image contrast value is strongly dependent on the 

various camera parameters such as optical filter and PD spectral responses. 
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As described in the design section, the proposed dual band CAOS imager can also 

engage the CAOS-mode in a suitable TF1/TF2 module to bring the power of RF domain 

signal processing and filtering into effect for in-band wavelength analysis for the selected 

agile pixels in the imaged scene. To demonstrate this imager feature, a TF1 filter based on the 

DMD spectral filter design, described in [33], is placed within the CAOS imager 

implemented in the laboratory. This TF1 design is shown in Fig. 9.6(a) and uses a 500 

lines/mm visible band transmission amplitude grating G with another DMD called DMD2 

(same technical specifications as DMD1) and an lens L3 of focal length of 3 cm that images 

the DMD2 plane onto the PD1 plane. The distance between L3 and PD1 is 4 cm. G is placed 

 
(a) 

 

 
(b) 

 
Fig. 9.6. (a) Shown is the design of the DMD2-based TF1 module used in Channel 1 of 
the CAOS camera that implements CAOS-mode narrower wavelength optical spectral 
detection. (b) Photograph of the DMD2 plane spatially distributed visible spectrum 
produced by light coming from the DMD1 programmed CAOS-mode white light agile 
pixel. 
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(a)     (b) 

 

  
(c)     (d) 

 
Fig. 9.7. Shown are the detected RF spectrum peaks |S(f)| for different visible band 
spectral selections programmed by the CAOS-mode of DMD2 in TF1. (a) |S(f = f0)| = 
49.68 × 10-4 obtained when the entire DMD2 is programmed to direct all spectral 
components of the white light agile pixel at f = f0 = 400 Hz CAOS-mode to PD1. (b) |S(f0 
+ f3)| = 0.4581×10-4 obtained when DMD2 is programmed to direct only the red color 
spectral band light to PD1 using a f3 = 50 Hz CAOS-mode. (c) |S(f0+f2)| = 1.091×10-4 
obtained when DMD2 is programmed to direct only the green color spectral band light to 
PD1 using a f2 = 62.5 Hz CAOS-mode. (d) |S(f0+f3)| = 0.4597 ×10-4 and |S(f0 + f1)| = 
1.074×10-4 obtained when DMD2 is programmed to simultaneously direct the red and 
blue color spectral band light components to PD1 using f3 = 55.5 Hz (red) and f1 = 83.3 
Hz (blue) CAOS-mode. 
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The Fig. 9.9(a) FFT trace giving a measured DR of 116.2 dB is obtained when a PD 

signal electrical attenuation of 120 dB is implemented using a ND filter with an OD of 6. An 

increase of the target light attenuation using a ND filter with a 6.3 OD (which is equal to 126 

dB electrical attenuation) results in the FFT trace shown in Fig. 9.9(b) where once more the 

FFT spectral peak carrying the irradiance information of the CAOS-mode agile pixel signal is 

buried in the spectrum noise. In order to extract the CAOS pixel irradiance information from 

the FFT spectral peak, the sampling duration acquisition time parameter of the DAC is 

increased by a factor of 12, i.e., from 5 seconds to 60 seconds. For the MATLAB FFT, this 

increase in integration time increases the M value to 221 = 2,097,152 giving a FFT processing 

gain of GFFT = 60.2 dB. As it is shown in Fig. 9.9(c), using this increased processing gain 

recovers the FFT peak which is well visible with respect to the noise floor giving an 

experimental CAOS camera DR of 125.7 dB. With the increased GFFT, the designed camera 

DR = 86.9 + 60.2 = 147.1 dB. Next the attenuation is further increased to a value of 6.6 OD 

which corresponds to a PD signal electrical attenuation of 132 dB. For this attenuation, Fig. 

9.9(d) gives an experimental CAOS camera DR value of 130.5 dB. As shown in Fig. 9.9(e), 

by further increasing the applied optical attenuation to a value of 6.9 OD which is equivalent 

to 138 dB PD signal attenuation, one can no longer recover the super weak CAOS pixel 

irradiance signal since it is hidden in the FFT spectrum noise floor. From Fig. 9.9(e) a 

|S(f1)|min = 2×10-7 just above the noise floor gives an experimental CAOS camera DR of  

136 dB. This extreme DR number of 136 dB showcases the power of the proposed 

wavelength sensitive CAOS camera technology. 

Do note that the approximately 11 dB difference in experimental versus designed 

camera DR is due to several factors that includes error tolerances of optical and electronic 

components specifications from the datasheets, measurement errors due to deployed test 

instruments, and drift from the perfect linearity assumed for the point PD responses as well as 

their built-in trans-impedance amplifiers. Specifically, the deployed point PDs are designed 

for an ideal linear response in regions sufficiently far from the PD saturation point and the PD 

noise floor [42]. In an optimized CAOS camera design for application-specific field 

deployment, the experimental camera can be appropriately calibrated to produce true image 

irradiance data. 
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(a)     (b) 

 

  
(c)     (d) 

 

 
(e) 

 
Fig. 9.9. (a) |S(f1)| = 1.902×10-6 obtained for a 200 mV DAQ range setting when ND filter 
is equal to OD = 6 and ts = 5 s. (b) Peak at f1 buried in system noise floor for a 200mV 
volts DAQ range setting when ND filter is equal to OD = 6.3 and ts = 5 s. (c) S(f1)| = 
6.371×10-7 obtained for a 200 mV DAQ range setting when ND filter is equal to OD = 6.3 
and ts = 60 s. (d) S(f1)| = 3.662×10-7 obtained for a 200 mV DAQ range setting when ND 
filter is equal to OD = 6.6 and ts = 60 s. (e) Peak at f1 buried in system noise floor for a 
200mV volts DAQ range setting when ND filter is equal to OD = 6.9 and ts = 60 s. 
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of a white light LED target. Therefore, the power of dual CAOS-mode operations is 

demonstrated here, one CAOS-mode for the image space and one CAOS-mode for the optical 

spectral space. To increase camera dynamic range, proposed is the use of a higher resolution 

ADC with both range and sampling duration parameter control along with a larger data set 

electronic DSP to extract higher DSP gain and realize additional noise suppression. 

Specifically, by experimentally engaging programmable 16-bit ADC control and the 60 dB 

DSP gain of a near 2 million point FFT applied to the point PD signal, an extreme dynamic 

range of 136 dB has been demonstrated for the CAOS camera agile pixel using an optical 

variable attenuator irradiance controlled visible laser target. These fundamental experiments 

point to the power of the CAOS camera for diverse applications in imaging. Future work 

using a much higher speed (e.g., 32 kHz frame rate) DMD relates to the optimization and 

extensions of the proposed dual band CAOS camera design to application specific 

demonstrations in multispectral and hyperspectral imaging including hybrid (H) CAOS 

camera designs engaging prior-art spectral imagers as well as prior-art computational 

imaging methods within the CAOS hardware platform. 
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CHAPTER 10 

CONCLUSIONS 
 

To summarize, this thesis is focused on innovations in two macro research fields 

namely, shape sensing and imaging. Specifically, proposed and experimentally demonstrated 

are smart and elegant optical and electronic system designs to existing real world problems in 

the shape sensing and imaging domains. In each chapter, I present the detailed design and 

experiments for each innovation as the research builds over the thesis work to improve the 

system performances for both the shape sensing and imaging applications. 

Starting from the shape sensing field, my thesis has proposed system design 

solutions based on different optical components emphasizing the use of an electronically 

controlled variable focus lens (ECVFL) for beam forming operations. Using the ECVFL and 

an illumination laser light source, it has been successfully demonstrated how starting from 

simple elements a 3-D shape sensor can be designed and experimentally demonstrated. 

Strengths of the proposed sensor are its highly programmable working range and its small 

transverse resolution. Depending on the application, improvements in the sensor design are 

proposed by change of the optical beam parameters of the light source. First a laser spot 

sampling was deployed to shape sense. Next, laser line sampling was used to enable faster 

shape sensing while keeping a flexible working range and the smallest transverse resolution. 

For these two presented designs, further improvements can be achieved with the use of a 

more efficient and robust image processing algorithm as well as better performing optical 

devices having faster response. It is also shown how the key components in the shape sensing 

sensor can be embedded into a projection system that forms a smart art display. Traditional 

projection systems are designed to display content information onto a flat 2-D surface. 

However, when the surface presents irregularities or it is a multi-distance conformal screen, 

current projection technologies have limitations. I have shown using experimental 

demonstrations how the projected image suffers distortion, losses its sharpness and presents 

artefacts that have a negative impact on the desired image projection. On the other hand, 

when using the proposed projection system design in this thesis, it is shown that one can 

obtain a clear and in-sharp image projection onto a multi-distance conformal surface over a 

designed programmable working range. The proposed design can be deployed in an artistic 

scenario where irregularities are common and user interaction is required for better user 






