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Chapter 1

Introduction

1.1 Background

Since we are living in a three-dimensional world, an adequate description of our environ-
ment for many applications includes the relative position and motion of the different objects
in a scene. Nature has satisfied this need for spatial perception by providing most animals
with at least two eyes. This stereo vision ability is the basis that allows the brain to calculate
qualitative depth information of the observed scene. Imaging 3-D measurement with useful
distance resolution has mainly been realized with several methodologies. These methodolo-
gies can be categorized into three classifications. As shown in Fig. 1.1, these classifications
include:

Triangulation

The triangulation method can be also divided into passive triangulation and active triangu-
lation by the principles. The typical passive method is called stereo-matching [1]-[9]. As
shown in Fig. 1.2(a), the stereo-matching system using two or more cameras from different
angles, to acquire range maps by matching the patterns of the images in each camera. Al-
though stereo-matching system can be realized by a simple system configuration, it need to
suffer the huge computational complexity. The passive methods cannot calculate the distance
of objects that is hard to be distinguished, such as white plane or unclear object. light-section
method, which is also called active triangulation method, has a capability of high range accu-
racy, and it is efficient for high-quality range map capture in a middle-range target scene. The

principle of range calculation is same as the stereo-matching from the point of triangulation.
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A light-section range-finding system consists of a sheet beam projector and a position sensor
as shown in Fig. 1.2(b). The light-section range finding method realizes high-accuracy range
map capture because of active light projections, however, many frames are necessary for the
position detection during the beam scanning in order to acquire a range map. It is difficult
for a standard image sensor to attain a high frame rate. So, by replacing the sheet beam
projector, 2-D structured light illumination and 2-D imaging to perform 3-D triangulation
measurements without scanning are used for further advanced technique, but it needs much
computation to specify 2-D image the as well as stereo-matching method.
Time-of-Flight(TOF)

The TOF[10]-[17] method, as shown in Fig. 1.2(c), a projected light is reflected from a target
object with some delay in proportion to the distance as shown in Fig. 1.2(c). The arrival time
of the reflected light is acquired by a special photo detector. The range resolution is basically
determined by the time resolution independently of a target distance, therefore the TOF is
suitable for a long-distance range-finding. Range accuracy is, however, limited at a couple of
centimeters by a electronic shutter speed of a special photo detector.

Interferometry

The interferometry[18]-[24] method, as shown in Fig. 1.2(d), which is well-known for the
Michelson interferometer, can be equivalently interpreted as a TOF principle, since the run-
time difference between the reference and measurement path is evaluated. By employing
multi-wave interferometry, where two very closely spaced wavelengths are used at the same
time, this method enable absolute measurements over several tens of centimeters. However,
a distance range is from micrometers to several centimeters to realize highly accurate mea-
surement.

Fig. 1.3 shows a comparison in terms of distance and resolution. After we have read the
introduction before, we have know the concepts and principles of triangulation, time-of-flight
and interferometry. Although these concepts and principles seems simple, actually it is still
hard for us to find a method totally satisfied our needs. Our system always have to work in
variable environments, some of these environments are commonly extremely hardness ,such

as some systems have to work in the sunlight, some have to work in variable weather condi-
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Figure 1.3 Performance map of conventional 3-D Measurement systems[22]

tions. And also, in the implementation level there are still so many issues we have to face.
Among these issues the solution for background light is commonly a big challenge for many
systems, especially for those systems using light-section and time-of-flight methods. The
effects of suppression of background level will extremely influence the performance of the
system such as sensitivity and range accuracy. So the evaluation of background light suppres-
sion characteristics of the systems is needed and important. Range accuracy which stands for
the range finding capability of the system is also need to be evaluated. Never the less, there
have been so many evaluation methods which could evaluate these two items existed in the

earth. Actually they have so many problems. For example, ones only evaluate the range
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Background light

accuracy of the range finding systems in a fixed background light level. another ones only
evaluate the range accuracy when the intensity of the signal light is fixed. Further more, ones
only evaluate the Signal-to-background Ratio(SBR) which stands for the sensitivity of light
detection of the range finding systems in a fixed background light level. another ones only
evaluate the SBR when the intensity of the signal light is fixed. Although the results of these
evaluation methods shows some level of the performance of the range finding systems, they
are still not comprehensively enough to show the performance of the range finding systems
because all of these system work in a variable background light level environment, and have
to conquer different signal light intensities. Fig. 1.4 shows a comparison in terms of the
level of background light and Signal-to-Background Ratio which stands for the sensitivity of
light detection for some works in recent year. Thus, comprehensively evaluation methods for

background light suppression characteristics and range accuracy are necessary and important.
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1.2 Main Range Finding Methods

As we have mentioned in background of this research, the triangulation method has a capa-
bility of high range accuracy in the middle-range target scene, and Time-of-Flight is efficient
to capture in the wide-range target scene. In this section, we will explain the basic principle

of light-section method and Time-of-Flight.

1.2.1 Light-Section Method

The light-section method can be categorized into triangulation method. For acquiring range
map of the target scene, a laser light source modulated to sheet line is used and a image sensor
detects the reflected laser light. Fig. 1.5(a)(b) shows the x-z plane and y-z plane respectively.
Angles between sheet laser and x-axis, between reflected laserand x-z plane, and between
reflected laser and y-z plane are a,,a, and 0 respectively. Distances between the center of
lens and target x address on the sensor plane, and the center of lens and target position on y-z

plane are x and 1 respectively. Target position is (x,, ¥p.%,), and baseline and focus of lens
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are d and f respectively. Then a, and 6 are given by

tana; = i (1.1)
Te

tand = i (1.2)
Ye

where f'is a focal depth of a camera. a; and a,, are also represented by

l

p = m (1.3)

a
l

- d/2 + x, (9

a;

where [ is a length of a perpendicular line from a target position, p, to x-axis. Therefore, z,,

and [ are given by

d(tana, — tana;)

1.5
2(tana, + tana;) (1.5)

l'p:

- dtana,tana; (1.6)
2(tana, + tana;)

Here, y, = lsinf and z, = lcosf. Thus, y, and z,, are also given by

dtan a, tan a; sin
2(tana, + tana;)

Yp = 1.7

dtana, tan a; cos 6
2 =
P 2(tana, + tana;)

(1.8)

1.2.2 Time-of-Flight(TOF) Method

Fig. 1.5 shows the simplest implementation of a time-of-flight range finding system using
laser light source. The illumination is switched on for a very short time, the resulting light
pulse illuminates the scene and is reflected by the objects. The lens of image sensor gathers
the reflected light and images it onto the sensor plane. Depending on the distance, the incom-
ing light experiences a delay. As light has a speed of ¢, this delay is ¢;: an object distance,d

, 1s given by:

g C*la (1.9)
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1.3 Smart Image Sensors

Image sensor is commonly a key component for 3-D measurement systems. As a matu-
rated technology, Charge coupled device(CCD) was commonly used because of high sensi-
tivity and strength to noise. However, CCD manufacturing process is complicated and hard to
implement. Recent year with the rapid development of Complementary Metal Oxide Semi-
conductor(CMOS) technology which is similar to CCD. More and more image sensor for
3-D measurement using CMOS technology have been presented. Most remarkable point of
CMOS image sensor is that CMOS image sensor transfer signal after amplifier, so that it is
strong to circuit noises. Moreover, in CMOS image sensor, various circuit can be imple-
mented with imaging device(photo-diode). In the conventional CMOS image sensor, a pixel
array and signal processor are separated as shown in Fig. 1.7(a). However, there are many

CMOS image sensor employing column-parallel signal processor and pixel-parallel signal
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processor as shown in Fig. 1.7(b)(c).

1.4 Thesis Organization

This work is subdivided into six chapters. chapter 2 we describe four typical smart image
sensors for 3-D Measurement base on different methods which we introduced in chapterl.
The first one is a high speed and high accurate image sensors with light-section method. The

basic idea and work principle is introduced in detail. The second one is a high dynamic range
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and high background Light suppression image sensors with light-section Method. The basic
idea and work principle is also introduced in detail. The third one is a Time-of-Flight image
sensor with lock-in pixel structure. The basic idea and work principle of it is introduced in
detail. The last one is a Time-of-Flight image sensor with single-photon avalanche diodes.
The basic idea and work principle is introduced in detail. In chapter 3 ,base on the smart
image sensors for 3-D Measurement we mentioned in chapter2, we discuss the problems
of the existing evaluation method of the high speed and high accurate image sensors with
light-section method and the high dynamic range and high background Light suppression
image sensors with light-section Method which were mentioned in chapter2, and gives the
evaluation method of background light suppression characteristics and range accuracy of both
of the two images sensors. The evaluation results are summarized at the last of the chapter.
In chapter 4, the problems of the existing evaluation method of the Time-of-Flight image
sensor with lock-in pixel structure and the Time-of-Flight image sensor with single-photon
avalanche diodes which were mentioned in chapter2 are discussed, and gives the evaluation
method of background light suppression characteristics and range accuracy of both of the two
images sensors. The evaluation results are summarized at the last of the chapter. chapter 5

gives conclusion of this thesis.



Chapter 2

Smart Image Sensors for 3-D Measurement

In this chapter for finding out the comprehensive evaluation methods for background light
suppression characteristics and range accuracy. We take four types of smart image sensors
for 3-D measurement as our base. The first one is a high speed and high accurate image sen-
sors with light-section method[31] which using multi-sampling principle to acquire the high
accuracy. The second one is a high dynamic range and high background Light suppression
image sensors with light-section Method[27] which using low-pass-filter to suppress back-
ground light and using demodulate principle to acquire high dynamic range. The third one
is a Time-of-Flight image sensor with lock-in pixel structure[12] which using demodulate
principle to detect the signal light. The last one is a Time-of-Flight image sensor with single-
photon avalanche diodes [11] which also having a typical structure to acquire the flighting
time of the signal light. In this chapter, we introduce the concepts and work principles of

them.

2.1 High Speed and High Accurate Image Sensors with Light-

Section Method

In this section, we will analysis a typical and conventional image sensor with light-section
method. This image sensor totally and purely used the light-section method with a typical
pixel circuit. The sensor acquired high speed and high accurate by using the special activated
pixel scan technology and multi-sampling technology. For a purely light-section method, Fig.

2.1 shows the relation between background light and signal light for a conventional light-

11
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Figure 2.1 Background Light with Signal Light for a conventional light-section method

used smart image sensor(a)Detectable Signal Light in Background Light, (b)Voltage Level

corresponding to Background Light and Signal Light

section method used smart image sensor. As shown in Fig. 2.1(a), the conventional smart
image sensors using light-section method can only detect the signal light which intensity
is stronger than the background light intensity. If the intensity of the signal light is not
strong enough, no signal will be detect. In the case the signal light intensity is stronger
than background light intensity, at the pixel level, the voltage correspond to the signal light
intensity V}, correspond to the incident signal light intensity is almost linear before the pixel
saturate with the voltage V,; as shown in Fig. 2.1(b).

Fig. 2.2 shows the pixel scheme of this image sensor. As shown in Fig. 2.2, the pixel is
composed of a photodiode, a source follower, a transistor works as a reset switch, and well
capacity Cp,4 and an AD converter. The output of photodiode V,,; can be calculated by using
photon-current /,4, the integration time of the pixel t and the well capacity of the pixel Cq,
the photon-current includes two components /;, caused by the signal light and I, caused by

the background light. The output V,,; is given by

[d*t ([sz +[b)*t
Vo= -2 = g g 2.1)
PO Cha

Here, the output voltage can be divided into Vg, Vg and V., corresponding to the signal
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Yout

0
ADC E!
—
Figure 2.2 Pixel Scheme
light, background light and another noises respectively.
‘/pd = ‘/sig + ‘/bg + Vnoise (22)
The signal intensity can be detected in the condition
‘/sig + ‘/bg + Vnoise S V:eat (23)

And, take the gain of the source follower in consider, the output voltage V,,,; after amplified

is given by
V;)ut = Asf * (Vszg + %g + Vnoise) (24)

For finding the range data the sensor commonly composed of an array of pixels.The range

data is calculated by the beam projection angle «; and «; the incident angle as shown in Fig.
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1.2(b). The incident beam angle is provided from the incident beam position on the focal
plane. Therefore, the range resolution and accuracy depend on the resolution of position
detection on the sensor. In other words, the sub-pixel resolution efficiently improves the
range accuracy. A multi-sampling technique is implemented to acquire the intensity profile
of incident beam for a fine sub-pixel resolution. In a multi-sampling method, all the pixel
values are updated repeatedly during the photo integration. Pixels with stronger incident
intensity are activated faster and found many times in multiple samplings as shown in Fig.
2.3. In the conventional single sampling mode, the acquired data are binary, and so the sub-
pixel resolution of calculated center position is 0.5 pixels as shown in Fig. 2.3(a). On the

other hand, the number of samplings represents the scale of the intensity profile as shown
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in Fig. 2.3(b).The resolution of AD converter is quite a factor which will affect the range
finding accuracy as shown in Fig. 2.3(c). If the AD converter has a higher resolution, the
output of the pixel V,,; can be expressed more precisely. So as a input to AD converter V,,,;,
with the consideration of resolution of AD converter AV pc, the output of converter V,,;, is
given by

In this system, a laser pulse is used as a light source, so we can assume this optical pulse as
a Gaussian shape. V; is the voltage value at the location 1, Zreq) peqr; 15 the real peak location

on the sensor plane and o characterizes the pulse width.

7(zi7937‘eal,peak)2
Vi=Vigxe 202 (2.5)
to determine the value of peak cq peaks Tcalpear May be estimated by using the centroid

algorithm

2
- (I’L 7zreal,peak)

E Viig * € 2502 * T,

Toal_peak = (2.6)

N
D
i=1

Finally, to evaluate the accuracy of peak detection, we use the function give by

Axpetlk: = ‘xcal,peak - xreal,peak| (27)

2.2 High Dynamic Range and High Background Light Suppres-
sion Image Sensors with Light-Section Method

As we discussed in section. 2.1, the conventional smart image sensors using light-section
method can only detect the signal light which intensity is stronger than the background light
intensity. That means even for a common background light environment such as in door at the
day time. Extremely strong light source is needed. These types of laser light are commonly
not safe to human eyes. As shown in Fig. 2.4, people want to find range finding systems can
work in a strong background light level and also can work with a safe to human light source.

To solve this problem, people have to suppress the background level with special ways such as
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Pluse Modulated
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Intensi

Figure 2.4 Background Light with Signal Light for a demodulation method smart image

sensor by light-section method[31]

using a bandwidth filter or a electrical suppression method. Also, demodulation method can
be used combine with the light-section method and using a modulated light source to detect
the signal light to acquire a high selectivity for the range finding system. Fig. 2.5 illustrates
a sensing scheme for high-sensitivity and wide-dynamic-range photo detection. In the light-
section range finding system, a laser beam modulated by a pulse generator is projected on
a target object. The photo detector receives a reflection of the projected laser beam and the
background illumination together. A photo current generated by the incident light is fed
into a low-pass filter. An output current of the low-pass filter is subtracted from the original
photo current. The subtraction is realized using a current mode circuit instead of a voltage
mode circuit in [85] to avoid saturation. The output current is alternating when the incident
light includes a modulated light. A circuit limits the amplitude of current swing to avoid a
saturation problem of a correlation circuit after the constant current suppression. The limited
current swing is divided into two integrators by an external correlation signal. A marked
difference voltage between the outputs of each integrator is acquired only when the incident
light has the correlation frequency. The low-pass filter and the current-mode subtraction
circuit realize the adaptive suppression of constant illumination. The logarithmic-response
circuit and the correlation circuit are dedicated to wide-dynamic-range and high-sensitivity
photo detection.

Fig. 2.6 shows a pixel circuit implementation of the present demodulation sensing. The
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Figure 2.5 Basic idea of the demodulation sensing

pixel consists of a photo diode, a current-mode suppression circuit with low-pass filters, a bias
circuit for the low-pass filters, a logarithmic I-V converter, two integrators for correlation,
and two source follower circuits for readout. The transistor size (W/L) is also shown by
micrometers (pm) in Fig. 2.6. The size of coupled or cascaded transistors is omitted in Fig.
2.6 since they are the same size. A photo current of [, is generated in proportion to the
incident light intensity. The photo current is copied as a current of a/pp, where « is a gain
of the current copier circuit. Its average current, al,,4, is generated by a low-pass filter and
it is subtracted from a/pp. The low-pass filter consists of two biased transistors (M, and
M) and two capacitors (Cy and C7). The biased transistors are used for a resistor of the
low-pass filter, which are based on HRES (Horizontal RESistor) presented in [86]. A drain-
source current, Iy, of the transistor, My, is controlled by the gate voltage of V. The bias

circuit makes the gate-source voltage of V,, constant in each pixel for constant resistance. The
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Figure 2.6 Pixel circuit implementation of the demodulation sensing[31].
saturation current of the biased transistor, M, is half of the bias current of [, controlled by
V.

Fig. 2.7 shows a timing diagram of the pixel circuit operation. Here, f; is a correlation
frequency. When the incident light includes a modulated light, the photo current, /pp, has

two components of a constant current of /,. by an Background light and an alternating current

of I,. by a modulated light.
[pd = lgc + Ioc (28)
The low-pass filter generates the average current, o/, as follows.a/,,,

g = alpg = a (Lge + Ioc) 2.9
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Figure 2.7 Timing diagram of the pixel circuit operation[31].

The constant current, /,., is adaptively suppressed by the current-mode suppression circuit.
Here, a time constant of the low-pass filter is designed at 1.2 ms in a typical situation. It
can be adjusted by the external bias voltage, V,.. The output current, /,,,,4, of the suppression

circuit is given by
I ac) (2.10)

’
Lod = a Lge — alavg ~a (Iac -

The output current, /,,,,4, 1S converted to a voltage level of V,,,,4 by a logarithmic-response

circuit.

Vinod = 5 log ([offset + Imod) (2.11)

where [ is a gain factor of the logarithmic-response circuit and I is an offset current. The

output is divided into two capacitors, Cs and C5, by the external signals, MPY+ and MPY-,
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synchronized with the correlation frequency. The voltages, V,,,,,+ and V,,,,, at Cy and C5
are read out as V,,; and V,,;_ by source follower circuits, respectively. When the incident
light contains only the background illumination, the photo current is constant and 7,,,,4 1S
zero. In this case, the difference voltage between V,,;, and V,,;_ is zero, and the pixel is
recognized as an inactive pixel. On the other hand, the marked difference between V.
and V,,;— is acquired only when the incident light has the frequency synchronized with the
correlation signal. The pixel is recognized as an active pixel when the difference voltage

exceeds the reference voltage, Ve, as follows.
Vvout—i- - ‘/out— Z ‘/cmp (212)

By combing all the process we discussed before, the final output of the pixel can be given

by
N

N t
Vour = > Voutr = Vour) = 3 _ B /t log Iep (7) AVupy (7) dr (2.13)
i=1 -

i=1

As we discussed in section. 2.1, the resolution of AD converter is quite a factor which will
affect the range finding accuracy. So as a input to AD converter V,,;, with the consideration
of resolution of AD converter AV, the output of converter V,,;, is given by

In this system, a laser pulse is used as a light source, so we can assume this optical pulse as
a Gaussian shape. V; is the voltage value at the location 1, Zreq/ peqr, 15 the real peak location

on the sensor plane and o characterizes the pulse width.
- (xi_xreal,peak)2

Vi=Vig*e e (2.14)

to determine the value of peak cu peaks Tealpear May be estimated by using the centroid

algorithm

2
- (‘Lz *xreal,peak)

E Viig ¥ € 2502 * T

Leal_peak = =l N (215)

S

=1

Finally, to evaluate the accuracy of peak detection, we use the function give by

Axpeak = Ixcal,peak - :I"real,peak| (216)
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2.3 Time-of-Flight Image Sensor with Lock-in Pixel Structure

In this section we will analysis a time-of-flight image sensor with a lock-in structure. A
lock-in structure is a type of amplifier that can extract a signal with a known carrier wave
from an extremely noisy environment (the signal-to-noise ratio can be -60 dB or even less.
It is essentially a homodyne with an extremely low pass filter (making it very narrow band).
Lock-in amplifiers use mixing, through a frequency mixer, to convert the signal’s phase and
amplitude to a DC-actually a time-varying low-frequency-voltage signal. The device is often
used to measure phase shift, even when the signals are large and of high signal-to-noise ratio,
and do not need further improvement. Recovering signals at low signal-to-noise ratios re-
quires a strong, clean reference signal the same frequency as the received signal. This is not
the case in many experiments, so the instrument can recover signals buried in the noise only
in a limited set of circumstances. The lock-in amplifier was invented by Princeton University
physicist Robert H. Dicke who founded the company Princeton Applied Research (PAR) to
market the product. So one can use this structure as to detect the signal wave in complicate
background condition. This work just benefit form this structure as a base of a demodulator.
A special pixel structure was made to get this principle realized. Fig. 2.8 is the simplified
layout of the pixel. TX1, TX2, TXD, and PG are polysilicon gates placed on field oxide. The
photogate, PG is the photosensitive region of the pixel. Aside from PG, the other gates are
used to control the direction of photoelectron flow according to their TOF. F'D; and F'D,
are floating diffusions used to collect signal charges from PG through transfer gates TX1 and
TX2, respectively. Unwanted background light induced photoelectrons are transferred to the
two charge drains through the charge draining gates TXD.

Fig. 2.9(a) is the cross section of the pixel at line xx’. Here, it is shown howa source follower
and a reset transistor are connected to each floating diffusion output node in order to system-
atically reset and read out the signal levels. The n-buried layer prevents photoelectrons to be
captured by interface traps by creating a potential maximum in the bulk. The active illumi-
nation used is an array of infrared LEDs having a wavelength of 870 nm. At this wavelength,

the penetration depth of photons is approximately 22 pm beneath the pixel * s surface [7]. To
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Figure 2.8 TOF pixel layout[12]

maximize the capture of moderately deep generated photoelectrons, a lightly doped p-type
epitaxial layer is formed beneath the n-buried layer. This layer creates a vertical potential
profile within the pixel. The resulting electric field from this potential gradient accelerates
moderately deep generated photoelectrons to the surface at where it could be transferred to
the output nodes. On the other hand, deep generated photoelectrons will migrate to the sur-
face through thermal diffusion. Their arrival time from the deep regions of the pixel to the
surface does not coincide with the TOF of the system thus contaminating the signal charge.
To reduce their numbers, a highly doped p-type bulk material is used to increase the recom-
bination rate of electrons.

Fig. 2.9(b) is the cross section of the layout at line yy’. Here, the charge draining structures
are stressed. Background induced photoelectrons are transferred to the charge drains via
gates TXD. The drains are connected to the supply rails which enable these photoelectrons

to be drained safely out of the pixel.
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Figure 2.9 Pixel cross sect;o)n:(a)X—plane, (b)Y-plane[12]
Fig. 2.10 shows the control pulses associated during TOF integration. Pulses ¢rx; and ¢rx1
are used to transfer generated electrons to node F'D; and F'D,, while is ¢7xp used to drain
background light generated charge to the charge drains. The hatched boxes are used to show
the amount of charge transferred to each floating diffusion node according to 7. Each box
corresponds to the overlapping region of the received light pulse with the pulse in PHASE1
and PHASE2. The TOF accumulation cycle is separated into three phases, namely, PHASEI,
PHASE?2, and PHASE3. These pulses are applied to the gates of the pixel. PG is held con-

stantly at ground voltage both during accumulation and readout. The active illumination light
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Figure 2.10 Pixel control pulses[12]

sources are pulsed with the same pattern ¢rx; as with a pulsewidth of 7j. A 10% duty cycle
is used for the active illumination light source to ensure a high instantaneous emitted power
and at the same time to increase the unwanted charge draining time. The received light pulses
shown are delayed by its TOF of T, causing delay dependent amounts of induced photoelec-
trons to be transferred to the output nodes V; and V;.Charges are transferred for multiple
times in order to obtain an adequate amount of signal charge.

Fig. 2.11 depicts how the pixel’ s lateral surface potential is used to perform charge transfer
and separation of the generated photoelectrons according to 7p. In Fig. 2.11(a), the resulting
potential profile during PHASE1 and PHASE?2 are shown using solid lines and dashed lines,

respectively. In PHASE], the potential profile sloping down towards V; results in an electric
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Figure 2.11 Charge separation during (ai) )PHASEI and PHASE?2. (b) PHASE3[12]
fields that quickly transfer the generated photoelectrons during this phase from their gener-
ation site under PG to V; through gate TX1. The same mechanism transfers photoelectrons
to node V5 in PHASE?2. During these two phases, -2V is applied to TXD causing a potential
barrier between PG and the charge drains. Fig. 2.117(b) shows the lateral potential profile
in both the X and Y directions of the pixel during PHASE3. The photoelectrons generated

during this phase are caused by background illumination. By applying -2V to TX1 and TX2,
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a potential barrier is created and it effectively isolates nodes V; and V, from the photogate
where background generated photoelectrons are being generated. On the other hand, 1V is
applied to both the charge draining gates to connect the charge drains with the photogate.
The electric field during this phase accelerates the background induced photoelectrons to the
charge drains that are constantly being connected to the power supply rails. Upon arriving in
the charge drains, the photoelectrons are diffused safely out of the pixel. The same potential
profile as in PHASES3 is used during signal readout to ensure isolation of the readout signal
from background light generated noise.During the transfer of signal electrons in PHASEL1
and PHASE? to its respective output nodes, a photocurrent [, is induced. the amount of

electrons transferred to node F'D, and F'Ds is given by

I
M:%&%—%) (2.17)
and
_Ipp
N, = 221, (2.18)
q

the photo current, /pp, has two components of a constant current of ;. by an Background

light and an alternating current of /,. by a modulated light.
[pd = lgc + ac (219)

respectively. the TOF which directly corresponds to is written as

T0N2

TOF = ——— 2.20
Ny + N, (2:20)
and the measured range, L is given by
To N
[ = ot 2.21)
2 (N7 + Ny)

where is ¢ the speed of light. If the output node capacitances are equal, the number of elec-
trons collected can be replaced by their corresponding voltage level and 2.3 can be rewritten

as

cToVa

T 2(Vi+ 1) =
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by the lock-in principle, V; is give by

N N

Vi= %Z </:T101 (t)dt—/t;]@ (t)dt) = %Zp/t;fm (t)V (t)dt (2.23)

i=1 i=1
also, V5 is give by

N N

1 ! t 1 '
V=Y ( /tT Ton () dt + /tT Iea (1) dt) Ly /tT Ip (Hdt  (2.24)

=1 =1
An offset voltage V,sy..:, caused by deep generated electrons diffusing to the surface and
modifying the measured signal voltage, must be taken into consider while we are calculating

the range L, so L is give by

CTO (‘/2 - %ffset)

Ly = 2.25
LT 2(Vi A Vo — 2Vogse) (22
To evaluate the range finding accuracy, we use the function give by

ALpeak = ‘Lcal,peak - Lreal,peak) (226)

2.4 Time-of-Flight Image Sensor with Single-Photon Avalanche
Diodes

Another way to acquire the time-of-flight is to use Single-Photon Avalanche Diodes as pho-
ton detector. In this section we will introduce and analyzed this Time-of-Flight image sensor
with Single-Photon Avalanche Diodes. Solid-state single-photon detectors have existed for
decades and, while several flavors of solid-state detectors exist in various technologies and
ranges of operation, from cryogenic to room temperature detectors, silicon avalanche photo-
diodes (APDs) have emerged as the most versatile and easy to use among them [52]. A class
of APDs operating above breakdown, in so-called Geiger mode and known as single-photon
avalanche diodes (SPADs), is of particular interest due to their amenability to integration in
planar silicon processes in combination with conventional digital and analog circuitries. The
first SPADs implemented in a planar technology have emerged relatively recently [53],[54].
But, while the physics of solid-state SPADs is well understood [55], it is only with the advent

of devices integrated in conventional CMOS processes [56], that the evolution onto smaller
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and smaller feature sizes has rapidly advanced to the point that it has now become possible
to envision large imaging systems based on SPADs Fig. 2.12 shows the SPAD cross-section
in a conventional CMOS process.

Fig. 2.13 shows the principle of a SPAD image sensor. When the light source project a
signal light to the target object, a start signal will be sent to the Time-to-Digital Converter
[39]-[51], then when the signal light reflected to the sensor plane, a SPAD will be triggered.
The avalanche of SPAD will generate a pulse. As the stop signal this pulse will be sent to
Time-to-Digital Converter as well. By using this two signal, the time-of-flight can be found
out. Fig. 2.13 shows the the pixel scheme of a SPAD image sensor. As a key component,
the resolution of time-to-digital converter determines the resolution of time-of-flight, and
determines the range accuracy as well. The probability of false trigger caused by background

light is given by
P,(t; E) = exp(—t xny * E) (2.27)

E is the arriving rate of the photons caused by the background light. Thus, the density of
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false trigger by background light is given by
mox B <77 (2.28)

Take the dead time ?4.,4 0f SPAD into consider. The probability of false trigger caused by

background light is changed to
P,(t; E) = exp(—min(t, tgeqq) * n * F) (2.29)
Also, the the density of false trigger by background light is changed into
o * B < taead " (2.30)

As a Gaussian shape signal, the signal return density can be give by,

Q1
hv  \/2r %o

r(t) x exp(—t*/20?) (2.31)
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where the (), is the power of the signal, and o is the pulse width. h is the Plank’s constant.
Thus the signal return probability can be given as

—1 r t
P,(t;r(t)) = exp | — 1o * & erf +1 (2.32)
2 hv \/5 * O
So the totally probability of background light and signal light is given by

h(t) = P,(t; E) + P,(t;r(t)) (2.33)

Take the resolution of time-of-digital converter into consider. The time-of-flight is acquired

by calculating the arriving time centroid of the light by

TOF'+PW/2

> h(t)xt

i=TOF'—PW/2
TOF'+PW/2

> h()

i=TOF'—PW/2

TOF =

(2.34)



Chapter 3

Evaluation of Background Light Suppression
Characteristic and Range Finding Accuracy

for Light-Section Method

As we discussed and analyzed four typical types of image sensors: a high Speed and high ac-
curate image sensors with light-section method, a high dynamic range and high background
light suppression image sensors with light-section method, a Time-of-Flight image sensor
with lock-in pixel structure and a Time-of-Flight image sensor with single-photon avalanche
diodes in chapter 2. Actually all of this four image sensors have been evaluated in their works
respectively, but for the evaluation of background light characteristics and range finding ac-
curacy. The evaluations are not enough. From this chapter we will discuss the problems
of the existing evaluation for them respectively, and towards the problems we will present
our method to solve the existing problems and provide a new respect to evaluate the image

sensors for 3-D measurement.

3.1 Evaluation of High Speed and High Accurate Image Sensors
with Light-Section Method

Following the work principle and analysis results of this high speed and high accurate
image sensors with light-section method in chapter 2, in this section we will deeply look
into the existing evaluation method of this image sensor, by analyzing the problems of the

existing evaluation method. we try to find out a method by which we can comprehensively

31
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evaluation this image sensor especially for the evaluation of background light suppression

characteristics and range finding accuracy.

3.1.1 Problems of Existing Evaluation Method

In this work, although the existing evaluation results shows : a row-parallel frame access
architecture has been proposed for the high-speed range finding and the row-parallel search
operations are executed by a chained search circuit embedded in a pixel on the focal plane,
the bit-streamed column address flow enables row-parallel address acquisition with a com-
pact circuit implementation. Moreover a multi-sampling technique is available for range
accuracy improvement. A 375 x 365 3-D range-finding image sensor has been designed and
fabricated in a one-poly five-metal (1PSM) 0.18- m standard CMOS process. It attains a
high-speed frame access rate with multiple samplings. The maximum frame access rate is
394.5 kHz with four samplings, which has a potential capability of 1052 range maps/s in
the case of a sufficiently strong beam intensity. Then it provides 1.10 mm range accuracy
at a target distance of 600 mm. It has been improved up to 0.2 sub-pixel resolution by the
multi-sampling technique. Actually because this image sensor used a typical and convention
light-section method and a common pixel circuit, as we discussed in chapter 2, background
light is quite a issue which can affect the performance of the image sensor, but in the ex-
isting evaluation method, background light suppression characteristic is not evaluated. For
this work to evaluate the background light suppression characteristic, the the following issues

should be evaluated as well.
e Signal-to-Background Ratio which stands for the sensitivity of light detection.

e Range of signal sight intensity in some level of background light while the range infor-

mation can be derived.

e Range of background light intensity in some level of signal light while the range infor-

mation can be derived.

e Range of background light and signal light intensity while the range information can
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be derived.
e Other issues which could affect the range information can be derived.

About the rang finding accuracy, in the existing evaluation method, the measurement results
only shows the relation of real distance and range accuracy. This work have a 2.78cm (0.5sub-
pixel) resolution while the distance between the target object and the image sensor is 600mm
without multi-sampling and a range Accuracy of 0.11cm (0.2sub-pixel) resolution at the same
distance ,with 4 times sampling. But the results did not show the typical issues as background
light suppression characteristics which could affect the range find accuracy, the following

issues are still needed to be evaluated.
e Range accuracy with signal light intensity.
e Range accuracy with background Light Intensity.

e Range accuracy with signal light intensity and background light intensity.

3.1.2 Evaluation of Background Light Suppression Characteristic and Range

Finding Accuracy

Towards the problems of existing evaluation method which we listed up in section. 3.1.1
and base on the numerical analysis of this sensor, we present a numerical evaluation method
for background light suppression characteristic and range finding accuracy in this section. As
we analyzed in chapter 2, the voltage caused by photodiode V,,; can be calculated by photo-
current /4 which include two components /;, induced by the signal light and I, induced by

background light,well capacity C),; and integration time t.

[d*t (Isz +[b)*t
Vpg = 227 = o 7 b 3.1)
P de CVpd (

Here, the output voltage can be divided into Vg, Vg and V... corresponding to the signal

light, background light and another noises respectively.

‘/pd = ‘/sig + ‘/bg + Vnoise (32)
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By assuming the value of I, and Iy, V4 and Vi, can be easily calculated. The signal

intensity can be detected in the condition
‘/sig + ‘/bg + Vnoise S V:sat (33)

And, take the gain of the source follower in consider, the output voltage V,,; after amplified

is given by
Vout = Asg * (Vsig + Vig + Vinoise) (3.4)
The pixel is activated when V,,, is higher then the threshold voltage V,,,,.
Vout 2 Vemp (3.5)

In this system, a laser pulse is used as a light source, so we can assume this optical pulse as
a Gaussian shape. V; is the voltage value at the location 1, Zreq/ pear, 15 the real peak location
on the sensor plane and o characterizes the pulse width. ¢ is assumed to 0.45SFWHM.

2
- (T’L _Ireal,peak)

Vi=Vigre 2t (3.6)

Then, to find out how the resolution of AD converter affect the background light sup-
pression and range resolution, Vj;, is the input of the AD converter, and the output of AD
converter can be calculated using resolution AV4p¢ and integral function. Normally the in-
put of AD converter are represented by this relation. Fig.?? shows the calculation results by
using this results, as we see in the figure the error will become smaller when we are using a

high resolution AD converter.

Viiz = { £ ] * AVapc (3.7)

to determine the value of peak Zcu peaks Tealpear May be estimated by using the centroid

algorithm

N
E me *T;
i=1
N
pIE
i=1

(3.8)

Leal_peak =
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by substitute 3.7 and 3.6 into 3.8, the Z.q peqr Can be calculated by

2
- (‘T’L _wreal,peak)

Vioxe 202
E =g * AVape * x;
— AVapc

Tcal_peak = N 3.9

>

i=1

Finally, to evaluate the accuracy of peak detection, we use the function give by

Axpeak = Ixcal,peak - :I"real,peak| (310)

We use Signal-to-Background Ratio’(SBR’) to evaluate the sensitivity of the image sensor.

SBR’ is given by

SBR' = 20log "™ — 201log 2Vapc + Vi 3.11)

by Vig

As, shown in Fig.??, the incident light is a Gaussian Shape Signal on the sensor, let put a 1
x 10 pixel on the x-axis as shown in the Figure, when we are using a 2-bit AD converter, after
digitalizing, we can get a figure as shown in Fig. 3.2 Fig. 3.3 shows the evaluation results
of this sensor, one area was determined by SBR’, signal light intensity and background light
intensity. In this area, the range information can be acquired by this image sensor and we can
calculated the range accuracy by the method we present.Upon this area, after the pixel itself
is saturated although the pixel is activated, and the range information we still can acquired,
we can not control the range accuracy because we can on get a voltage of signal as V,;. The
maximum signal light intensity is determined by V., V4, and V,,5;5c. As shown in Fig. 3.3 if
the signal light can only be detected when it’s intensity is stronger than the background light
intensity. For a fixed signal light intensity, when the intensity of background light is getting
stronger, SBR’ becomes low. In Fig. 3.4, We can find out that one area was determined by
range accuracy, signal light intensity and background light intensity. This area shows the
range of range finding accuracy while using the signal light and the background light we
assumed in this evaluation. Fig. 3.4 shows that the range accuracy will get worse when the
background level increases, and for a fixed background level, the stronger signal light level

can acquire a higher range accuracy.
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Table 3.1 Parameters for the evaluation of [31]

Parameter Value/Range ‘
Integration Time 50us
o 0.45FWHM
Well Capacity 40fF
Asr 1
ADC/TDC 1bit
Distance 1100mm

3.1.3 Summary

A evaluation method of background light suppression characteristics and range finding ac-
curacy for this high speed and high accurate image sensors with light-section method has
been presented in this section. Using this method the issues which listed up in the existing
evaluation method as the background light suppression characteristics and range finding ac-
curacy of this sensor have been evaluated successfully. For the background light suppression

characteristics:

e Signal-to-Background Ratio’ is successfully evaluated. This sensor has a 20.83dB
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Figure 3.2 Calculated Light Signal on Plane of Image Sensor while using 2-bit ADC

SBR’ while the signal intensity equates to 0.01V and the background light equates

to 0.001V. While the signal intensity equates to 1.5V and the background light equates

to 0.24V, the sensor has a 0.06dB SBR’.

e Range of signal light intensity in some level of background light while the range infor-

mation can be derived is successfully evaluated. The range of incident signal light is

0.01V ~ 1.5V while the background intensity equates to 0.001V.

e Range of background light intensity in some level of signal light while the range in-

formation can be derived is successfully evaluated. The signal light of 1.5V can be

detected by this sensor while the range of background light is 0.001V ~ 0.241V.



Chapter 3 Evaluation for Light-Section Method 38

Range Accuracy :
Out of controll

)
)
©
el
0
o
et
o
a

Min Sig 10 jposaturation g

Range Accuracy Background Intensity (AU)
Can be controlled

Figure 3.3 Range Information Detectable Area determined by Signal Light and Background

Light for LS conventional

g .

g saturation

T c = je——— 63.5 dB —_—

£d3g Kcumcgf//%

o9 .

35 . WP ....

i S,

> :

g O(D1 2 P 2
1 10 100 1000

Background Intensity (AU)

Figure 3.4 Range Accuracy Area determined by Signal Light and Background Light for LS

conventional

e Range of background light intensity and signal Intensity while the range information

can be derived is successfully evaluated. The range information can be acquired by this
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sensor while the range of background light is 63.5dB, and the range of incident signal
light is 43.5dB.

The range accuracy was also evaluated under the consideration of the background light issue.

The evaluation results shows:

e range accuracy with signal light intensity and background light intensity is successfully
evaluated. The accuracy acquired by this sensor is 0.004 pixel pitch ~ 0.089 pixel pitch
while the range of background light is 63.5dB, and the range of incident signal light is
43.5dB.

3.2 Evaluation of High Dynamic Range and High Background
Light Suppression Image Sensors with Light-Section Method

Compare with the sensor we evaluated in section. 3.1.2, although this high dynamic range
and high background light suppression image sensor also uses the light-section method, for
the detection of the signal light with a weak intensity in strong background light, the light-
section principle evolute to a light-section based demodulated method as we introduced in
section. 2.2. As we have numerically analyzed the work principle and pixel circuit in chapter
2, in this section we will deeply look into the existing evaluation method of this image sensor,
by analyzing the problems of the existing evaluation method. we try to find out a method by
which we can comprehensively evaluation this image sensor especially for the evaluation of

background light suppression characteristics and range finding accuracy.

3.2.1 Problems of Existing Evaluation Method

Using the existing evaluation method ,this work has the capability of sensitive and selec-
tive light detection in wide dynamic range to utilize a low light levels that is safe for human
eyes in a nonuniform contrast target scene. The present sensor achieves highly sensitive light
detection of -18-dB SBR in 48-dB background illumination. It also realizes high selectivity
to detect only a target projected light in other ambient lights due to -13-dB suppression to

even harmonics of a correlation frequency. It has a trade off between sensitivity and frame
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rate, however, its possible frame rate is 2000 fps at -16-dB SBR. In the range finding system,
the maximum error of range data is 1.5 mm at a distance of 1000 mm. For the evaluation
for background light suppression characteristics, this work show the Signal-to-Background
Ratio ;-18 dB in a range of 48dB background light while the background light intensity is
limited by the test equipment. These are not enough to show the background light suppres-
sion characteristics of this sensor comprehensively. For the comprehensively evaluation of

background light suppression characteristics the following items are need to be evaluated.

e Range of signal light intensity in some level of background light intensity in which the

range information can be derived is needed to be evaluated.

e Range of background light intensity in some level of signal light in which the range

information can be derived is needed to be evaluated.

e Range of background light intensity and signal Intensity in which the range information

can be derived is needed to be evaluated.

e Other issues which could affect the range information is needed to be evaluated. (In

this case, the gain of current mirror should be evaluated, because the effect of SBR’)

The evaluation results acquired by using the existing evaluation method, only shows the
relation of real distance and range accuracy. This work has a accuracy of 3.2mm (max error)
and 0.89mm (std) at the full area, 1.5mm (max error) and 0.6mm (std) at the effect area while
the distance between the target object and the image sensor is 1000mm ~ 1100mm. But the
results did not show the typical issues as background light suppression characteristics which

could affect the range find accuracy, the following issues are still needed to be evaluated.
e Range accuracy with signal light intensity.
e Range accuracy with background light intensity.
e Range accuracy with signal light intensity and background light intensity.

e Range accuracy with numbers of detection.
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3.2.2 Evaluation of Background Light Suppression Characteristic and Range

Finding Accuracy

Towards the problems of existing evaluation method which we listed up in section. 3.2.1
and base on the numerical analysis of this sensor, we present a numerical evaluation method
for background light suppression characteristic and range finding accuracy in this section. As

we analyzed in chapter 2, the current induced by photodiode is given by
Ipg = 1gc + Ioc (3.12)
The low-pass filter generates the average current, «/,,4, as follows.aly,,
g = alpg = a (Ige + Ioc) (3.13)

In our evaluation, we assume « as 4.

The constant current, /,., is adaptively suppressed by the current-mode suppression circuit.
Here, a time constant of the low-pass filter is designed at 1.2 ms in a typical situation. It
can be adjusted by the external bias voltage, V,.. The output current, /,,,4, of the suppression

circuit is given by

L) (3.14)

/
Loda = a Lge — O-/Iavg ~a (ch -

The output current, /,,,,4, 1S converted to a voltage level of V,,,,4 by a logarithmic-response

circuit.

Vmod = ﬂ IOg (IOffset + [mod) (315)

V;ut—l— - ‘/aut— Z ‘/cmp (316)

By combing all the process we discussed before, the final output of the pixel can be given
by

N

N t
Vour = 3 Vourt = Vourr) = 3 _ B / 108 pp (r) AVirpy (7) dr (3.17)
=1 -

i=1
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In this system, a laser pulse is used as a light source, so we can assume this optical pulse as
a Gaussian shape. V; is the voltage value at the location 1, Zyeql pear. 15 the real peak location

on the sensor plane and o characterizes the pulse width. We assume o as 0.45FWHM.

7<wi7$real,peak)2
Vi= Vg xe 2x0? (3.18)
As we discussed in section. 2.1, the resolution of AD converter is quite a factor which will
affect the range finding accuracy. So as a input to AD converter V,,,;, with the consideration

of resolution of AD converter AV4pc, the output of converter V,,,, is given by

Vi
Viiz = [ ] * AVupc (3.19)

to determine the value of peak Zcq peaks Tcalpear May be estimated by using the centroid

algorithm

N
E Vpiz *T;
=1

Leal_peak = N— (320)
S
=1

by substitute 3.19 and 3.18 into 3.20, the x4 peqr can be calculated by

2
- (9”1 *wreal,peak)

Vg x € 2002
E = * AVape * x;
pa AVapc

Leal_peak = (321)

N
>
i=1

Finally, to evaluate the accuracy of peak detection, we use the function give by

Axpeak = |xcal,peak - xreal,peak| (322)

We use Signal-to-Background Ratio’(SBR’) to evaluate the sensitivity of the image sensor.

SBR’ is given by

SBR' = 201log % = 201log Vapc (3.23)

bg bg
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Fig. 3.5 shows the evaluation results of this sensor, one area was determined by SBR’,

signal light intensity and background light intensity. In this area, the range information can
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Demodulation while the Numbers of Averaging is 1, 10, and 25(Numbers of frame)

be acquired by this image sensor. The maximum signal light intensity is determined by Vi,

and V.. As shown in Fig.?? even the signal light can is weaker than the background level the
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signal light still can be detect by using the background light suppression technology and the
demodulation principle. In Fig.??, the evaluation results shows that the gain of the current
mirror which was used in this work, affect the SBR’ extremely. The bigger the gain is, the
higher the SBR’ will be. In Fig. 3.7, we can find out that one area was determined by
range accuracy, signal light intensity and background light intensity. This area shows the
range of range finding accuracy while using the signal light and the background light we
assumed in this evaluation. Fig. 3.4 shows that the range accuracy will get worse when the
background level increases, and for a fixed background level, the stronger signal light level
can acquire a higher range accuracy. Fig. 3.8 shows the evaluation result while using the
average technology, [V, is the frame number in this figure. We can understand from this
figure that the range accuracy gets lower by a factor of NZ} /2, Fig. 3.9 shows the evaluation
result while increasing the detection times for the signal light, as shown in the figure, the
range accuracy also gets lower while increasing the detection times, but is limited by anther

noises as thermal noise and readout noise.
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Table 3.2 Parameters for the evaluation of [27]

’ Parameter ‘ Value/Range ‘
Integration Time 50us
o 0.45FWHM
@ 1,10
154 1
Well Capacity | C1=C5=37{F
ADC/TDC 1bit
Distance 800-1200mm

3.2.3 Summary

We presented a comprehensively evaluation method of background light suppression char-
acteristics and range finding accuracy for high dynamic range and high background light sup-
pression image sensor also uses the light-section method in this section. Using this method
the issues which listed up in the existing evaluation method as the background light suppres-
sion characteristics and range finding accuracy of this sensor have been evaluated success-

fully. For the background light suppression characteristics:

e Range of signal light intensity in some level of background light while the range infor-

mation can be derived is successfully evaluated.

e Range of background light Intensity in some level of signal light while the range infor-

mation can be derived is successfully evaluated.

e Range of background light and signal Intensity while the range information can be
derived is successfully evaluated. The range information can be acquired in 103.5dB

background light intensity range, and the range of signal light intensity is 43.5dB.

e Gain of current mirror which will affect the SBR’ of the image sensor is also success-

fully evaluated.

We also evaluated the range finding accuracy under the consideration of the background light

1ssue. The evaluation results shows:

e The relation among range accuracy, signal light intensity and background light is suc-

cessfully evaluated. The accuracy is 0.004 pixel pitch ~ 0.089 pixel pitch in a 63.5dB
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background light intensity Range, with a 43.5dB signal light intensity range.

e Relation between Range Accuracy and Numbers of Averaging is successfully evalu-

ated.



Chapter 4

Evaluation of Background Light Suppression
Characteristic and Range Finding Accuracy
for TOF Method

After we discussed the existing problems of the existing evaluation and presented our evalu-
ation method to evaluate the two light-section image sensors:a high Speed and high accurate
image sensors with light-section method, a high dynamic range and high background light
suppression image sensors with light-section method in chapter 3, In this chapter we will
discuss the time-of-flight image sensors. As the same, we also take two typical types of
time-of-flight image sensors: a Time-of-Flight image sensor with lock-in pixel structure and
a Time-of-Flight image sensor with single-photon avalanche diodes as our base. Neverthe-
less these two image sensors have been evaluated in their works respectively, but for the
evaluation of background light characteristics and range finding accuracy. The evaluations
are not enough. In this chapter we will discuss the problems of the existing evaluation for
them respectively, and towards the problems we will present our method to solve the existing

problems and provide a new respect to evaluate the image sensors for 3-D measurement.

4.1 Evaluation of Time-of-Flight Image Sensor with Lock-in Pixel
Structure

Compare with light-section method, time-of-flight method is weaker to background light.

For the detection of the signal light with a weak intensity in strong background light, the

48
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demodulated method are commonly used by time-of-flight image sensors. As we have nu-
merically analyzed the work principle and pixel circuit in chapter 2, one can use the lock-in
structure to realize the demodulate process, in this section we will deeply look into the exist-
ing evaluation method of this image sensor, by analyzing the problems of the existing evalu-
ation method. we try to find out a method by which we can comprehensively evaluation this
image sensor especially for the evaluation of background light suppression characteristics

and range finding accuracy.

4.1.1 Problems of Existing Evaluation Method

In this work, although the existing evaluation results shows : the best range resolution
measured in this is 2.35 cm with light pulsewidth of 100 ns at 30 fps and could be improved
using a shorter light pulsewidth or by a factor of N''/2 by averaging N frames of images. Also,
the background light is taken into consider to calculate the range accuracy in functions, but in
the existing evaluation method, background light suppression characteristic is not evaluated.
For this work to evaluate the background light suppression characteristic, the the following

issues should be evaluated as well.
e Signal-to-Background Ratio which stands for the sensitivity of light detection.

e Range of signal sight intensity in some level of background light while the range infor-

mation can be derived.

e Range of background light intensity in some level of signal light while the range infor-

mation can be derived.

e Range of background light and signal light intensity while the range information can

be derived.
e Other issues which could affect the range information can be derived.

About the rang finding accuracy, in the existing evaluation method, the measurement results

only shows the relation of range accuracy and time delay and the relation of range accuracy
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with signal light intensity, and relation with numbers of averaging, relation of range accuracy,
signal intensity and pulse width of laser light source. when the time delay is 1ns, the signal
light intensity equates to 0.7V the range accuracy is 2.9cm, the range accuracy will reduce
to 3.45cm while the time delay is 50ns and the signal light intensity is 0.7V, furthermore, the
range accuracy will get back to 2.9 cm again while the the time delay change to 100ns and the
signal light intensity is 0.7V. At the distance 1m under the signal intensity equates to 1.4V and
without averaging, the range accuracy is 2.35cm. When using the averaging technology the
range accuracy will promote form 7cm to 1.4cm when the no averaging and with 25 frames
averaging using the 0.25V signal intensity. meanwhile, the range accuracy will promote form
2.4cm to 0.48cm when the no averaging and with 25 frames averaging using the 1.3V. At the
same time, when using a 10ns plusewidth and 0.2V intensity laser source while averaging
10 frames, the range accuracy is 0.4cm. Compare with this when using a 40ns plusewidth,
the range accuracy is 1.4cm, using a 100ns plusewidth, the range accuracy is 2.6cm. But the
results did not show the typical issues as background light suppression characteristics which

could affect the range find accuracy, the following issues are still needed to be evaluated.
e Range accuracy with signal light intensity.
e Range accuracy with background light intensity.
e Range accuracy with signal light intensity and background light intensity.

e Range accuracy with signal light intensity, background light intensity and numbers of

averaging.

4.1.2 Evaluation of Background Light Suppression Characteristic and Range

Finding Accuracy

Towards the problems of existing evaluation method which we listed up in section. 4.1.1
and base on the numerical analysis of this sensor, we present a numerical evaluation method

for background light suppression characteristic and range finding accuracy in this section. As
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we analyzed in chapter 2, the output of node /V; and NV, is given by

_Ipp

Ny = e (Th — Tp) 4.1)

and

I
Ny = 221, (4.2)

q

the photo current, /pp, has two components of a constant current of /;. by an Background

light and an alternating current of /,. by a modulated light.
[pd = [dc + Iac (43)

respectively. the TOF which directly corresponds to is written as

To N,

TOF = —— 4.4
Ni+ N A
and the measured range, L is given by
CTON2
L=———-—"— 4.5
2 (Vs + M) )

where is ¢ the speed of light. If the output node capacitances are equal, the number of
electrons collected can be replaced by their corresponding voltage level and 4.1.2 can be
rewritten as

cToVs

T 2(Vi+ Va) (46)

by the lock-in principle, V; is give by

N

Vi = %Z (/:Tlm () dt — /:TJCQ ) dt) _ %ip/t;fpp OV @EHd @)

i=1 =1

also, V5 is give by

Vo = %Z (/ttT It (t)dt + [T Ics (1) dt) = %;/jT Ipp (t) dt (4.8)
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Figure 4.1 VI and V2 with integration time

An offset voltage V.., caused by deep generated electrons diffusing to the surface and
modifying the measured signal voltage, must be taken into consider while we are calculating

the range L, with the consideration of the resolution of AD converter AV4p¢,s0 L is give by

cTy <[AV‘ch} * AVapc — Voffset>

Lcal = B v (49)
2 <|:AVAIDC:| * AVapo + |:AVAQDCi| * AVapc — 2Voffset>
To evaluate the range finding accuracy, we use the function give by
ALpeak = ’Lcal,peak - Lreal,peak| (410)

We use Signal-to-Background Ratio’(SBR’) to evaluate the sensitivity of the image sensor.
SBR’ is given by

sig_-min A
SBR' = 201log V;— = 201log Vapo

bg bg

(4.11)

Fig. 4.5 shows the evaluation results of this sensor, one area was determined by SBR’,
signal light intensity and background light intensity. In this area, the range information can

be acquired by this image sensor. The maximum signal light intensity is determined by V,;
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and V.. As shown in Fig. 4.5 even the signal light can is weaker than the background level
the signal light still can be detect by using the background light suppression technology and

the demodulation principle. In Fig. 4.6, we can find out that one area was determined by
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range accuracy, signal light intensity and background light intensity. This area shows the

range of range finding accuracy while using the signal light and the background light we
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assumed in this evaluation. Fig. 4.6 shows that the range accuracy will get worse when the
background level increases, and for a fixed background level, the stronger signal light level
can acquire a higher range accuracy. Fig. 4.7 shows the evaluation result while using the
average technology, [V, is the frame number in this figure. We can understand from this

figure that the range accuracy gets lower by a factor of N; /2,

Table 4.1 Parameters for the evaluation of [12]

Parameter Value/Range ‘
Integration Time 50us
Iy, 0.01-1.5nas
T 0.45FWHM
Well Capacity C1=C5=10fF
ADC/TDC 1bit
Distance 800-12000mm

4.1.3 Summary

A evaluation method of background light suppression characteristics and range finding

accuracy for this Time-of-Flight image sensor with lock-in pixel structure has been presented
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in this section. Using this method the issues which listed up in the existing evaluation method
as the background light suppression characteristics and range finding accuracy of this sensor

have been evaluated successfully. For the background light suppression characteristics:

e Range of signal light intensity in some level of background light in which the range

information can be derived is successfully evaluated.

e Range of background light intensity in some level of signal light in which the range

information can be derived is successfully evaluated.

e Range of background light and signal intensity in which the range information can
be derived is successfully evaluated, while the range of background light intensity is

83.5dB, and the incident signal light intensity range is 43.5dB.

The range accuracy was also evaluated under the consideration of the background light issue.

The evaluation results shows:

e The relation of range accuracy and signal light intensity and background light Intensity
is successfully evaluated. The range accuracy is from 1.26 cm ~ 4.07 cm while the
range of background light intensity is 83.5dB, and the incident signal light intensity

range is 43.5dB.

e The relation of range accuracy and signal light intensity and background light Intensity,

numbers of averaging is successfully evaluated.

4.2 Evaluation of Time-of-Flight Image Sensor with Single-Photon
Avalanche Diodes

The characteristics of Time-of-Flight image sensor with Single-Photon Avalanche Diodes
were discussed in chapter 2, as we know, the range accuracy of this type of sensors is strongly
depend on the background light suppression characteristics of the sensor. Commonly optical

filters are used to help suppress the background light.
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4.2.1 Problems of Existing Evaluation Method

Using the existing evaluation method, the accurate distance measurements were repeatedly
achieved based on a short integration time of 50 ms even when signal photon count rates
as low as a few hundred photons per second were available. The maximum nonlinearity.in
distance measurement was 9 mm over the full measurement range. Time-varying uncertainty
at the farthest distance was 5.2 mm. It also shows that the nonlinearity errors may be effec-
tively improved with lower Time-to-Digital Converter nonlinearity and/or with parameterized
nonlinearity compensation. No evaluation of background light suppression characteristics is
done for this work, to evaluate the background light suppression characteristic, the following

issues should be evaluated as well.
e Signal-to-Background Ratio which stands for the sensitivity of light detection.

e Range of signal sight intensity in some level of background light while the range infor-

mation can be derived.

e Range of background light intensity in some level of signal light while the range infor-

mation can be derived.

e Range of background light and signal light intensity while the range information can

be derived.
e Other issues which could affect the range information can be derived.

For range find accuracy, the following issues are still needed to be evaluated.

Range accuracy with signal light intensity.

Range accuracy with background light intensity.

e Range accuracy with signal light intensity and background light intensity.

Range accuracy with signal light intensity, background light intensity and numbers of

averaging.
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4.2.2 Evaluation of Background Light Suppression Characteristic and Range

Finding Accuracy

Towards the problems of existing evaluation method which we listed up in section. ?? and
base on the numerical analysis of this sensor, we present a numerical evaluation method for
background light suppression characteristic and range finding accuracy in this section. As
shown in Fig. 4.8, the probability of photon arriving of background Light, signal light, and
the superimposing part is given by P, (t; E), P, (t;7(t)), P.(t; s(t)) respectively, All of these
photons can induce a trigger, the probability of trigger caused by these photons is shown in
Fig. 4.9. To calculate these probabilities, Firstly, we consider the background light. The

probability of false trigger caused by background light is given by
P,(t; E) = exp(—t xny * E) 4.12)

E is the arriving rate of the photons caused by the background light. Thus, the density of

false trigger by background light is given by
mxE <77t (4.13)

Take the dead time ?4.,4 0f SPAD into consider. The probability of false trigger caused by
background light is changed to

P.(t; E) = exp(—min(t, tgeqq) * n * F) (4.14)
Also, the the density of false trigger by background light is changed into
Mo * E < tdead_l (415)

Firstly, we consider the Signal light. As a Gaussian shape signal, the signal return density

can be give by,

_ @, 1
hv /2 x o

where the (), is the power of the signal, and o is the pulse width. h is the Plank’s constant.

* exp(—t*/207) (4.16)

r(t)
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Thus the signal return probability can be given as

—1 . t
P,(t;r(t)) = exp | — o * @ erf +1 (4.17)
2 hv \/5 % O
So the totally probability of background light and signal light is given by

h(t) = Py(t; E) + Po(t;7(t)) + Pa(t: s(t)) (4.18)

Take the resolution of time-of-digital converter into consider. The time-of-flight is acquired

by calculating the arriving time centroid of the light by

TOF'+PW/2
> h(iAt) xiAt
i=TOF'—PW/2
TOF'+PW/2

> h(iAt)

i=TOF'—PW/2

TOF =

(4.19)

The resolution(LSB) of time-to-digital converter is assumed to 200ps. Both the signal and

background light is evaluated by using the count rate of them.

4.2.3 summary

Because P,(t; s(t)) is still under analyzing, in the future, we will summarize the results

after the analysis is finished.



Chapter 4 Evaluation for TOF Method 60

A\

TFiigyger Probability

False Trigger Right Trigger
(Background Light) (Signal Light)

Superimposing

Figure 4.8 Probability of triggers cause by Arrived photons
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Table 4.2 Parameters for the evaluation of [11]

Parameter Value/Range ‘
Integration Time 50us
o 0.45FWHM
LSB(TDC) 90ns
Distance 800-50000mm




Chapter 5

Evaluation of Image Sensors base on
Background Light Suppression

Characteristic and Range Finding Accuracy

Base on the evaluation methods of background light suppression characteristics and range
finding accuracy for 3-D measurement using smart image sensors with light-section and time-
of-flight methods we presented in chapter 4 and chapter 5, As reference, in this chapter, we
evaluated anther four 3-D measurement systems which are using smart image sensors as the
key component of the system by our presented methods as well.

As we known, there are so many describing the performance of different sensors. However,
incurring the risk of an incomplete comparison, some characteristic numbers are collected in
Table I of different research works as well as already available products, also including the
own results.

For the light-section, a real-time measurement system based on the light-section method
consists of multiple range finders using the smart image sensors and beam projectors, and
target objects are captured by the range finders from multiple directions [] is evaluated by our
presented methods. Another sensor which is also based on light-section method can detect
the laser light, even under very strong ambient-illumination levels by using a multiple-capture
frame-correlated double sampling[] is also evaluated.For the time-of-flight, a image sensor
based on multiple-pulse indirect Time-Of-Flight technique, wing to an differential pixel ar-

chitecture, which allows for the detection of very short and low intensity light pulses []is also

62
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evaluated. A time-of-flight depth sensor which employing a correlation based concept([] is

also evaluated. The evaluation results as we shown and compared in Table. 5.1,

Table 5.1 Evaluation Results Comparison

Parameter | 591 | eor | B | ren | owen | 62 | p2r | oon |
Type LS LS LS LS TOF TOF TOF TOF
Integration Time 50us 50us 50us 50us 50us - 50us -
Well Capacity 40fF 53fF 40f 37fF 10fF - 40fF -
ADC/TDC 1bit 1-bit 1-bit 1-bit 1bit 90ns 1bit 90ns
Signal Light 46.8dB | 43.9dB | 43.5dB | 43.5dB | 23.6dB | 29.8dB | 43.5dB | 20dB
Background Light 60.6dB | 73.8dB 63.5 103.5 92dB | 90.6dB 83.5 12dB
SBR’ Max 63.5dB | 83.2dB 51dB 83dB | 62.0dB | 68dB 62dB 65dB
SBR’ Min 0.8dB | -56.5dB | 0.06dB | -62dB | -34dB | -26dB -62dB | 40dB
Range Accuracy Max | 1.2Imm | 3.38mm | 1.2mm | 1.5mm | 27mm | 50mm | 12.6mm | 5.8
Range Accuracy Min | 0.37mm | 1.5mm | 0.4mm | 0.6mm | 6mm 9mm | 40.7mm 37




Chapter 6

Conclusion

In this research, we have proposed method for the comprehensively evaluation of background
light suppression characteristics and range finding accuracy for image sensors which is used
for 3-D Measurement.

Four typical image sensors using light section method and time-of-flight method for 3-D
measurement were taken as the base to analysis the background light suppression charac-
teristics and issues which could affect the range finding accuracy in this work. We find out
the evaluation method which can comprehensively evaluate the background light suppression
characteristics and range finding accuracy for image sensors using for 3-D measurement.

Firstly, we evaluated the background light suppression characteristics and range finding
accuracy of the high speed and high accurate image sensor with light-section method which
has a conventional pixel circuit. By using our proposed method. The evaluation results of
background light Suppression Characteristic shows this sensor has a 20.83dB SBR’ while
the signal is 0.01V, the background light is 0.001V and has a 0.06dB SBR’ and while while
the signal is 1.5V the background light is 0.24V, the voltage is proportional to signal light
intensity and background light intensity respectively. The range of signal light intensity in
some level of background light while the range information can be derived is successfully
evaluated, the range of signal light intensity is 0.01V~1.5V, while the background light in-
tensity is 0.001V. The range of background Intensity in some level of signal light while the
range information can be derived is successfully evaluated. The range of background light

1s 0.001V~0.241V while signal light intensity is 1.5V. Range of background and signal In-
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tensity while the range information can be derived is successfully evaluated. The range of
background light intensity is 63.5dB, the range of signal light intensity range is 43.5dB. The
evaluation results of range finding accuracy shows that the range accuracy with signal light
intensity and background light Intensity is successfully evaluated 0.004 pixel pitch~0.089
pixel pitch while the range of background light intensity is 63.5dB , the range of signal light
intensity is 43.5dB.

Next we made a evaluation of the background light suppression characteristics and range
finding accuracy of the high dynamic range and high background Light suppression image
sensors with light-section Method.

The evaluation results of background light Suppression Characteristic shows range of sig-
nal light intensity in some level of background light while the range information can be
derived is successfully evaluated. The range of background light intensity in some level of
signal light while the range information can be derived is also successfully evaluated. And
the range of background light and signal intensity while the range information can be derived
is successfully evaluated. The range of background light intensity is 103.5dB, the range of
signal light intensity range is 43.5dB. The gain of current mirror should be evaluated for
the effect of SBR’ 1is successfully evaluated. The evaluation results of range finding ac-
curacy shows that range accuracy with signal light intensity and background light intensity
is successfully evaluated. The accuracy is 0.004 pixel pitch~0.089 pixel pitch in the same
signal and background light condition. We found out the relation between range accuracy
and numbers of averaging and this relation is successfully evaluated.

Then, the background light suppression characteristics and range finding accuracy of Time-
of-Flight image sensor with lock-in pixel structure is evaluated by using the presented method.

The evaluation results of background light suppression characteristic shows: range of sig-
nal light intensity in some level of background light while the range information can be
derived is successfully evaluated. And the range of background light Intensity in some level
of signal light while the range information can be derived is successfully evaluated. Also the
range of background light and signal Intensity while the range information can be derived is

successfully evaluated. while the range of background light intensity is 103.5dB, the range of



Chapter 6 Conclusion 66

signal light intensity range is 43.5dB. The evaluation results of range finding accuracy shows
the range accuracy with signal light intensity and background light intensity is successfully
evaluated. The accuracy is 1.26 cm~4.07 cm And the relation of range accuracy with signal
light intensity and background light intensity, numbers of averaging is successfully evaluated
in the same signal and background light condition.

Lastly, the background light suppression characteristics and range finding accuracy of
Time-of-Flight image sensor Single-Photon Avalanche Diodes is under analyzing and we
will soon give the results.

As the final conclusions, we demonstrate methods which can realize the comprehensively
evaluation of background light suppression characteristics which can successfully evaluated
the range detectable area under the background light and signal light Range. and can also suc-
cessfully evaluated the relation between background light,signal light,and SBR’. Meanwhile,
We introduced the method to realize the comprehensively evaluation of range finding accu-
racy which can realize the successfully evaluated the range of accuracy under the background
light and signal range and also can successfully evaluated the relation between background
light,signal,and range accuracy. Using it we can even successfully evaluated the relation
between background light,signal light ,and range accuracy and numbers of averaging.

These proposals will contribute to further evaluation of 3-D measurement using smart im-
age sensors, we hope these method could help the researchers when they design the image

sensors for 3-D measurement.
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