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Abstract

The three-dimensional view of the world is something that we often take for granted, a
phenomenon that has proven challenging for machine vision applications in which de-
scription of the environment requires the relative position and motion of different objects
in the scene. Currently, range imaging (RIM) measurements are based on digital imaging
technology and are merged with the ability to measure the distance to the corresponding
object point in each pixel. The distance measurement is based on either the direct or
indirect time-of-flight principle. The distance to the corresponding object point in each
pixel is directly correlated with time-resolved imaging concerning the measurement of
the photon arrival time. This time-resolved image generates a distance image by using
the direct time-of-flight technique. This distance image is much more useful than an or-
dinary picture in regard to measuring and controlling anything, including in the process
industry, obstacle detection for automotive safety, navigation, and path planning.

The time resolved imaging system consists of two essential building blocks: 1) a
photon detector capable of sensing single photons and 2) a fast time resolver or time-to-
digital converter that can measure the time of light to picosecond resolution. To address
emerging applications, a miniaturized time resolver with acceptable performance and
a low cost must be designed that could be integrated with an array of single photon
detectors. The goal of this thesis is therefore to investigate, design, and layout a time-to-
digital converter to achieve an acceptable cm-level resolution for a range of 10-15 meters.

In this thesis, two ideas have been selected for investigation based on their appealing
attributes, including their improved resolution, area, and power consumption: 1) an
on-pixel time stretcher based on analog time expansion and 2) the combination of the
on-pixel time stretcher with a global gated ring oscillator-based time-to-digital converter.
Both ideas have been used in conjunction to demonstrate a new architecture for a time-to-
digital converter for 3-D time-of-flight measurements. The time stretcher uses analogue
time expansion, where the time interval to be measured is stretched by a factor k. This
is achieved by charging a capacitor with a constant current I, followed by discharging
the capacitor by a current I

k
. To achieve an acceptable linearity and constant current

generation, wide swing cascode current source/sinks have been used. An idea to build
precisely matched current mirror as a time stretcher has also been addressed. The final
time-to-digital conversion is performed by the gated ring oscillator-based time-to-digital
converter. The multiphase gated ring oscillator, which is the heart of TDC, is capable of
measuring the stretched time interval by counting the full clock cycles and determining
the timing positions within the clock cycle.
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The work has been discussed in light of the previous research by designing circuits,
performing layouts, simulating and conducting parasitic extractions in a 0.35 μm CMOS
process. Based on simulations and results, a prototype of an integrated TDC can be
built to achieve a cm-level distance error.
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Chapter 1

Thesis Introduction

The three-dimensional view of the world is something that we often take for granted,
a phenomenon that has proven challenging for machine vision applications in which
traditional image sensors often provide a flat, two-dimensional view of the world. In
3D cameras, an image of a scene generates a distance image by using the time-of-flight
technique [1]. The distance image is much more useful than an ordinary picture in
regard to measuring and controlling anything, such as in the process industry. In recent
years, considerable research has been reported and is in progress in the area of chip-based
distance measurement cameras to improve the performance in terms of range and distance
error [1][2][3]. The continuous progress and emergence of new applications for acquiring
depth data have surpassed the capabilities of the existing products and technologies, by
commanding attributes such as higher accuracy, precision, reduced time of acquisition,
smaller size, and lower cost. Laser scanners also use time-of-flight technology, but they are
based on the rotational mechanics of scanning scenes in one or two dimensions [4]. Chip-
based 3D cameras offer basic signal processing in each pixel by offering the advantage of
a lack of moving part and by being more compact and less expensive than laser scanners
[5].

The main emphasis of this work is on the analysis, architectures, and design of circuits
for 3D TOF (time-of-flight) measurements, that can be implemented as an integrated cir-
cuit, using low-power and low-cost CMOS technology. The 3D measurement technology
called TOF has been around for a long time and is used for measurements over long and
small distances, down to cm-level distance error. It, however, evolved drastically over
the last decade. The scanner-less 3D TOF imaging sensor is composed of an array of
photo detectors (pixels) and is capable of measuring the TOF required by a light pulse
to travel from the light source to the target and back to the sensor. The revolutionary
aspect is its ability to use an array of sensors/imaging sensors so that the 3D images can
be taken simultaneously and at a high speed. Previously, it was limited to measurement
at one point, and the entire image was drawn by using expensive, heavy, and moving
objects, such as mirrors or prisms.
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6 Thesis Introduction

Camera systems transfer information via photons and need a lightning source. Passive
light sources have problems with sunlight, darkness, glare, and poor signal-to-noise ratios
[6]. With active illumination, such as a laser, one can synchronize this illumination with
the camera by using a narrow wavelength range, and further robustness could be achieved
by using a custom optical filter. To achieve cm-level distance measurement error within
the required measurement range, the light source must acquire ultra-fast rise time of a
pulse, in the order of 100 ps, and high optical power [6].

The solid state range sensor that constitutes the core of the measurement system
consists of two parts: an array of photodetectors and a time interval measurement unit.
The performance of both building blocks plays a significant role in the achievement of
minimum distance and depth error. Recent research in this area has proven that photon
counting techniques that use single photon avalanche diodes are favorable because of
their achievable sensitivity, fast response, and ability to be integrated in standard CMOS
processes [7][8][9].

1.1 Aim and scope of this work

A complete analysis of the precision and accuracy of these diverse 3D range measurement
systems remains an unsolved task. Precise understanding of integrated circuits for 3D
TOF camera, and more specifically the TIM (time interval measurement) unit, is needed.
This thesis can be understood as a compilation of new techniques for the design of
integrated circuits for 3D time-of-flight cameras. The specific questions investigated in
the appended papers are as follows:

• Do circuit techniques exist that could minimize the impact of quantization and
mismatch error in integrated circuit elements of state-of- the-art TDCs to improve
the resolution?

• Is it possible to design and elaborate an architecture for a high-resolution, compact,
and low-power time-to-digital converter for a 3D TOF camera aimed at cm-level
distance error with a dynamic input range of 10-15 m?

• Is it possible to design and characterize precisely matched circuits for better lin-
earity based on analogue time expansion that can be used in conjunction with a
time-to-digital converter to achieve better resolution?

To answer these questions, analogue circuits have been designed and used to cre-
ate on-pixel analogue electrical storage. The phenomenon of time stretching has been
investigated by cascading it with a time-to-digital converter. In this context, special
interest is given to the influencing parameters and performance metrics, such as linearity
and system optimization. The goal is to design a time interval measurement unit as an
integrated circuit with on-pixel analogue electrical storage. The presented results and in-
vestigation will help in better understanding and characterizing circuits for time interval
measurement for a 3D time-of-fight camera.
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1.2 Contribution and contents of this work

Given the aim of the thesis as set out above, its main contribution is the design and anal-
ysis of techniques for on-pixel analogue electrical storage and analogue time expansion
based on time stretching and time-to-digital conversion. The other contribution of this
thesis work is the design and implementation of a multiphase gated ring oscillator-based
time-to-digital converter architecture, the basic frequency of which is used to calculate
the full clock cycles elapsing between the timing signals. Additionally, the position of the
timing signals within the clock period is determined by storing the state of phases of the
gated ring oscillator for each timing signal. Thus, the stretched time interval obtained
can be measured with improved resolution.

This work is structured as follows. This introduction is followed by an overview of
the basic principal and specific techniques used for optical range measurement and 3D
range imaging camera technologies in chapter 2. In chapter 3, a review of the common
types of time interval measurement systems used is presented, along with their merits
and demerits. This review also includes proposals that aim at the same goals pursued
in this work. Chapter 3 also presents design and evaluation of the techniques based on
the time stretcher and sub-circuits that could be used in conjunction with time-to-digital
conversion. Chapter 4 present a general overview of the characterization metrics of the
time-to-digital converters. The proposed design, a time stretcher-based TDC, has been
presented in chapter 5. This chapter also explain an architecture, that has been designed
and implemented for time-to-digital conversion based on a gated ring oscillator. Chapter
6 presents a summary of the appended papers. This work closes with conclusions, and a
brief outlook is given with respect to the future development of this technology.



8 Thesis Introduction



Chapter 2

Optical TOF Range Measurement

The TOF measurement system already exists in nature’s navigation solutions, e.g.,
dolphins and bats use such a sensor system for both navigation and object tracking
(hunting). Moreover, humans have also used TOF technique for a long time, but most
of these methods are based on the propagation time of sound [10]. This chapter focuses
on the basic principles of optical range measurement techniques. These techniques work
with light, i.e., electromagnetic radiation fields in the wavelength range of 400-1000 nano-
meters (visible and near infra-red spectrum). A rough description of each principle, along
with some advantages and disadvantages of each, is presented with some examples. Deep
insight and broader knowledge about these principles can be found in [11]. Figure 2.1
shows the family tree of contactless 3D range measurement techniques.

Contactless 3D shape Measurements

Light Waves
λ= 0.5-1 μm

(300-600 THz) 

Microwaves
λ= 3-30 mm 

(10-100 GHz)

Ultrasonic  Waves
λ= 0.5-1 μm
(0.3-3 MHz) 

Triangulation

Depth detection by means of geometrical 
angle measurement

Interferometry

Depth detection by means of optical 
coherent time-of-flight measurement

Time-of-flight (TOF)

Depth detection by means of optical 
modulation time-of-flight measurement

Active Triangulation Passive  
Triangulation

Direct 
(Pulsed)

Indirect
 (pulsed or CW)

Figure 2.1: Family tree of contactless 3D range measurement.
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2.1 Optical range measurement techniques

TOF measurement, the basic principle of this work, is discussed in more detail. A
discussion and comparison of different ranging techniques are presented. Due to the
application-specific advantages of microwave and ultrasound techniques and diffraction
limitations, they are not included in this comparison. Interferometry which is applica-
ble predominantly in highly accurate measurements ( λ

100
to λ

1000
) over small distances,

ranging from micrometers to several centimetres, lies outside the scope of this work. The
requirements of a particular application determine the suitability of each technique, in-
cluding the range to be measured, minimum distance error, acquisition time, cost, and
whether absolute or relative measurements are required. The applications of interest for
this project are typically in the range of 10-15 m and require an absolute measurement
made with cm-level distance error. Low cost and low power are important factors that
can allow the sensor to be used in a wide range of applications.

2.2 Interferometry

Interferometry measures the runtime difference between a reference and a measurement
path. In this technique, the superposition of two monochromatic waves with amplitude
a1, a2 and phase φ1, φ2 result in another monochromatic wave of the same frequency, but
with different phase φ3 and different amplitude a3 [12]. The movement of a measurement
object towards or away from the interferometer generates intensity peaks each time the
object is moved by a multiple of λ

2
. This movement can be recovered by counting the

number of minimum and maximum transitions with an accuracy of approximately λ. The
usage of light’s wavelength as a distance measurement is the major drawback because, the
ambiguity interval is limited to λ. Enhanced interferometers use multiple wavelengths
to solve this problem. The basic application for interferometry is the highly accurate
measurement over small distances (micrometers to several centimeters) [12].

2.3 Triangulation

In this technique, a scene is viewed from multiple viewpoints in the form of stereo-vision,
together with the depth of focus system. This method is very well known and considered
the basis for human depth perception [13][14][15]. Triangulation is a geometric approach
in which a triangle is formed between two known reference points and the unknown object
position. The distance of the target can be determined by measuring the triangle’s angle
or the triangulation base. As shown in Figure 2.2, if a point is observed from two different
sites, A and B, of known distance x, by measuring the viewing angle α and β with respect
to AB, the observed point distance can be calculated using the following equation:
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z =
x

1

tanα
+

1

tanβ

. (2.1)

Because each point to be measured must be taken from both viewing positions un-
ambiguously, passive triangulation techniques require a scene with high contrast. Stereo
vision is one famous 3D realization of passive triangulation that uses at least two cameras
to observe the scene from different angles [16][15]. Hence typical object features are found
and compared in both images using 2D-correlation. From the position of each feature’s
centroid in both separate images, the angles α and β can be deduced, and the distance
can be calculated using equation 2.1, assuming that the distance of the cameras with
respect to each other, as well as their orientation, is known. In triangulation techniques,
computational effort and shadowing effects are some typical problems. Additionally, cost
and overall system size are also major drawbacks of triangulation systems.

��  tan
1

 tan
1

x =  z
�

? =  z

x
A B

Object

� �

Figure 2.2: Basic principle of triangulation-based range finding.

2.4 Time-of-flight distance measurement

An absolute distance can be measured if we are able to measure the absolute time that
a light pulse needs to travel from the target to the reference point, the detector [15].
The distance measurement is possible because we know the speed of light very precisely:
c = 3 × 108 ms−1. The basic principle of a TOF ranging system is illustrated in Figure
2.3. A source emits a light pulse and starts a highly accurate stopwatch. The light
pulse travels to the target and back. The reception of the light pulse by the detector
mechanism stops the stopwatch, which determines the time of flight of the light pulse.
As the light pulse travels the distance twice (back and forth), a measured time of 6.67
ns corresponds to a distance of one meter [17]. To achieve a distance error of 1 cm,
time measurement accuracy of better than 70 ps is required [17]. The most essential
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Figure 2.3: Basic principle of an (optical) TOF ranging system.

properties are that the active light source (emitter) and detector be synchronous, very
compact and are located very close to each other. This provides a significant advantage
over triangular-based ranging systems, which suffer from shadowing effects.

The basic challenge of establishing a TOF ranging system is the realization of a highly
accurate time mechanism system, i.e., the focus of this report, which is discussed in more
detail in chapter 3. The laser scanners used for 3D measurements are mostly bulky and
sensitive to vibrations. The TOF ranging systems use pulsed modulation, or continuous
wave modulation (CW), as a light source [15]. Both modulation principles have their
own advantages and disadvantages, which have been briefly discussed.

2.4.1 Pulsed modulation

The most obvious method of operating a TOF system is pulsed modulation because time
of flight is measured directly, as illustrated in Figure 2.4. The final time estimation is
performed by correlating a start and stop signal with a parallel running time interval
measurement unit that is usually known as a time-to-digital converter. Pulsed light
operation offers the advantage and possibility of transmitting a high amount of energy
in a very short time [6]. Thus, the influence of background illumination can be reduced,
and a high short-term optical signal-to-noise ratio (and signal-to-background) ratio can
be attained while maintaining a low mean value of optical power. The basic problem is
the inexact measurement of light pulse return, due to light scattering [15]. Additionally,
it is difficult to produce very short light pulses with fast rise and fall times, which can
ensure an accurate detection of the incoming light pulse [6]. The low repetition rates
can also drastically restrict the frame rate for TOF scanners. Nevertheless, due to the
considerable advantages concerning the signal-to-background noise ratio, most of today’s
TOF range finders are operated using pulsed modulation [6].
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Figure 2.4: Pulsed wave modulation-based concept.

2.4.2 Continuous wave modulation

To alleviate some of the requirements of pulsed modulation, continuous wave modulation
has been developed [15]. In this technique, the round-trip of light is not measured
directly, but two modulated light signals are used. A continuous wave modulation-based
sensor generally has two accumulation regions in each pixel to demodulate the signal
[18]. Generally, the phase difference between the sent and received signals is measured,
rather than directly measuring a light pulse’s turn-around time. Because the modulation
frequency is known, the measured phase directly corresponds to the time of flight, which
is the quantity of interest. Compared with pulsed modulation, a variety of light sources
can be used for this mode of operation because extremely fast rise and fall times are not
required. Different shapes of signals are possible, including sinusoidal waves or square
waves. The main disadvantage of this technique is noise; integration over time is required
to reduce noise that limits the frame rate and cause motion blur [19].

Figure 2.5: Continuous wave modulation-based concept.
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Sensor Control 
and Interface

3D Data 
Output

Emitter 
Trigger

Modulated/Pulsed 
LED / LASER Source

Optical diffuser

Collection lens

TOF Sensor
Time resolved pixel

z

(a)

(b)

(c)

(d)

(e)

Target

Figure 2.6: Components of 3D Time-of-flight based depth camera system.

2.5 3D time-of-flight ranging

A new emerging technology that has alleviated the scanning mechanism of a laser beam by
serially acquiring data point-wise is 3D TOF ranging [20][3]. In a 3D TOF system, one can
illuminate the entire scene with a light source to perform simultaneous depth capture and
3D measurement of an entire scene, as shown in Figure 2.6. This, however, necessitates
the use of [20] (a) a modulated light source in the infra-red part of the spectrum to
make the illumination unobtrusive; a pulsed laser with an ultra-fast rise time and high
optical power can usually be used; (b) an optical diffuser, to achieve a flood illumination
over the wide field of view; (c) the collection lens, to gather and focus the back-reflected
light echo from the target on-to the sensor focal plane using an optical objective; (d) a
solid-state image sensor, composed of a 2D array of photo-detectors, preferably SPADs
(single photon avalanche diodes), due to their extremely high sensitivity, capability to
detect down to a single photon, with intrinsic low noise performance, and are capable
of measuring the TOF needed by the light source to the target and back to the sensor;
and (e) finally, the sensor interface to provide the sensor power supply, required biasing
voltage/current signals, digital control phases, and data stream read out from the sensor
[3]. The SPADs need to be coupled with proper time processing high-speed circuitry,
which would also occupy space and thus lower the device’s crucial optical fill factor [20].
In an optical measurement system, the light travels at a speed of 3 × 108m

s
; hence, the

measurement of propagation delay over short ranges requires very high-speed circuitry,
which is a formidable challenge and the aim of this thesis, as discussed in chapters 3, 4,
and 5 in detail.

2.6 Discussion

Basic optical measurement principles have been introduced in previous sections to gain a
comparative insight. Figure 2.7 shows a comparison of these implementations in terms of
the distance range and uncertainty distance error. As in triangulation, the measurement
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Figure 2.7: Performance map of conventional optical 3D measurement systems [21].

range and distance errors are determined by the triangulation baseline. Miniaturization
of the complete system leads to a reduced triangulation baseline and, therefore, affects
measurement uncertainty. The measurement uncertainty in interferometry is given by
the wavelength of the employed coherent light source, which cannot be influenced sub-
stantially.

The TOF techniques has shown amazing expansion in recent years, and the next
three to five years will demonstrate the potential of this technology [20]. They have not
only become cheaper, smaller, and simpler to realize, but their distance error uncertainty
also improve steadily. The most obvious reason is that when decreasing the minimum
feature size or gate delay, the devices become faster, thus, a better time resolution is
possible. It is believed that TOF measurement will be one of the emerging technologies
used in future applications. D-TOF (direct time-of-flight) is commonly addressed for
single-point range systems [20]. In scanner-less TOF systems, complexities still exists in
the implementation of a pixel-level sub-nanosecond electronic stopwatch. This technique
is particularly suitable for SPAD-based TOF systems [20]. This thesis focuses on the
design of sub-nanosecond stopwatch TDC (time-to-digital converter) in chapters 3, 4,
and 5. For an efficient SPAD sensor operating in D-TOF mode, a time stamp must
be generated for every impinging photon at every pixel detector [20]. This requires the
coupling of per-pixel time digitization circuitry and high-speed array readout, which poses
several challenges in terms of area, power, and fill-factor compared with single channel
architectures, as discussed in the literature [22][23].

One of the key components of a 3D TOF system is the per-pixel timing circuitry and
global TDC that can simultaneously measure the time intervals between a common start
signal from pulsed laser and multiple stop signals from the 2D detector array [23][24].
The emphasis in this work has been on developing a time digitization circuit architecture
that is feasible to implement as an integrated circuit using low-cost CMOS technology.
The achievable resolution should depend not on the inherent propagation delay of the
logic gates but on the design mechanism. Chapter 3 compares and presents circuit design
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mechanisms that may be suitable for the implementation of time-digitization circuitry
with acceptable resolution for 3D TOF system.



Chapter 3

High-Resolution TDC
Architectures

Accurate time interval measurement has played a significant role in the development of
science throughout history, from analog clocks based on solar motion and water flow to the
most accurate cesium resonator available today [25]. The time interval measurement or
TDC (time-to-digital converter), has had significant applications in experimental physics
[26], including nuclear physics research, measurements of mean lifetime, and particle
identification, where time-of-flight requires a precise TDC integrated circuit [26]. Today,
TDC continues to play a significant role in emerging applications, such as time-of-flight
range finders and perception or depth-based 3D TOF cameras [22][23][24]. In 3D TOF
cameras, the accurate measurement of the time of the arrival of photons requires the
integration of on-pixel time digitization circuitry [20]. The TDC allows for the precise
measurement of the time difference between two signal events, start (synchronous with
the light source) and stop (back reflected photons), and then outputs a digital result.

Many TDC architectures have been developed, most of which target specific appli-
cations as stand-alone custom integrated circuits; thus, the requirements on their area
and power consumption are quite relaxed [27][28][29]. However, the fabrication of an
array of pixels with TDC has strict demands in terms of geometric fidelity, power con-
sumption, and homogeneity in performance [22][23][24]. The design approach for a TDC
may be categorized either as evaluating a time resolution based on the minimum gate
delay available in the target manufacturing process or as using some innovative tech-
nique to achieve sub gate-delay resolution. These approaches have their own strengths
and weaknesses. The nature of construction of most of the potential TDC architectures
is based on standard cell blocks, but the design and layout of the converter for on-pixel
time digitization must be addressed as full custom designs and cannot be synthesized
using automated techniques. To achieve a monotonic and linear transfer characteristic,
the design needs to be symmetric and parasitically balanced. The next sections review
some of the previously published architectures.
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Figure 3.1: Clocked delay line based TDC.

3.1 Clocked delay lines

The clocked delay line is the most basic TDC architecture, comprising a chain of inverter
elements into which a start pulse is injected [30][31][32]; it works by effectively counting
the number of sequential inverter delays that occur between two rising signal edges, as
shown in Figure 3.1. More precisely, the rising edge of the start signal that represents the
first event is delayed by a series of inverter gates (ignoring the polarity throughout for
simplicity), each with a delay of Tq. The outputs from each of these inverters are inputs
to a register, which is clocked with the rising edge of the stop signal that represents the
second event. The register output is a thermometer code that corresponds to the number
of delay elements that have transitioned within the measurement interval Tin.

The clocked delay line architecture offers a simple TDC with moderate performance,
but a limitation that must be considered is the high cost of increasing its range [32].
The increase in the dynamic range of a clocked delay line TDC needs a linear increase
in the number of delay elements, which increases the power consumption and decreases
the maximum sampling rate. For example, for a 10 bit TDC, over a thousand flip flops
and inverters are required. The impact on the layout is high, and linearity is heavily im-
pacted by the delay line matching errors. Additionally, the flip flop based TDC circuits
have a critical metastability issue, which results in incorrect output coding if set-up and
hold time parameters of every flip flop are not properly followed to ensure operational
consistency. Another major weakness of this circuit is that the delay through the inverter
chain is sensitive to process, supply voltage, and temperature dependent variations. It
requires the additional implementation of compensation circuitry to correct these varia-
tions through a calibration technique. In this technique, the chain of delay elements is
embedded with a delay locked loop (DLL) structure [33][34][35], as shown in Figure 3.2,
derived from standard phase lock loop (PLL) techniques [36], which further complicates
the circuit; this technique is thus not feasible for on-pixel array-based architecture.
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3.2 Vernier delay lines

The Vernier delay line technique has been adapted for improving the resolution of digital
CMOS TDCs and has been widely documented in literature [37][26][38]. In a simple
example of Vernier delay lines, two buffer-based delay lines are used with slightly different
unit delays. The basic idea is to stretch the input time interval Tin by delaying both the
start and stop signals with delay chains. With the start signal edge transiting the upper
delay line, the stop signal is presented to the lower, faster delay line, as shown in Figure
3.3. The stop signal with the faster delay line gradually catches up with the start signal,
as in a Vernier Gauge. As a result, the effective resolution of the Vernier TDC is evaluated
as the difference of the two delays, or, more specifically, Tq = Delay1 −Delay2.

In this design, the layout related effects have an impact on linearity; additionally,
calibration and counting circuitry require further silicon area, as reported [38]. There is
also a need for thermometer binary decoder, which results in large area usage, making it
impossible for this technique to be used for array-based implementation.

Dff
D

Q
clk

+

Dff
D

Q
clk

Dff
D

Q
clk

Start

Stop Out

Reg Reg Reg

21q DelayDelay=T �

Start

Stop

inT 
1Delay

1
1

1
0

0

Out

2Delay

2Delay 2Delay 2Delay

1Delay 1Delay 1Delay

Figure 3.3: Vernier delay line based TDC.



20 High-Resolution TDC Architectures

TAC
resetV

tacC
tacI

tacV

t

samplet

� 	tactacresettac t/C.IV=V �

ADC

System Clock

Coarse Clock

Start

Figure 3.4: Time to amplitude conversion based TDC.

3.3 Time-to-amplitude converters

The time-to-amplitude conversion approach is based on the charging and discharging of
a capacitor with a constant current during the time interval to be measured. The voltage
change in the capacitor is converted to a digital word by an analogue-to-digital converter
(ADC) [39][40][41][42][43] (Figure 3.4). In this technique, charge is either drained from a
capacitive store or accumulated on-to it for a certain period of time. The resultant voltage
is then fed to a flash ADC, where a fine TAC is combined with a coarse clock counter to
create the full output word. TAC can be susceptible to the impact of kT

C
and power supply

noise, but the implementations also show some interesting performance advantages. For
example, they can be implemented in a compact and power-efficient manner, which is
appealing for the array-based implementations. The conversion capacitance Ctac (Figure
3.4) behaves as static memory, which can be useful for pipelined readout and real-time
conversion. They possibly tend to have better linearity compared with their digital
counter-parts because there is nothing to mismatch; all timing information is stored in
the capacitor [43].

3.4 Time stretchers

Instead of using different mechanisms to minimize the time delay through delay elements,
to enhance the TDC resolution, an equivalent or even better effect may be obtained by
amplifying or stretching the input start-stop time difference by a known factor just be-
fore digital conversion. Only a couple time stretching mechanisms have been reported
in the literature [41][44][45][46], which suggests that this area could be investigated and
exploited further. The time stretchers not only inherit some appealing properties of the
TAC conversion technique, as discussed in the previous section but they also use ana-
logue time expansion, where the time interval to be measured during time to amplitude
conversion is stretched by a factor k depending on the circuit parameters. The expanded
time interval thus obtained can be measured by any TDC with improved resolution.
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Figure 3.5: The time stretcher or time amplification concept for TDC.

In this topology, a capacitor is charged with a constant current during the time interval
measurement and is then discharged with a much smaller current. The ratio between the
charge and discharge current is the stretch factor k. Using an appropriate stretch factor
that must be large enough, a counter-based TDC can be used to measure the discharge
(stretched) time interval and thus obtain the original time measurement with improved
resolution. Figure 3.5 presents the timing diagram of a time stretcher where start and
stop time are separately measured in relation to a reference clock, and the number of
clock cycles elapsing from one measurement to the other is also recorded as

k =
T3 − T2

T2 − T1

. (3.1)

These techniques can be suitable for array-based implementations because of their
achievable high resolution and compact area implementation, but sensitivity to the in-
jected noise in the integrating node or non-linearity of the capacitor remains to be inves-
tigated. The noise sensitivity can be reduced through the use of two identical capacitors,
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Figure 3.6: Time stretcher differential concept.
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which are than discharged by different currents when the start and stop signals arrive
[47]. A comparator identifies the moment when the voltages on the two capacitors are
again the same, as shown in Figure 3.6. The differential architecture seems to be very in-
sensitive to supply noise, but it occupies more area and dissipates more power, if targeted
for array-based implementations. Nevertheless, both differential and single ended have
demanding requirements for the comparator in terms of offset and propagation delay.

3.5 Gated ring oscillator-based TDC

Figure 3.7 illustrates the concept of GRO-TDC (gated ring oscillator-based time-to-
digital converter) [48][49][50][51], which is similar to the basic cyclic oscillator-based TDC,
where it measures the number of delay element transitions during a measurement time
interval [52][53][54]. In this architecture, instead of long delay lines with a large number
of delay elements, a reduced number of inverters are configured as a ring oscillator,
with the final stage output fed back as an input. The key innovation in the gated ring
oscillator is that instead of enabling the counters during the measurement time interval,
the ring oscillator is seeded with an initialization pulse/condition that is allowed to start
transiting down the oscillator. A counter is incremented when the pulse completes a full
circuit of the ring. On the arrival of the stop condition, the output word is a combination
of the counter value and the interpolation states of internal nodes of the ring that have
actually transitioned in the clock cycle.

The gated ring oscillator based TDC (GRO-TDCs) have several desirable performance
characteristics [55]. Because the state of the oscillator is preserved between measure-
ments, the residue error occurring at the end of the given measurement interval can be
scrambled and transferred to the next measurement interval, resulting in a first-order
noise shaping operation [50]. Additionally, with first-order noise shaping of quantization
error, the delay element mismatch can be made first-order-shaped and can be realized
by the sequencing of delay elements for successive TDC conversions, as shown in Figure
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Figure 3.7: (a) Gated ring oscillator based TDC (left) (b) Barrel shift algorithm concept for
first order noise shaping (right).
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3.7. The concept of the well-known barrel-shift algorithm has also been shown, where
mismatch errors from one sample can be passed and subtracted from the following sam-
ple. Using this type of oversampling, one can expect that a GRO-TDC architecture can
achieve high resolution without calibration, even in the presence of mismatch.

This architecture has fewer metastability issues and performs the conversion in real
time. However, to achieve the smallest gate delay and best time resolution, the single-
ended configuration might be preferable to the differential one because, the error from
the differential non-linearity is first-order-shaped and the single-ended topology has half
the power and area [53]. Additionally, the power consumption of the GRO-based TDC
is appealing for multiple converter systems coping with sparse events (e.g., array-based),
because it tends to peak only when the ring oscillator is in operation. For the rest of
the time, the consumption is dominated by leakage; hence, scalable low average power
consumption with overall system activity is achievable. This approach can yield a com-
pact layout compared with delay line based designs, but to achieve good linearity, careful
balancing of parasitic capacitances between the ring oscillator elements is needed, partic-
ularly at the feedback point. This architecture contains most of the appealing attributes
that could be implemented for array-based systems to achieve acceptable performance.
The rationale behind the selected choice and reviewed architectures is summarized in
Table 3.1.

TDC Resolution/ Accuracy/ Conversion Power Area
Architecture Dynamic Precision rate consumption /Scalability

Clk’d Delay
line

calibration
possible metastability,

matching
issues

fixed
constant large,does

not scale
well

Vernier De-
lay Line

calibration
possible metastability,

matching

fixed high
does not
scale well

Time-to-
Amplitude
Converter

depends on
ADC bits

acceptable
non-real
time

low
v-large,
does not
scale well

Time
Stretcher can be very

high
improved
resolution

non-real
time

low
scales well

Gated Ring
Oscillator

minimum
gate delay

jitter a con-
cern real time low, average small, scales

well

Table 3.1: TDC metrics and Logical reasoning behind TDC architecture selection.
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Chapter 4

Time-to-Digital Converter
Performance Parameters

In a time-correlated imaging system, a significant function of the time-to-digital con-
verter is to measure the time differences between an illumination event to a target surface
or reflected light with a minimum level of uncertainty because it corresponds to respec-
tive distance error. Similar to TDC architecture, the main parameters that are used
to measure the performance are time resolution, maximum range, linearity (accuracy),
precision, conversion speed, area, and power consumption. The input to the TDC is a
continuous time signal, and the output are digital codes. Due to the influence of mis-
match, noise, and non-linearities in the design, the real transfer curve deflects from the
ideal curve and generates quantization errors, as shown in Figure 4.2. The following
relation describes the measured time and output digital codes [56].

Tin = TLSB ·
k=n−1∑
k=0

Dk · 2k. (4.1)

Here, Tin is the measured time interval between Start and Stop, and TLSB is the minimum
unit of time measurement. n and D represent the number of bits and the digital codes
of the TDC outputs, respectively.

4.1 Time resolution

The time resolution of the TDC is the minimum value of the time span that can be
resolved or measured. The key design parameter depends not only on the circuit charac-
teristic and noise, but also on the minimum process gate delay. To measure a range TR,
with N bits, the resolution can be given as

Tbin =
TR

2N
. (4.2)

where Tbin represents the bin size of the TDC [56].

25
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Figure 4.1: Basis of time-to-digital conversion [56].

4.2 Maximum range

The maximum range of the TDC is architecture dependent and has a direct impact on
the area and power consumption. The maximum range is also related to the width, in
terms of the number of bits of the converter output data word, and can be expressed by
the relation

TMAX = 2N · TLSB. (4.3)

Here, TMAX denotes the maximum range that can be measured, and N is the number of
bits of the TDC outputs [56]. In the field of TDC, the maximum range is occasionally
referred as dynamic range (DR). For example, a 10 bit TDC with a time resolution of
100 ps would have a maximum possible dynamic range of 102.4 ns.

4.3 Non-linearity

The non-linearity of the TDC characterizes how closely the converted result matches the
known real value. The conversion linearity over the full dynamic range of TDC, expressed
in terms of differential and integrated non-linearity, demonstrates the deviation from the
known real value in the same way as for ADCs. The differential linearity is defined as
the difference between each code step from its ideal value, namely TLSB, and is given as

DNLi = Ti − TLSB. (4.4)

where DNLi is the i
th value of differential non-linearity and Ti is the width of ith step in

the real transfer curve. Practically, a DNL of less than ±0.5 LSB over the full maximum
range of the converter ensures a monotonic transfer function with no missing codes.

Integral non-linearity can be expressed over the converter full maximum range as the
deviation of a converter’s transfer function between the actual value and a straight line
drawn either as best fit or from the converter’s beginning to its end-points. It can be
expressed as a deviation of the step position from its ideal value of one TLSB [56] and
evaluated using the expression
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INLi =
i−1∑
n=0

DNLi. (4.5)

4.4 Conversion rate

The conversion rate of a TDC is the rate per second at which the converter returns the
measured result. Based on different architectures and application requirements, some
TDCs can perform measurements very quickly in real-time, whereas in some cases, there
exists a need to exercise the full-scale dynamic range. It also impacts on power consump-
tion.

4.5 Power consumption and silicon area

The power consumption of a TDC is considered for a defined input time interval, or a
percentage of a full-scale dynamic range. The power consumption profile can also be
architecture or application-dependent, i.e., it can be continuous or exhibit peaks during
the conversion cycle.

Additionally, the silicon area is an important parameter for array-based TDC ar-
chitectures. It has a direct impact on the fill-factor of the device. The image sensor
fill-factor is defined as the ratio of the light sensitive area versus total area of the pixel,
and it is heavily influenced by the actual architecture and the minimum feature size of
the manufacturing process.
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Chapter 5

Time stretcher-based TDC

The goal of this work is to design a time-to-digital converter with an acceptable
resolution that can be integrated as a CMOS chip for the first prototype of a 3D time-
of-flight camera. Figure 4.1 shows a simplified illustration of the concept and the timing
diagram to motivate the discussion in the coming sections. The radiation from the pulsed
laser diode illuminates the target surface and sets the start timing mark. The reflected
photons from the target surface are absorbed by single-photon avalanche diodes and set
the stop timing mark. Meanwhile, a capacitor is charged from the rising edge of the start
signal to the rising edge of the stop signal with a constant current. This analog electrical
storage is then discharged with a much smaller current to achieve an appropriate analog
time expansion. The rising edge of the comparator determines the start timing mark
for the gated ring oscillator, and falling edge of the comparator will determine the stop
timing mark for the gated ring oscillator based time-to-digital converter. This stretched
time interval can be measured by counting full clock cycles and registering the states of
an interpolation with improved resolution.
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Figure 5.1: Time-of-flight distance measurement system with per-pixel time stretcher, Global
TDC, and timing diagram.
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5.1 TDC architecture selection

The measurement of a time interval with picosecond-level resolution is a big challenge.
The conception of time stretching, or time domain amplification, seems to be an effective
solution; however, the circuit techniques for time amplification are still under-developed
[56]. Based on the appealing attributes of the time stretcher and the gated ring oscillator-
based TDC [56], an architecture has been selected in which the time stretcher and TDC
have been implemented in conjunction to achieve better performance. The simplified
architecture of the time-stretcher based GRO-TDC is illustrated in Figure 5.2. The
function of the time stretcher can be considered similar to the pre-amplifier in front-end
electronics. The behaviour of the TS (time stretcher) is given as

Tout = kTS · Tin, (5.1)

where Tin and Tout are the input and output time intervals and kTS is the gain of the time
stretcher. If the TDC core is a GRO-TDC, the relationship between the digital outputs
of the TDC core and Tout is given as

Tout = Tbin ·
k=n−1∑
k=0

Dk2
k, (5.2)

where Tbin is the bin size of the GRO-TDC, Dk is the digital bit, and n is the number of
bits for the digital outputs. For the time stretcher, we can use equations 5.1 and 5.2 to
derive an expression for the time stretcher-based TDC:

Tin =
Tbin

kTS

·
k=n−1∑
k=0

Dk.2
k. (5.3)

This equation depicts that the performance of the time stretcher-based TDC depends
on both the high-linearity gain of the TS and the precision of the TDC core. Theoretically,
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Figure 5.2: Time stretcher-based TDC.
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the conception of time amplification or time stretching can be applied to femto-seconds-
level time measurement [56]. This architecture has been chosen for design and simulation
as a part of this research work.

Figure 5.3 presents the conceptual block diagram of a time-of-flight distance mea-
surement system, where multiple-stop signals can be considered a stop timing mark from
a detector matrix. The TDC consists of time stretchers, a comparator, a nine-phase
gated ring oscillator, TDC input logic, a timing signal synchronization scheme, registers
to store the timing positions within the clock cycle, and a ripple counter for counting full
clock cycles. The on-pixel time stretcher involves two conversions: time to voltage and
voltage to time. The final conversion is performed by a gated ring oscillator-based TDC.
The on-pixel analogue voltage is created by charging a capacitor Cconv, during the mea-
surement time interval with a constant current. Cconv is then discharged with a fraction
of the charging current to the achieve analogue time expansion by the phenomenon of
time stretching. The stretched analogue based time is then converted to digital domain
by using a continuous time comparator. The functionality, design, and analysis of each
individual block are discussed in detail in the papers appended to this thesis.

5.2 GRO-TDC and sub-circuits

Apart from the time stretcher’s requirements of high linearity, and the comparator offset,
propagation delay, reliable recording of the timing signal through the counter dual-edge
synchronizer, the gated ring oscillator is considered the heart of the system. It defines the
key performance metrics of the converter; including the time resolution, linearity, power
consumption, and robustness to power supply variations. The reference clock from the
gated ring oscillator is responsible for incrementing the state of the ripple counter, and
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interpolation is performed to determine the timing position within the clock cycle. Figure
5.4 illustrates the practical implementation of gating a ring oscillator using switches. The
gating functionality is added to the conventional inverter-based ring oscillator, with an
odd number of stages, by placing two switches in series with a positive and negative
supply of each inverter, where they all share a common state. When the switches are
closed, oscillation is enabled, and it behaves identically to a classical ring oscillator.
Conversely, when the switches are open, the oscillation is suspended because the inverter
delay element is unable to charge or discharge the parasitic output capacitance, as shown
in Figure 5.4. In this way, during the disabled state, the oscillator phase at the end
of the enabled state is held with the charge stored in the parasitic capacitance of delay
elements. In this design, an odd number of stages, i.e., all of the nmos switches, are
controlled by an Enable signal; similarly, all of the pmos switches are controlled by an
Enable. Referring to Figure 5.4, the GRO structure only allows the oscillator to perform
time interval measurement when it is gated ON by Start-GRO from the rising edge of
the comparator (Figure 5.3), and it strives to freeze when the time interval measurement
has been made (on the falling edge of the comparator).

The gating of the ring oscillator can offer the advantage of intrinsic scrambling of its
quantization and mismatch error such that the residue occurring at the end of a given
measurement interval can be transferred to the next measurement interval. For example,
we can write

Tstart[k] = Tstop[k − 1]. (5.4)

If continuous time interval measurements are performed, the above-mentioned feature
can be used to evaluate the overall quantization error of the time interval measurement,
and given as

Terror[k] = Tstop[k]− Tstart[k] = Tstop[k]− Tstop[k − 1], (5.5)

where Tstart and Tstop are the start time interval and stop time intervals and k represents
the overall number of measurements. These equations illustrates that Tstop[k] corresponds
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to the first-order noise shaping in the frequency domain.
Figure 5.4 shows a simplified schematic of the gated ring oscillator. The W/L is

chosen as a trade-off between the operating current and gate capacitance to achieve the
shortest propagation delay. For a 3.3 V core digital supply, the minimum propagation
delay of this element after post layout simulation is≈844 ps. In this design, a single-ended
nine-stage ring is constructed. It results in an Enable state maximum supply current of
approximately 62.56 μA being drawn, and the maximum duration drawn current is equal
to the frequency of the system stop signal. Additionally, the ring oscillator layout design
is critical to the timing resolution and power consumption of the converter. The linearity
of the TDC is dependent on the careful balancing of the parasitic capacitances (≈1.72 fF)
between each stage. In this design, the oscillator has been laid out in a ring shape, and
non-matched parasitic capacitance is balanced using metal wire. Extracted simulations
have been performed to check for balanced parasitic capacitances at each stage.

5.3 Timing signal interpolation

In the design of the GRO-TDC, the resolution is limited by the gate delay of the tech-
nology used. The gate delay is determined from the load capacitances at the output
node and the driving capability of the buffers used in the gated ring oscillator design.
The frequency of ≈ 131 MHz is achieved from the post layout simulations of GRO us-
ing a compact structure and minimizing parasitic capacitances at the output node and
maximum width-to-length ratio of buffers to meet the power consumption requirements.
The timing signal interpolation is used to obtain better resolution by storing the timing
positions within a clock cycle in the interpolation registers. In this work, the outputs
of a single-ended gated delay elements are used as timing signal interpolators. This re-
sult is stored in interpolation registers, which are than clocked by the TDC-Stop signal
from the counter dual-edge synchronizer block. The LSB of the nine-phase gated ring
oscillator-based TDC and timing signal interpolator can be derived as

LSB =
TCLK

NṀ
, (5.6)

where TCLK presents the period of the gated ring oscillator, and N and M are the
phases of the gated ring oscillator and the timing signal interpolator, respectively. A
timing diagram illustrates the principle of using the timing signal interpolator for the
start-GRO signal, as shown in Figure 5.3. The reference CLK is the one phase of the
nine-phases (GRO phases) that are used for the counting full clock periods.
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Chapter 6

Summary of Appended Papers

Paper A: An Analogue Time Stretcher for a 3D Time of Flight Camera

This paper compares two specific circuit techniques to realize a time stretcher in CMOS
technology. The time stretcher is based on the analogue time expansion technique, where
the time interval to be measured is stretched by a factor k and can be realized with current
integration. This type of time stretcher can be used as a time domain amplifier to improve
the precision of the time to digital conversion. A comparison is made between a Miller
and an open-loop integrator-based time stretcher with respect to the available linearity,
power consumption, and circuit area. The simulations show that the open loop approach
with carefully optimized circuit configurations may lead to a compact and low-power
single-photon avalanche diode pixel configuration with the required time amplification
property. In open-loop integration approach, a wide swing cascode current source/sink
is used as a time stretcher. The application field for the techniques studied in this work
is the on-pixel-based time interval measurement unit in 3D time-of-flight cameras based
on a 2D single-photon avalanche diode array.

The author’s contribution was designing the circuit of the time stretcher, creating
the schematics, and post layout simulations, analyzing and investigating the encountered
non-linearity errors to select an acceptable approach for further integration, and writing
the main part of the manuscript.

Paper B: Time-to-Digital Converter based on Analogue Time Expansion for
a 3D Time of Flight Camera

This paper describes the architecture and performance of a time-to-digital converter im-
plemented by cascading a time stretcher and a gated ring oscillator-based time-to-digital
converter (GRO-TDC). The time interval to be measured is stretched by a factor k by
charging a capacitor with a current I, followed by discharging the capacitor by I

k
. Time

stretching involves dual conversions: time to charge and charge to time. Whereas, these
are performed in each individual pixel, the final time to digital conversion is performed
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by the global GRO-TDC, where a multiphase gated ring oscillator is used to measure
the stretched time interval by counting full clock cycles and storing the states of a ring
oscillator to achieve increased resolution. Additionally, emphasis is placed on high lin-
earity gain, the time stretcher, precision of the time-to-digital converter, and possible
limitations. The phenomenon of time stretching can be exploited further with the avail-
able circuit configurations to obtain simulation results to design a compact, low-power
time-to-digital converter for 3D time-of-fight cameras.

The author’s contribution was to investigate, draw, and implement a suitable archi-
tecture for the time-to-digital converter, using the phenomenon of time stretching, that
could be integrated later with more electronics to build the first prototype of a 3D time-
of-flight camera. The contribution also involves design of schematics and post layout
simulations with parasitic extraction to verify the performance of the TDC system. The
author has also written the entire manuscript.

Paper C: Time Stretcher for a Time-to-digital Converter with a Precisely
Matched Current Mirror

This paper describes an effective method and specific circuit technique that can allow
the precise determination of the stretch factor for a time stretcher. The time stretcher
is based on current mirror and precisely matched current sinks with an improved layout
realization for current mirror matching. This idea is investigated, realized, and evaluated
for use in conjunction with time-to-digital converter system, with its main focus on the
reduced complexity and possible achievable accuracy of stretched time in the aspects of
distance error. The ratio of the current between the current mirror and the current sinks
is 1:k. k represents an appropriate stretch factor that can be achieved with precisely
matched current sinks. This stretched time interval can be realized by a time-to-digital
converter with improved resolution. This design is validated through simulations in 0.35
μm CMOS process technology.

The author’s contribution was to investigate and implement the idea of current mirror
matching to address possible achievable calibration for the magnitude of the stretch
factor. The contribution also involves design of schematics and post layout simulations
with parasitic extraction to verify the alignment and precision of stretch factor. The
design constraints have been investigated to validate the circuit implementation. In this
manuscript, the main part has been written by the author, but co-authors were also
involved in the logical and mathematical formulations.



Chapter 7

Conclusion and Future work

7.1 Conclusion

The required property of time stretching, based on analogue time expansion, along with
possible suitable architectures for time-to digital conversion has been investigated in
this thesis. The properties of time stretching and precise time-to-digital conversion can
significantly improve the achievable time resolution and, thus reduce the distance error
for 3D time-of -flight cameras.

The research question Q1 was as follows: Do circuit techniques exist that could
minimize the impact of quantization and mismatch error in integrated circuit elements
of state-of- the-art TDCs to improve the resolution?

Yes, To improve the resolution of the time-to-digital converters for 3D time-of-flight
cameras, the concept of time stretching can be an effective solution. The circuit tech-
niques for time stretching are still under development, and the idea can give a new
research direction for TDC techniques. A comparison has been made between conven-
tional Miller integrator-based time stretcher and simpler wide swing cascode current
mirror-based time stretcher. The simulations results from both designs have proven
comparable, with the wide swing cascode current mirror being more compact, low-power
and simpler.

The research question Q2 to investigate was as follows: Is it possible to design and
elaborate an architecture for a high-resolution, compact, and low-power time-to-digital
converter for a 3D TOF camera aimed at cm-level distance error with a dynamic input
range of 10-15 m?

Yes, This thesis has presented an architecture for the performance of a time-to-digital
converter implemented by cascading a time stretcher and a gated ring oscillator-based
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time-to-digital converter (GRO-TDC). Whereas, the time stretching is performed in each
individual pixel, the final time to digital conversion is performed by the global GRO-TDC,
where a multiphase gated ring oscillator is used to measure the stretched time interval by
counting full clock cycles and storing the states of a ring oscillator to achieve increased
resolution. The phenomenon of time stretching is exploited with the available circuit
configurations, and the obtained simulation results shows that it is possible to design a
compact, low-power time-to-digital converter for 3D time-of-fight cameras.

The research question Q3 was as folllows: Is it possible to design and characterize
precisely matched circuits for better linearity based on analogue time expansion that can
be used in conjunction with a time-to-digital converter to achieve better resolution?

Yes, This thesis has presented a method that can allow precise determination of
the stretch factor for a time stretcher based on precisely matched current mirrors and
current sinks with an improved layout realization. Additionally, analytical expressions
for the requirements on output impedances and mismatch of the current mirrors have
been derived that allow optimal design specifications. The ratio of the current between
the current mirror and the current sinks is 1:k. k represents an appropriate stretch factor
that can be determined by the number of precisely matched current sinks. This stretched
time interval is later measured by a time-to-digital converter with improved resolution.

In conclusion, different circuit techniques have been investigated through analysis,
design, and simulations for time-to-digital conversion. From the discussion and results,
it is obvious that the concept of on-pixel time stretching and time-to-digital conversion
using a gated ring oscillator has the potential to yield an optimized implementation for
an array-based design with improved resolution.

7.2 Further work

The phenomenon of time stretching can be further exploited by implementing a small
(8X2) array of on-pixel time stretchers, where the SPADs function as basic detector ele-
ments for high sensitivity and ultra-fast response. This SPAD-based time stretcher array
can be integrated with a GRO-TDC for time-to-digital conversion to achieve improved
resolution for 3D range measurements.
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Abstract

The analogue time expansion technique, where the time interval to be measured is
stretched by a factor k, can be realized with current integration. This kind of time
stretcher can be used as a time domain amplifier to improve the precision of the time
to digital conversion. Two specific circuit techniques have been investigated for the
realization of a time stretcher in a CMOS technology. A comparison has been made
between a Miller and an open-loop integrator based time stretcher with respect to the
available linearity, power consumption and circuit area. The simulations show that the
open loop approach with carefully optimized circuit configurations may lead to a compact
and low power single photon avalanche diode pixel configuration with the required time
amplification property. The application field for the studied techniques in this work is
the on-pixel-based time interval measurement unit in 3D time-of-flight cameras based on
a 2D single photon avalanche diode array.

Keywords: Time to digital converter, 3D time of flight camera, time stretcher, wide swing
cascode current source/sink, analogue time expansion, single photon avalanche diode,
open-loop integration

1 Introduction

Two dimensional solid-state image sensors can only capture the two-dimensional pro-
jection or image intensity map of a scene, discarding all information regarding distance
to different areas of the scene. In contrast, three dimensional image sensors attempt to
measure this distance by using time of flight. This time of flight is related to the illu-
mination of flash from the camera to the scene and back to the camera. Time resolved
image sensors offer great potential for the development and automation in machine vision
where it is needed to extract the distance information of the objects in the scene [1]. In
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Figure 1: Time-of-flight distance measurement system using a per pixel time stretcher and a
Global TDC

3D TOF cameras time information is processed from each pixel to compute the distance
information [2]. The aim of this work is to develop a low power on-pixel time stretcher
to improve the precision and to simplify the measurement of the arrival times of the
measured pixel responses. It is believed that the proposed pixel architecture results in
low overall power consumption and high integration level in parallel array architectures,
especially for portable devices.

Due to high propagation velocity of electromagnetic waves such as light, very high
time resolution is required. As a reference, the distances 1 cm and 20 m corresponds to 67
ps and 133 ns [3]. Time interval measurement methods are reported by using techniques
either digitally, analogically or by interpolation depending on the targeted application [3]
[4]. The proposed analogue time expansion technique is based on a current integration
technique where the time interval to be measured is stretched by a known factor k [5].
The time stretching method is known for its good achievable resolution as reported in
nuclear physics experiments, and in precision laser ranging systems for space applications

�����������
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Figure 2: Timing diagram for the TDC.
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[6] [7]. The expanded time interval thus obtained can be measured by a global on-chip
TDC with improved resolution [8]. The time stretching method involves two conversions:
time to charge and charge to time. Whereas these are performed in each individual pixel,
the final time to digital conversion is performed by the global TDC.

Fig. 1 shows a simplified front-end circuit of the concept for a 3D TOF camera.
Radiation from a pulsed laser diode with ultra fast rise time will illuminate the scene
and set a start timing mark for the time measurement. The reflected photons absorbed
by a single photon avalanche diode (SPAD) operating in the Geiger mode may trigger
a current avalanche [9]. This avalanche current is quenched by using appropriate quen-
ching techniques i.e., active quenching, passive quenching or mixed active and passive
quenching and a digital pulse is generated that will set a stop timing mark [9].

In a time-stretcher a capacitor is charged from the rising edge of the start timing mark
until the rising edge of the stop mark with a constant current. This analogue electrical
storage is then exploited as a time stretcher based on the analogue time expansion where
the charged capacitor is then discharged with a much smaller current. This discharge
(stretch) time interval can be measured by an on-chip multiphase ring oscillator based
TDC by counting full clock cycles and storing the states of the ring oscillator with-in the
clock period to obtain improved resolution.

In this work two types of time stretchers have been investigated and compared in
terms of linearity, stability, power consumption and compactness to select a suitable time
stretching approach for further integration with the on-chip TDC. The first time stretcher
is based on an opamp Miller-integrator and the second one is a wide swing cascode
current source/sink based on open loop integration. They are presented in sections 2 and
3 respectively.
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Figure 3: Simplified schematic of Miller-integrator based time stretcher, and transient simula-
tion.



52 Paper A

2 Time stretcher based on a Miller-integrator

The Miller-integrator based time stretcher works on the principle of current integration
where the conversion capacitor, located in the feedback path of an operational amplifier,
is charged by a constant current from the rising edge of the Start signal until the rising
edge of the Stop signal. As the feedback keeps the voltage across the current source,
the output impedance is (ideally ) unimportant. After integration, the capacitor is dis-
charged with a much smaller current to exploit the idea of analogue time expansion with
an appropriate stretch factor.

2.1 Conversion stage and time stretching

The conversion stage generates a linearly increasing voltage across the conversion capaci-
tor, directly proportional to the Start-Stop interval, charging the capacitor with constant
current I1. The conversion capacitor is then discharged with the current I2 by the start-
stretch signal where I1/I2 = k. A simplified schematic of analogue part of time stretcher
and simulations are shown in Fig. 2 and Fig. 3 respectively. The time stretching opera-
tion can be divided into four parts:

• During the idle state the time stretcher is ready to accept a new Start signal:
Start-Stop signals are low, the analogue gate is on creating a low resistance path
in parallel with the conversion capacitor. The charging current I1 passes the
analogue gate without charging the capacitor. Vref (e.g 300 mV) is the initial value
of the time proportional output voltage that can be generated by a temperature
compensated reference circuit.

• The idle state is followed by the conversion state at the arrival of the Start signal,
in this state the Stop signal is still low, for the duration of this state the constant
current I1 charges the capacitor. The value for the conversion capacitor is selected
to 300 fF as a trade-off between SPAD and time stretcher area, considering fill
factor and performance. The voltage across the capacitor increases linearly with
32 mV/ns rate. The constant integration current of 10 μA is used to exploit the
maximum 2.6 V output dynamic range of the operational amplifier.

• After the rising edge of the Stop signal both Start- Stop signals are high, which
make the voltage across the capacitor constant until a preset global timeout (cor-
responding to maximum distance measurement has expired).

• The final state is the discharge state. The rising edge of the Start-Stretch signal will
start the discharge of the capacitor with a much smaller current for the analogue
time expansion as shown in Fig. 3. The stretched time can be measured by a
multiphase ring oscillator based on-chip TDC, where a counter will count full clock
cycles and an interpolator will determine the timing position within the clock cycle
with improved resolution.
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Figure 4: Open-loop integration-based time stretcher schematic, and transient simulation

.

2.2 Operational amplifier

The two stage operational amplifier used in Miller-integ-rator based time stretcher has an
input differential tran-sconductance stage with pmos input that is followed by a common
source second stage [10]. The common source output stage is optimized for the supply
of an integration current with small area occupation and to maximize the output signal
swing for a given supply voltage. The effect of a pole-splitting capacitor on the gain and
phase of an opamp has been modified to improve the frequency response of the amplifier.
The amplifier has unity gain bandwidth (UGB) of 471 MHz, with 71o phase margin. In
the opamp design, the slew rate has been improved to 217 V/μs to minimize the dead
time.

3 Open-loop integration based time stretcher

The Miller integration approach is quite sensitive to stray capacitances and the opera-
tional amplifier requires a considerable die area and power. Thus an alternative open-loop
integration based approach was studied, where wide swing cascode current source/sink
and a capacitor was used to implement the time stretcher, as shown in Fig. 4. In
open-loop integration approach current sinks/sources with high output impedance are
necessary.

3.1 Basic operation

The operating principle of the open-loop time-stretcher is similar to the integrator based.
During the idle state, the nmos switch is conducting and Vout is zero. Start opens the
nmos switch and thereby removes the short circuit across the capacitor. The voltage
across the capacitor increases linearly until the rising edge of the Stop signal as shown in
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Figure 5: Nonlinearity and distance error (a) Miller-Integrator based TS (b) Open-loop inte-
gration based TS

.

Fig. 5. The resulting voltage across the capacitor is a linear ramp directly proportional
with time t: Vout(t) = I1 ∗ t/Cconv , where Cconv = 300 fF is the conversion capacitance
and I1 = 8.5 μA is the constant charging current. After the arrival of the Stop signal, the
conversion capacitor is isolated and the voltage across the capacitor will remain constant.
A current sink with nmos transistors is used to start the discharge of the capacitor with
much smaller current I2 = 850 nA. The discharge is started on the rising edge of the
Start-Stretch signal. The expanded time interval can be measured by an on-chip TDC
with improved resolution.

4 Results and Discussion

A time stretcher operate like a time amplifier when I2 < I1. The capacitor is charged with
a constant cur- rent I1 during the measured time interval T and then discharged with a
much smaller current, I2. The stretch factor is defined as I1/I2. The conversion capacitor
discharge time is stretched propotionally : Tstretch = Tk. A required resolution can be
achieved by selecting the stretch factor k and counting full clock cycles of the multiphase
ring oscillator, also determining the timing position of an interpolator as shown in Fig.
8. The value of the conversion capacitor does not have any direct influence on the stretch
factor. The geometrical size ratio between the two current generators will determine the
stretch factor.

Any deviation from the ideal ramp output voltage from either circuit is translated
into distance error. The integral non-linearity of the converter is defined as maximum
deviation of the actual transfer characteristic of the converter from a straight line [7]. The
accuracy of the time stretching was evaluated in terms of the deviation from a straight
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line (least squares fit). The integral non-linearity error is translated into corresponding
distance error at maximum dynamic range for both time stretchers as shown in Fig. 6a
and 6b.

For the Miller integrator based time stretcher, the switching voltage variations by
charge injection from switches, have an impact on the sensitive integrator that cause
glitches and non-linearity at the start as shown in Fig. 7a. The evaluation of the
integral non-linearity shows an error of a few cm for full scale range from 0-12 meters
is achievable. The time stretchers are implemented in a 0.35 μm CMOS process with
supply voltage 3.3V. The integrator based time stretcher occupies an area 36×28 μ m2 as
shown in Fig. 8a and its current consumption is 646.6 μA. Interestingly, the open-loop
based integrator achieves comparable performance, however with smaller circuit area
27×27 μ m2, considerably lower current consumption 27.08 μA and with fairly smooth
switching transitions as shown in Fig. 6b. For Miller-integrator based time stretcher, the
idle current consumption of the op-amp is much larger than charge/discharge currents.
Whereas open-loop integration without an op-amp thus reduces the current consumption
significantly.

5 Conclusion

Two circuits have been investigated as time stretchers for dual conversion: time to charge
and charge to time. The third conversion is time to digital which is done by the global
TDC. Simulation results shows that low power and compact time stretchers can be built
for on-pixel local analogue electrical storage and later on-chip integration with time to
digital converter to achieve a distance error of a few cm. The investigated ideas along with
simulated results, evaluation of integral non-linearity and corresponding distance errors

Figure 6: Layout(a) Miller-Integrator based TS (b) Open-loop integration based TS

.
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are presented. Centimetre-level distance measurement error is achievable by selecting an
appropriate approach for time stretchers, considering compact area, low power consump-
tion, linearity and stability. The presented idea will be exploited further with on-chip
single photon avalanche diodes as detectors and an on-chip time to digital conversion.
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Abstract

This paper presents an architecture and achievable performance of time-to-digital
converter, for 3D time-of-flight cameras in two levels. In the first level an analog time
expansion, where the time interval to be measured is stretched by a factor k, is achieved by
charging a capacitor with current I, followed by discharging the capacitor with a current
I
k
. In the second level, final time to digital conversion is performed by global gated

ring oscillator based time-to-digital converter by exploiting its properties of intrinsic
scrambling of quantization noise and mismatch error, and first order noise shaping. The
stretched time interval thus can be measured by counting full clock cycles and storing the
states of nine phases of the gated ring oscillator. The frequency of the gated ring oscillator
is of approximately 131 MHz and an appropriate stretch factor k, give a resolution of 57
ps. The combined low nonlinearity of the time stretcher and gated ring oscillator based
time-to-digital converter can be exploited further to achieve a distance resolution of
few centimetres with low power consumption and small area occupation. The carefully
optimized circuit configuration achieved by using an edge aligner, the required time
amplification property and the gated ring oscillator based time-to-digital converter may
lead to a compact, low power single photon configuration for 3D time-of-flight cameras,
aimed for a measurement range of 10 meters.

Keywords: Gated ring oscillator, Time-to-digital converter, single photon avalanche
diode, 3D Time-of- ight camera, edge aligner, monostable multi-vibrator, Noise shaping,
continuous time comparator

1 Introduction

Time resolved imaging in three dimensional image sensors has shown remarkable po-
tential in recent years as it offers advantages over conventional intensity based imaging,
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Figure 1: Time-of-flight distance measurement system with per-pixel time stretcher, a Global
TDC, and Timing diagram for the TDC.

in vision, engineering and medical research[1]. The continual emergence of new appli-
cations requiring depth data often surpasses the capabilities of these existing products
and technologies, in attributes such as higher accuracy and precision, reduced acquisition
time, smaller size and costs. In 3D time-of-flight (TOF) cameras the time information
is processed from each pixel to compute the depth and distance information.[2],[3] The
most critical component involved in the design of picosecond-resolution time resolved
imagers is the time-to-digital converter (TDC). These devices might have a global TDC
to acquire fast images over the entire pixel array or many TDCs might be needed to
enable independent and simultaneous acquisition and time discrimination at the pixel
basics[1]. However, to integrate many more TDCs on a chip, possibly one per detector,
very compact TDCs need to be designed.

1.1 Background

Time interval measurement methods are described in the literature by using either digital,
analogical or combined approaches i.e., by using the Nutt method,[5],[6] all depending on
the targeted application. In analog TDCs the time interval is measured by counting cycles
of the low clock frequency and linearly expanding fractional clock cycles.[7],[8],[9],[10],[11]
On the other hand, digital interpolation uses a gate delay to estimate the fractional clock
cycles.[12],[13],[14],[15],[16],[17],[18],[19],[20] A simple TDC consists of a high frequency
clock and a counter incremented at each clock edge. In such a case, the resolution
is limited by the use of the reference clock frequency. For example, as fclk = 1

�t
is

needed for a resolution of �t, then �t = 100 ps implies fclock = 10GHz. This frequency
is not feasible for use across the array of pixels as it can cause several problems at
certain levels, particularly noise, crosstalk and power dissipation. One way to improve the
performance of TDC is to use analog time expansion,[5],[28] based on current integration,
where the time interval to be measured is stretched by a factor k. The stretched time
interval thus obtained can be measured by any TDC with improved resolution. The
time-stretchers (TS) with precisely matched charging/discharging current can possibly
achieve better linearity than their digital counter parts[8]. Additionally, there might
exist a possibility that by using methods based on in-pixel analog electrical storage and
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exploiting, such storage using pulse time-stretching techniques a better resolution, low
power consumption and high geometry fidelity can be achieved.[11],[12],[13] The majority
of published devices mentioned above function as stand-alone custom integrated circuits,
and hence the requirements on their area and power consumption are much relaxed.
However, the fabrication of an array of pixels with in-pixel TDCs places strict demands
in terms of fidelity of geometry, power consumption and homogeneity in performance[1].

1.2 Aim and Proposed Idea

The aim of this work is to develop a high precision time-to-digital converter as an inte-
grated CMOS chip to be used in 3D time-of-flight cameras for a number of application
fields, such as obstacle recognition, automotive industry and video surveillance by mea-
suring the depth and distance of an optically visible object. In this paper, we propose
an architecture for a global gated ring oscillator-based time-to-digital converter (GRO-
TDC) along with per pixel time stretchers as analog blocks. To achieve sensitivity to
individual photons and to extract 3D time-of-flight information, the time stretcher needs
to be coupled to each pixel. Additionally, in an efficient SPAD sensor operating in direct
time-of-flight mode, and to reduce parasitics associated with the detector, a time stamp
must be generated for every impinging photon at every pixel detector. This necessi-
tates the combination of per-pixel time-stretcher with a global TDC (time-digitization
circuitry). Fig. 1 show a simplified front-end circuit and timing diagram of the concept.
Radiation from a pulsed laser diode with short (≈ 100ps) pulse width will illuminate
the target surface and set a start timing mark. The reflected photons are absorbed by
the SPAD,[21],[25],[26],[27] which will set a stop timing mark. Meanwhile a pixel-based
capacitor is charged from the rising edge of the start timing mark until the rising edge of
the stop timing mark with a constant current. The charged capacitor is then discharged
with a much smaller current functioning as a time stretcher based on analog time expan-
sion. The global GRO-TDC is run during the discharge of the capacitor, between the
timing marks Start-GRO and TDC-Stop as shown in Fig. 2. This discharge (stretched)
time interval is thereby measured by the GRO-TDC by counting full clock cycles and
registering the states of interpolators within the clock period.

2 The Architecture of Proposed Time-to-Digital Con-

verter

The conceptual block diagram of the time-of-flight distance measurement system with
multiple-stop signals at different time intervals is illustrated in Fig 2. The system consists
of pixel-based time-stretcher and comparators, TDC-input logic, nine-phase gated ring
oscillator (GRO), edge aligner (EA) and registers for storing the state of the ring oscillator
by the timing signals (EN-GRO and TDC-Stop). A monostable multivibrator (MMV)
can be used to generate an output pulse of a duration with a time interval corresponding
to the final stop signal as presented in references.[28], [29] The logic level signal from
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Figure 2: Time-of-flight distance measurement system concept with multiple stop-signals (as
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the comparator and TDC-input logic block will start and stop the GRO for stretched
time interval measurement. The global TDC operates by counting full clock cycles from
the rising edge of the comparator output (Start-GRO), which will start the GRO. The
falling edge of the comparator output (TDC-Stop) will disable the GRO, and hence, the
counter is also settled. The registers determine the timing position within the clock cycle.
The resolution of the GRO-based TDC can be defined by dividing the period of the ring
oscillator by the number of phases of the gated ring oscillator, divided by the stretch
factor k.

2.1 Time Stretcher and Sub-circuits

The time stretching method converts the measurement time interval first to a corre-
sponding analog voltage. In the second step, this analog voltage is then stretched by a
factor k to achieve time amplification. Hence, two conversions are performed: time to
charge and charge to time. Whereas these will be performed in each individual pixel,
the final time to digital conversion is performed by the global GRO-based TDC. The
simplest topology to obtain a time-stretcher is similar to the Wilkinson ADC.[22] ,[23] In
this topology the analog voltage is created by charging a capacitor during the measure-
ment time interval and then discharging the capacitor with a much smaller current after
the arrival of the stop signal. The ratio between the charge and the discharge currents
determine the stretch factor k. If the stretch factor is large enough, even a low resolution
TDC can be used to measure the discharge time(stretched-time), and finally, the original
time measurement with improved resolution can be obtained. The sensitivity to noise
in the integrating node and non-linearity in the capacitor can be minimized by using a
differential design with two identical capacitors that are discharged by different currents
on the arrival of the start and stop signals [24]. Other design challenges are demand-
ing requirements in terms of the comparator offset, propagation delay stability and area
constraints that must be considered for 3D image sensor composed of pixel array-based
structures. For an in-pixel solution, the area is especially critical. Therefore, to save area
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a single-ended solution is selected for the work presented in this paper.

Design and operation of open-loop integration based time stretcher

An open-loop integration-based approach was studied previously[3], where wide swing
cascode current source/sink and a capacitor were used to implement the time stretcher,
as shown in Fig. 3a. In an open-loop integration approach based on current sinks/sources,
important features that need to be considered are high output impedance, high linear-
ity and small area. This is achieved by using wide-swing cascode structures[38]. The
schematic of the time stretcher comprises a wide-swing cascode current source and sink,
a conversion capacitor Cconv, and switches to initialize the circuit and to control charging
and discharging of the capacitor. In the schematic Fig. 3a, M1 is the current source,
M2 through M5 correspond to the biasing transistors, and M6 through M9 form a
cascode current source. Similarly in the current sink, M11 serves as the current sink,
M10 through M14 correspond to the biasing transistors, M15 through M18 serve as the
cascode current sink. The Start opens the nmos switch Ms and the voltage across the
capacitor increases linearly until the Stop signal arrives. Upon arrival of the final stop,
the conversion capacitor is discharged with much smaller current to achieve analog time
expansion. The final stop that also corresponds to the rising edge of the comparator, will
simultaneously start GRO-TDC for time interval measurement.
The operating principle of the open-loop integration based time-stretcher is simple. Dur-
ing the idle state, the nmos switch Ms is conducting and Vout-TS is at Vref . Start
opens the nmos switch Ms and thereby removes the short circuit across the capacitor.
The voltage across the capacitor increases linearly from a reference level Vref = 500 mV,
common to the reference level of the comparator, until the rising edge of the Stop signal
as shown in Fig. 7(a). The resulting voltage across the capacitor is a linear ramp directly
proportional with time t : Vout(t) = I1 ∗ t/Cconv, where Cconv = 300 fF is the conversion
capacitance and I1 = 8.4 μA is the constant charging current. After the arrival of the
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Stop signal, the conversion capacitor is isolated and the voltage across the capacitor will
remain constant until the final stop has arrived. A current sink with nmos transistors is
used to start the discharge of the capacitor with much smaller current I2 = 557 nA from
a timing mark set by the final Stop.

Design of the comparator

For the realization of the stretched time interval, an analog decision circuit such as a
comparator is required for each pixel. The comparator design and performance presents
major obstacles to achieving high-precision conversion. The parameters of the compara-
tor, considered in our design, include a) minimum detectable input voltage, b) small
delay to reduce non-linearity, and c) small offset and gain variation[31]. Additionally,
to reduce the pixel area, while conserving the fill factor, it is important to simplify the
comparator structure to operate at low supply voltage in a specific technology. There
are design trade-offs that might be necessary e.g., among architecture complexity, area
efficiency, delay requirements and power consumption. Here, a comparator with internal
hysteresis has been selected for its robustness, compactness, low power dissipation, re-
duced offset and low noise. The comparator with internal hysteresis also achieves short
delay response and has good linearity[31].

The continuous time comparator shown in Fig. 3b consists of a PMOS M1 and M2 input
differential pair, that sets the transconductance and speed of the comparator, and also
contributes an equal current at the detectable operating point by keeping the differential
pair tail’s current in saturation. The decision circuit is the heart of the comparator and
must be able to discriminate mV level signals. The circuit uses positive feedback from
the cross-gate connection of M6 and M7 to increase the gain of the decision element.
The input step (initial saturated input condition) of the comparator is Vout-TS, which
is driven to the output trip state at Vref = 500 mV as shown in Fig 3. (a), (b). The logic
operation AND between the output of the comparator and Start-GRO give an output
pulse as a realization of the stretched time interval as shown in Fig. 7 (a), which enables
the GRO and also sets the stop timing mark for the global TDC as TDC-Stop.

2.2 Proposed GRO based TDC and sub-circuits

The basic TDC architectures are based on linear delay elements as shown in Fig. 4a
and discussed earlier in section 1.1. These architectures basically operate on the rising
edge of the Start signal, representing the first event, which is then successively delayed
by a series of inverter gates ( ignoring polarity), each with an average delay Tq. The
outputs from each of these inverters are inputs to a register, which is clocked with the
rising edge of the Stop signal representing the Stop event. The registers at the output
generate a thermometer code, which corresponds to the number of delay elements that
have transitioned within a measurement interval Tin. The average mapping from input
time difference, Tin to digital code output Out has a limited resolution and nonlinearity
due to mismatch between delays elements.
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The main idea of the gated ring oscillator-based TDC [32],[34],[35] as shown in Fig. 4b
is similar to an oscillator-based TDC with a counter[33], as it measures the clock cycles
and the number of delay element transitions, generated by the ring oscillator structure
during the time interval measurement. However, unlike traditional oscillator-based TDC,
the GRO structure only allows the oscillator to perform time interval measurement when
it is gated ON, by Start-GRO, from the rising edge of the comparator, and strives to
freeze when the time interval measurement has been made (on the falling edge of the
comparator). Fig. 4b shows a practical implementation of the GRO. Gating functionality
is added to the conventional inverter-based ring oscillators by placing two switches in
series with the positive and negative supplies for each inverter. When the switches are
closed, oscillation is enabled, and the oscillation is suspended when the switches are open.
Two important factors that improve the performance of the GRO-TDC are quantization
noise scrambling and mismatch of first-order shaped delay elements,[32],[34],[35] which
can improve the linearity even in the presence of considerable mismatch. A number of
GRO with differential delay elements are also used in TDCs to achieve good differen-
tial nonlinearity performance, mitigating the mismatch between rising and falling edges.
However, a single-ended configuration may be preferable because differential nonlinear-
ity is first-order shaped, and requires only modest levels of complexity that could be
implemented with smaller area and reduced power consumption.
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GRO-TDC operates by counting the pulses during the stretched time interval and
recording the states of its nine phases at the moment of arrival of the timing signals.
The clock signal P1 in the timing diagram for the operation of the 9-phase GRO-TDC,
as shown in Fig. 2, corresponds to one phase of the GRO. A counter is started by the
next rising edge of clock P1, after that GRO is enabled (for counting of the stretched
time interval), and the counter is stopped by the next rising edge of the clock after the
TDC-Stop signal as shown in Fig. 2. Special attention has been given to the layout
design of the GRO. The GRO inverters are placed in two rows but in opposite directions,
to minimize the variation in parasitic loading of capacitances at each stage.

Edge Aligner and GRO-TDC input logic

If a time difference is present between EN/ENB i.e., if they are not perfectly aligned
as shown in Fig 5a, only PMOS or only NMOS turns on during one inverter delay,
contaminating the timing regions. Hence, the intrinsic phase storing ability of GRO-
TDC will contain unwanted inband noise[35]. Therefore, GRO-TDC uses an edge aligner
to generate perfectly aligned timing signals in order to achieve lower inband quantization
noise and stronger noise shaping. In the edge aligner, SR latch with an inverter has
been used to generate perfectly aligned single-ended to differential-ended signals for the
GRO-TDC. The output of the comparator is fed to TDC-in-logic block, which contains
an edge aligner and a digital flip-flop (DFF) as shown in Fig. 2. This input logic block
detects the rising edge of the comparator and generates the start signal EN-GRO for the
GRO through a DFF. The falling edge of the comparator puts the stop timing mark for
CDES of the GRO-TDC as TDC-stop. To achieve effective resolution, and to operate the
GRO-TDC in the vicinity of ideal first-order noise shaping, the EN-GRO signal for GRO
is again directed into the edge aligner to turn on/off PMOS and NMOS simultaneously
and to generate perfectly aligned EN/ENB signals as shown in Fig. 5a.
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Figure 6: Counter dual edge synchronization timing diagram.
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Counter Dual Edge Synchronizer

The timing signals (EN-GRO and TDC-Stop) are typically asynchronous inputs to the
synchronous measurement logic. Their arrival is expected at any time within the clock
period, even when the signal recording by the registers is uncertain. This may cause a
metastability problem, i.e., if the propagation delay, setup and hold times are violated[36].
Additionally, the differences in register processes, layout parameters, differences in rout-
ing and noise can shift the recording of the timing signal in the counter to the next clock
cycle, creating an error of one reference clock cycle in the final GRO-TDC result.

This metastability problem can be handled by a dual edge synchronization scheme[36],
where the counting is delayed by one reference clock cycle and the counter control (en-
able/disable) is headed into the correct, safe position by the settled register result, as
shown in Fig. 6. The counter dual edge synchronization [37] block consists of four flip-
flops. The flip-flop A records the TDC-Stop timing mark, which is also a stop timing
mark as Stop-q1 for interpolator registers as shown in Fig. 5 (b). The parallel flip-flops
B and C in Fig. 5 (b) records the falling and rising edges of the reference clock signal P1
from GRO along with the arrival of stop timing mark TDC-Stop.

The stop signal TDC-Stop is also synchronized to both the rising and falling edges of the
reference clock of the GRO. In Fig. 2, inp3 determine whether stop-q1 appeared during
the negative or positive half cycle of the clock signal. The selection of interpolator
result inp3 for the counter control is made on the basis of the next rising edge of the
reference clock P1. The counter, synchronized by using a dual edge synchronization
scheme, ensures reliable recording of the timing signals, as one of the two flip-flops always
has enough delay between data change and the clock edge. It is evident from Fig. 6 that
the counter is enabled/disabled one clock cycle later because the counter is also clocked
in conjunction with the rising edge.

Time Stretcher

TDC 
input 
Logic

GRO

Interpolation 
Registers

CDES

8-bit counter

150 um

10
0 u

m

65 um

22
 um

Figure 7: Time stretcher and Global GRO-TDC layout.
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Figure 8: a) Time stretcher waveform and comparator output (left), b) Time stretcher linearity
and error (right).

3 Results

The design discussed above has been implemented in a 0.35 μm CMOS process with
a supply voltage of 3.3 V. The complete architecture (GRO-TDC and time stretcher)
occupies an area of 150x100 μm as shown in Fig. 7. The per-pixel time stretcher can
be configured further to occupy an area of 40x40 μm, and a fill-factor of ≈ 25% can be
obtained by using 35x35 μm SPADs. Simulations have been performed using Cadence
Spectre with post-layout parasitics effects included. The waveform of the time stretcher
and comparator output is shown in Fig. 8(a). The analog voltage Vout-TS is created
on the on-pixel capacitor for time interval measurement, and stretched by a factor of
k to achieve time amplification and sufficient resolution. The capacitor and the com-
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Figure 9: a) GRO phase mismatch (left), b) Gated ring oscillator DNL and INL (right)

.
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Table 1: Design Comparison

Ref Tech TDC core area Vdd ER Range Power
[μm] [μm] [V] [ps] [ns] [mW]

[39] 0.13 CMOS 400× 400 1.2 20± 16 400 16
[40] 0.35 CMOS 410× 630 3 78.5± 37 985 72
[32] 0.13 CMOS 157× 258 1.5 1 2000 21
[41] 0.35 CMOS 400× 300 43.4-3.7 57.3± 3.5 38 3.5
[42] 0.35 CMOS 500× 450 3-4 50± 1.1 250 0.75

This work 0.35 CMOS 150× 150 3.3-3.6 56 75 2.423

parator are at the same reference voltage Vref = 500 mV, in order to exploit the linear
output dynamic voltage range for the time interval measurement. A resolution of ≈ 57
ps is achievable with an LSB=844 ps of the GRO and utilizing a stretch factor k=15.
The linearity of the stretched time interval can be improved even further by increasing
the output impedance of current sources/sinks and designing perfectly matched current
sources/sinks. The nonlinearity error shown in Fig. 8(b) for the time interval measure-
ment is also evaluated by dividing it by the stretch factor resulting in an error of less
than half LSB as required. Figs. 9(a),(b) show the gated ring oscillator mismatch and
corresponding differential (DNL) and integral nonlinearities of the interpolators from
post layout simulations. The standard deviation of the interpolator is under 10 ps and
INL is 24.7 ps, which is very small compared to the LSB of the GRO-TDC. Hence, their
impact on the precision is minimal. The proposed design can result in very low current
consumption even during the time interval measurements. The average current consump-
tion of the design, when measurements are performed, is 2.4 mA. The obtained results
are comparable to already published designs as shown in Table 1.

4 Conclusion

The concept of time amplification has been exploited by using an in-pixel time stretcher to
achieve sufficiently improved resolution. Additionally, a gated ring oscillator-based time-
to-digital converter is described that takes advantage of quantization noise scrambling of
mismatch error and first order noise shaping. The simulation results show that by using
an appropriate stretch factor and suitable frequency of the ring oscillator, a distance
resolution of a few centimeters can be obtained. This design is comparable to other
published designs in aspects of low power consumption, compactness and high resolution.
The design can be exploited further to achieve a reasonable fill factor and good linearity
for in-pixel signal processing for the first prototype of 3D time-of-flight camera based on
2D arrays of single photon avalanche diodes.
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Abstract

This paper presents an approach for the design of a time stretcher based on charging and
discharging a capacitor by currents with a ratio equal to the desired stretch factor. The
stretched time interval can be measured by using a time-to-digital converter to achieve
improved system resolution. Expressions for the current source output impedance and
transistor area required to reach a specified linearity and matching are derived. The
realization uses wide-swing current mirrors to achieve the required output impedance at
an acceptable voltage swing at the capacitor. The derived expressions and the overall
design are validated with schematic and extracted simulations in a 0.35 μmCMOS process
technology.

1 Introduction

The performances of time-to-digital converters are mainly determined with finite SNRs
(signal-to-noise ratios) and mismatching of integrated elements [1]. Measuring time with
picoseconds-level resolution is a tremendous challenge. To minimize the impact of fi-
nite SNRs and mismatching of integrated elements, the concept of time stretching or
analogue time expansion can be an effective solution. Time stretching processes small
time difference and outputs a larger time difference, which can improve the resolution of
time-to-digital converters.

In this work, an analogue time stretcher with a stretch factor is designed from standard
building blocks, such as current mirrors. The most significant features for determining the
feasibility and performance of the current mirror are the following: acceptable accuracy,
high output impedance, high linearity and small area [2][3][4]. This work is divided into
seven sections. Section II presents a current mirror-based time stretcher. In section III,
the design constraints are discussed in detail. In sections IV and V, we focus on the
practical design, layout and simulations. The results are presented in section VI. Section
VII briefly describes about the layout strategy. This work is concluded in section VIII.

79



80 Paper C

TDC Core

inT outT

011…..010

A

B Time words
TS

Figure 1: Architecture of TDC based on time stretcher.

2 A current mirror-based time stretcher

In analogue time expansion [5][7], the time interval to be measured is stretched by a factor
k, realized by charging a capacitor with a constant current I, followed by discharging the
capacitor by a constant current I

k
. This stretched time interval can be measured with a

time-to-digital converter with a lower resolution[5].

The design consists of a current mirror, current source and precisely matched current
sinks and dummy elements. Constant current I

k
is produced in the current sink and is

copied in similar current sinks to achieve an appropriate stretch factor. Dummy elements
are added to provide identical temperature gradients and similar boundary conditions.
The operating principle of the current mirror-based time stretcher is shown in Fig. 2.
During an idle state, the nmos switch conducts and Vout is zero. Start opens the
nmos switch and thereby removes a short circuit across the capacitor. The voltage
across the capacitor increases linearly until the rising edge of the Stop signal. The
resulting voltage across the capacitor is a linear ramp that is directly proportional to
time t: Vout(t) = I1 ∗ t/Cconv, where Cconv is the conversion capacitance and I denotes the
constant charging current. After the arrival of the Stop signal, the conversion capacitor
is isolated, and the voltage across the capacitor remains constant. A current sink with
nmos transistors is used to initiate capacitor discharging with I

k
, a fraction of the charging

current. Using this design technique, the constant current I is an exact copy of I
k
, but

with a stretch factor k, and thus achieves an analogue time expansion that may be used
to improve the time-to-digital conversion resolution [5][7]. The current mirror-based time
stretcher schematic circuit with stretch factor k=4 is shown in Fig. 2.

3 Design Constraints

3.1 Current mirror matching

The time stretcher design challenge is a trade-off between complexity, current mirror
matching, area and low power consumption, considering the constraints for a particular
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Figure 2: Time stretcher schematic.

application. Additionally, precise stretch factor matching is required [8]. If the current
mirrors are not precisely matched, the design may suffer from gain error. An estimation
has been performed based on the Pelgrom’s MOS transistor-mismatching model devices
to determine the relationship between area and mismatching [12]. The threshold voltage
mismatch can be written as

σΔ Vt =
AV T√
WL

. (1)

The conductance parameter mismatch can be written as

σ
Δβ

β
=

Aβ√
WL

. (2)

Considering the standard deviation of the drain source model that is valid in all regions
of operation, we can write

σ
ΔID
ID

=

√
(
σΔβ

β
)2 + (

gm
ID

)2(ΔVt)2. (3)

Table 1: Requirements set for design constraints

Parameter By analysis

Current mirror matching(σ(ΔIDS

IDS
)) 1%

Overdrive Voltage (Vov) 300 mV
Verror from full voltage swing 1% of 2 V

Linear dynamic range 70 ns≈ 12 meters
kt
C

(Capacitor noise) 50 fF ↔ 0.029 mV

Output Impedance ≈ 25 MΩ
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This equation can further be simplified to identify an appropriate MOS transistor channel
length as:

(σ
ΔID
ID

) =

√
A2

β

(WL)
+ ((

2Id
Vov

)(
1

Id
)(

AV T√
WL

))2, (4)

(σ
ΔID
ID

) =
1√
WL

√
A2

β + (
2

Vov

× AV T )2, (5)

√
WL = (σ

ΔID
ID

)

√
A2

β + (
2

Vov

× AV T )2. (6)

Additionally W
L

for all devices can be calculated using the drain current as shown in this
equation

W

L
=

2ID
μn,pCoxVov

. (7)

3.2 Required linearity and output impedance

The required output impedance is directly related to the integral non-linearity. In our
design, this non-linearity is translated into error in respective time and distance measure-
ments. With the proposed circuit design, a numerical evaluation was performed regarding
the required output impedance as a function of linearity.
The time stretcher can be modeled as a simple RC circuit, as shown in Fig. 3(a), with a
current source, resistance R and a capacitance C, having an initial voltage V0. We can
write

refV

err
or

V

tmaxV

mint
maxt0V

Vo
lta

ge
/V

time/ns

R
I

(a) (b)

convC

Figure 3: Time Stretcher modelled as RC circuit.
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dV

dt
= − V

CR
− I

C
, (8)

and the voltage across the capacitor can be derived as a function of time with

Vt = (V0 + IR)× e
−t
RC − IR. (9)

In Fig. 3, Vref represents an ideal ramp voltage between extreme points tmin and tmax.
The integral non-linearity can be defined as the maximum deviation of the actual transfer
characteristic from a straight line, where the line is

Vref (t) = (Vtmax − Vtmin)× tmin

tmax − tmin

+ Vtmin. (10)

From Fig. 3, the integral non-linearity Verror can be written as the maximum deviation
from Vref as a function of time,

Verror = max(Vt − Vref (t)). (11)

Combining equations 9 and 10, we can write

Verror = max | (V0 + IR)× e
−t
RC − IR− (V0 + IR)

× (e
−tmax

RC − 1)× t

tmax

− V0 |, (12)

Verror = max | (V0 + IR)

×
A︷ ︸︸ ︷

(e
−t
RC − t

tmax

.× (e
−tmax

RC − 1)−1) | . (13)

Solving A to evaluate t at the point of maximum error,

dA

dt
=

1

RC
× e

−t
RC − 1

tmax

× (e
tmax
RC − 1), (14)

and solving for t,

e
−t
RC = − RC

tmax

× (e
−tmax

RC − 1); (15)
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Thus,

t = −RCln(
RC

tmax

× (1− e
−tmax

RC )). (16)

Expanding eq. 12 using Taylor’s expansion

t = −RC

× ln(1− 1 +
tmax

RC
− (

tmax

RC

2

)
1

2
)), (17)

t ≈ −RC × ln(
RC

Tmax

× (
tmax

RC
− (

tmax

RC
)2)

1

2
)), (18)

t ≈ −RC × ln(1− tmax

RC
× 1

2
), (19)

t ≈ −RC(−)× ln(
tmax

2RC
). (20)

Assuming t << RC, we find t for the maximum error as

t ≈ (
tmax

2
). (21)

Using eq. 12 and eq. 21, the following simplifies to:

Verror = (V0 + IR)× (e
−tmax
2RC − 1

2
(e
−tmax

RC − 1)− 1), (22)

thus

Verror = (V0 + IR)×
D︷ ︸︸ ︷

(e
−tmax
2RC − 1

2
e
−tmax
2RC − 1

2
) . (23)

Expanding D using Taylor’s expansion, we can obtain an expression for Verror, which can
be further simplified to achieve an approximate value for the required linearity output
impedance:

D ≈ 1

8
(
tmax

RC
)2 − 1

4
(
tmax

RC
)2 = −1

8
(
tmax

RC
)2. (24)

Thus,

Verror =
IR

8
(
tmax

RC
)2 =

I

8C2
× t2max(

1

R
), (25)

solving for R yields the required output impedance,

R =
I

8
(
tmax

C
)2(

1

Verror

). (26)
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3.3 Conclusion from design constraints

Table 1 presents the system-level design requirements to be used in determining our
required design specifications. In section III.(A) AV T , Aβ and μCox represents constants
that are technology dependent. The value of σ(ΔIDS

IDS
) has been assumed to be 1%. In

section III.(B), the output impedance was calculated assuming a Verror = 1% of 2 V
(output voltage swing). For this work, we used a charging current of I= 2μA and
a capacitance of C=50 fF. The kt

C
noise associated with the capacitor was 0.029 mV

rms, which corresponds to a fraction of centimeter in distance error. tmax represents the
dynamic range of the time stretcher, with a design value of 70 ns ≈ 12 meters in distance
measurement.

Based on the design requirements, equations (6), (7) and (26) were evaluated to
determine the required output impedance and device sizing for matching. The output
impedance evaluated during capacitor charging was 25 MΩ. The output impedance for
discharging is k times that required for charging. The transistors

√
WL, as evaluated with

derived equations (6) and (7) are ≈2.5 μm and ≈3 μm, for nmos and pmos, respectively.
The final device sizes used for the design are listed in Table 2.

4 The high swing cascode current mirror

A high swing cascode current mirror is the preferred topology for the proposed time
stretcher (Fig. 4), due to its low voltage operation, capability of output voltage swing,
simplicity, small area and reasonable degree of precision [9][10]. The circuit is charac-
terized by its moderately low input impedance Rin = 1

gm4
(∼ kΩ) and moderately high

output impedance Rout = ro1gm2ro2 (∼ MΩ) [9]. The notations: ro and gm represent
MOS transistor small-signal output resistance and transconductance respectively, where
ro1 represents the source/sink and ro2 presents the small-signal output resistance for
cascodes.

Fig. 4(a) demonstrates the high swing cascode current source based on pmos tran-
sistors used for charging the capacitor with constant current. The main current source
devices are Mp1 and Mp3, with Mp2 and Mp4 acting as cascode devices and Mp5 as
a biasing transistor that sets the desired VDS, by ensuring that the rest of the devices
remain in saturation. The value for VOV was chosen based on the required linear output

Table 2: Design specifications

Parameter Proposed Structure#1

PMOS (W2

L2
= W3

L3
) 1500nm / 3200nm

PMOS (W1

L1
= W4

L4
) 1500nm / 1500nm

NMOS (W1

L1
= W2

L2
= W3

L3
= W4

L4
) 1500nm / 4000nm

VDD 3.3V
No Of Transistors 5
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Mp5

Mp4
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Figure 4: High swing cascode current mirror architecture (a) High swing cascode current source
(b) High swing cascode current sink.

voltage swing for the time stretcher. The main current source devices Mp1 and Mp3
must be precisely matched to achieve the low output current variation specified for the
source current. As the current varies inversely with transistor channel length, the channel
length of transistors Mp1 and Mp3 were high, as presented in section III. The typical
VOV for the current sources Mp1 to Mp4 and current sinks Mn1 to Mn4 were chosen as
300 mV and 350 mV, respectively. The values for VOV were selected as a compromise
with respect to the required output voltage swing and high output impedance for the
time stretcher. In this design, Iref,pmos ≈ 2 μA for the pmos-based current source and for
the nmos-based current mirror with k=4 Iref,nmos = Iref,pmos/4 = 0.5 μA were selected
(Fig.2).

The current sinks are implemented using nmos transistors for capacitor discharging
and mirroring, as shown in Fig. 4 (b). As previously discussed, the channel lengths of the
main current source devices Mn1 and Mn3, presented in section III are high to minimize
mismatches. In both cases, the cascode device mismatches do not significantly contribute
to the output current matching. Although not applied here, the channel length of the


�
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I
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out  36

�

�
�

� M
I
VR
out

out  250

Figure 5: Output current in terms of output voltage (pmos), and Output current in terms of
output voltage (nmos).
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Figure 6: Layout analysis by increasing Stretch Factor for improving distance error.

cascode devices could be smaller as a trade-off to save area and to minimize the output
capacitance at the output of current source and sink outputs.

5 Implementation

The proposed high swing cascode current mirror-based time stretcher was designed and
simulated in a 0.35 μm CMOS process. The design was implemented for stretch factor
k=4, k=9, k=14 and k=19, to understand the influence of the parasitics and possible
trade-off between time stretcher area and resolution for time-to-digital converter. The
mismatch due to random variations is kept at a manageable level by using appropriate
device sizing as derived in section (III). A common centroid layout technique for the
current mirrors was used in order to minimize the impact of systematic errors [11]. A
time stretcher with k=4 occupies an area of 24×32 μm2, k=9 occupies an area of 52×46
μm2, k=14 occupies an area of 67× 47 μm2 and k=19 occupies an area of 78× 48 μm2,
respectively.

6 Results

To verify the performance in terms of output current variations, simulations were per-
formed. Fig. 5 illustrates the DC characteristics of the current mirrors. The average
output impedances for the nmos and pmos-based current mirrors are significantly above
the requirements as presented in section III for an output voltage range of 0.5-2.5 V. From
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Figure 7: Time stretcher transient simulation with k=4, and output linearity (schematic vs
layout) for different stretch factors with multiple stop timing marks

Monte Carlo simulations, the observed mismatch with 150 runs for nmos and pmos-based
current mirrors are in the range of -0.85% ∼ 1.01 % and -0.78% ∼ 1.45 %, respectively,
for an 1.5 V output voltage. Schematics and post layout simulations were performed to
analyze the impact of the parasitics involved, as shown in Fig. 7, and Fig. 8. The design
was evaluated and compared using four different stretch factors. The main factors that
negatively affect stretch factor matching are comparator offset error and dispersion and
non-linear in the transfer characteristics of the time stretcher.

Figure 8: Distance error from schematic simulations, and distance error from layout simula-
tions.

7 Conclusion

This paper presents an approach for the design of a time stretcher. Design constraints
have been discussed for achieving output linearity and current mirror matching. The
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design was implemented for a precise magnitude of the stretch factors. Considering the
non-linearity, transfer characteristics of our time stretcher and current mirror matching,
attaining a distance error of a few centimeters for a distance range of 10-15 meters was
possible. This concept of a precisely matched time stretcher with high linearity gain
can be used in conjunction with any time-to-digital converter to achieve an increased
resolution and minimum distance error.
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