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Peak-SNR Analysis of CMOS TDCs for
SPAD-Based TCSPC 3D Imaging Applications

Foad Arvani

Abstract—TDCs formed by ring oscillators are arrayable, scal-
able, and low power, making them suitable for SPAD-based
TCSPC 3D imaging systems. The TDC precision affects the rang-
ing accuracy and, hence, the quality of the reconstructed 3D
image. This brief studies the jitter of ring-oscillator-based TDCs
as a function of their full-scale-range and derives an expres-
sion for the TDC total jitter. The introduced behavioral model
describes three different regions of the SNR for TDCs. A peak-
SNR design-point is identified. Increasing the full-scale-range of
the TDC beyond this point entails increased jitter and, thus,
ultimately a declining SNR. The analysis is validated using post-
layout simulations of a ring-oscillator-based TDC designed in
65nm CMOS. A TDC resolution degradation factor defines the
TDC jitter behavioral model. It is consistent with FOMs that
have been used in the past to evaluate TDCs and clarifies their
underlying assumptions.

Index Terms—Time-correlated single-photon count-
ing (TCSPC), LiDAR, single-photon avalanche diode (SPAD),
time-to-digital converter (TDC), time-of-flight (TOF), ring
oscillator, frequency divider, jitter, SNR, CMOS, figure-of-merit.

I. INTRODUCTION

ECENTLY, industry and academia have shown a high

interest in three-dimensional (3D) imaging sensors and
systems, with emerging applications in entertainment, engi-
neering, and science being the primary drivers of market
growth in this area [1]-[3]. Among the solutions presented
in the literature, implementations based on the single-photon
avalanche diode (SPAD) CMOS time-of-flight (TOF) method
have proven to be compact, low cost, and highly integrated ful-
filling the needs of battery-powered devices [1], [2]. SPADs
can detect the arrival time of individual photons in light
detection and ranging (LiDAR) systems with jitter as low as
few tens of picoseconds [4]. Thus, they offer the precision
and accuracy required for sub-millimeter spatial resolution
in time-correlated single-photon counting (TCSPC) LiDAR
modules.

There are voltage-domain [5] and time-domain [6] methods
for digitizing the photons’ time-of-arrival. Unlike voltage- or
current-domain signals, which are limited by reference or sup-
ply voltages, time-domain signals are limited by the measure-
ment duration. Time-to-digital converters (TDCs) comprise the
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core of time-domain digitizers. Thus, their jitter affects the
variance of the measured distance and, hence, the quality of
the reconstructed 3D image. There are trade-offs between jitter
and the maximum measurable time-interval that are not cap-
tured by the figures-of-merit (FOMs) traditionally applied to
TDCs in other applications [7] such as digital PLLs (DPLLs).

This brief studies the jitter of arrayble ring oscillator (RO)-
based TDCs as a function of their full-scale-range. We show
that TDCs intended for short, medium, and long-range TOF
measurements exhibit fundamentally different SNR limitations.
Moreover, there is a peak-SNR design-point. Our analysis
is consistent with TDC FOMs that have been used in the
past [7]-[9] revealing their underlying assumptions and uni-
fying them for the digitization of short, medium, and long
time-intervals.

First, Section II provides a brief background on SPADs,
TCSPC systems, and time-of-flight digitization methods
emphasizing RO-based TDCs as an arrayable and scal-
able TDC architecture for SPAD-based imaging systems.
Section III analyzes the jitter of RO-based TDCs in terms
of the time-interval being digitized, relating it to TDC FOMs
introduced in the literature. We identify the peak-SNR design-
point and highlight the suitability of RO-based TDCs for
SPAD-based LiDAR systems. We validate the analysis with
post-layout simulations of an RO-based TDC designed in
65nm CMOS.

II. BACKGROUND
A. SPADs and TCSPC Systems

SPADs are avalanche photodetectors (APD) biased at a volt-
age that exceeds the reverse breakdown voltage of the junction
so that absorption of a single photon is sufficient to initiate
avalanche. The high sensitivity and low jitter (a few tens of
picoseconds) of SPADs [4] motivated their widespread use in
both scientific and industrial applications. As shown in Fig. 1,
in SPAD-based TOF TCSPC distance measurement, a mod-
ulated light source, typically a laser, repetitively illuminates
the scene [2]. The reflected pulses are detected by a SPAD
array [2]. The power of the light source is such that only one
reflected photon (or none) is typically received by each SPAD
each excitation cycle. The measurement is repeated, and the
output of each pixel is a time-stamped sequence of pulses
coinciding with the first photon arrivals within each repetition
period Ty,0q [10]. The detected photons include false triggers
generated by background light or dark counts [2]. This arrival
sequence creates a histogram, the basis for calculating the
time-of-flight, as shown in Fig. 2 [11]. Reflected photon time-
of-flight is, in turn, related to the range of the reflecting target
by the speed of light.

The precision of the measured distance is largely determined
by the finite resolution and jitter of the TDC, which together
give rise to a timing variance, J%DC.
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Fig. 1. A typical SPAD-based TCSPC 3D imaging system block diagram [2];
a modulated/pulsed LED/LASER typically in the infrared band illuminates the
target and an array of SPAD photo-detectors (pixels) detect the received light
with single-photon sensitivity. The in-pixel electronics time-stamp the photon
arrival time (the time-of-flight).
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Fig. 2. A repetitive trigger from the emitter starts the counter and detected
arrivals from the SPAD stop the counter; the in-pixel electronics consisting
of a TDC digitize the measurement period Tyjg = Tstop — Tstarr Tesulting in
the time-of-flight histogram on the right.

B. Arrayable TDC Structure for SPAD-Based LiDAR Systems

The RO-based TDC and its variants are well suited to 3D
imaging applications since they can achieve a high resolution
of tens of picoseconds and wide dynamic range of hundreds
of nanoseconds within a small area (comparable to that of the
SPADs) and power dissipation less than 1mW [10], [12], [13].
The multiple clock phases in a single RO can be shared by an
array of TDCs on the same chip. In such an architecture, the
frequency of the RO can be tuned to adjust the TDC resolution.

IITI. JITTER OF RO-BASED TDCS AND THE PEAK-SNR

Figure 3 shows one variant of the RO-based TDC. The
RO drives a counter. Incoming pulses take a snapshot of the
counter output and of the RO phases for fine time-resolution.
The TDC output has several sources of error including the
quantization error oy, the ring oscillator jitter ogp, and the
counter jitter ocy. Thus, the time-precision is

2 _ 2 2 2
Oipc = 04 +0ro +0cyN- (1)

A. The Counter Jitter: ocn

A typical counter is a cascade of frequency dividers (FD) as
shown in Fig. 4, each contributing additional jitter oFp on each
transition of the input clock as it propagates along the cascade
of flip-flops. Assuming an input frequency of fos. from the ring
oscillator and a measurement period of Ty;e, the number of FD
stages used for the measurement is log, [Tyigfosc |-

Assuming identical FD stages in the counter, the jitter
contributed by the asynchronous multi-stage counter will be

oly = 0pplog, | Tsigfose |- )

Investing in a re-timer can remove the counter-induced jitter.
However, based on our analysis, counter-induced jitter is only
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Fig. 3. An arrayble RO-based TDC structure for SPAD-based TCSPC
LiDAR application consisting of a (N + 1)-stage ring oscillator driving
a counter implemented as a cascade of frequency dividers (FD) to extend
the dynamic range.
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Fig. 4. (a) The counter consisting of a cascade of toggle-flip-flops as
frequency dividers; (b) with an ideal input signal, the cycle and absolute jitter
of a frequency divider are the same, and each stage contributes an additional
absolute jitter opp.

the bottleneck when measuring very short ranges (less than
one meter), which are not of primary interest in many 3D
imaging applications.

B. The Ring Oscillator Jitter: ogo

The general relationship between the jitter of a ring oscil-
lator and its phase noise L(f) is [14]

oo 22

2 sin”(rf /fose)
= 2 —_—

ko / E(f) (7TfOsc)2

It is not trivial to solve this integral analytically for flicker-
induced phase noise. However, an estimate of the integrated
jitter variance in radians squared is [15]

s 1 2 rf
Oro = <—2nf030) v/}; 2L(Ndf. 4)

Commonly the upper integration limit is determined by the
oscillating frequency, f> = fosc/2. The lower integration limit
is determined by how long the oscillator runs prior to the mea-
surement, fi = 1/Ty;,, which in turn depends on the target’s
range, (speed of light) /2T;,. Assuming the RO is reset with
each emitted pulse, Tsi < Tjnoq holds, as shown in Fig. 1.

Substituting (2) and (4) into (1), the total RMS value of the
RO-based TDC precision depends on the measurement period
Tyie as follows:

df. A3)

=f0sc/2
[0 cipar

(27Tf0xc)2

ofpe S og + + ofplogy [ Tsigfose ] (5)

C. The Ring Oscillator Jitter Versus the Target’s Range

Typically, the oscillator phase noise at an offset frequency f
from the carrier, L(f), can be treated as a wide-sense station-
ary random process and approximated as a sum of power-law
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processes h;f ' [16]

Cy=ho+ 2
TFTRTRET

Corner frequencies f. and f, mark, respectively, the tran-
sition between 1/f2 and 1/f>, and between 1/f> and 1/f*-
dominated portions of the phase noise, as shown in Fig. Sa.
Typically, the first two terms in (6), ho + h1/f, have a negligi-
ble contribution to the TDC precision in (5) compared to the
contribution of the counter-induced jitter. Thus, while substi-
tuting (6) in (5), we can neglect these two terms. By increasing
the distance to the reflective target, the =2, =3, and f~* terms
of the RO phase noise become dominant [17]. The target’s
range determines Ty, = 1/2(speed of light) x range, which
in turn determines the lower integration limit f; and the dom-
inant terms in £(f) resulting in different slopes for the jitter
versus Ty (Fig. 5b).

1) Short-Range (f. < fi1): When the reflective target of
the light pulses is in close proximity, or when the excitation
frequency is higher than the oscillator’s phase noise corner
frequency, 1/T,,,; > fc, then we are assured f; = 1/Ty;s > fc.
In this case, the third term in (6) is dominant, and the phase
noise approximates

(6)

L) ~ fz )

Then, the oscillator phase noise changes at 20dB/dec
throughout the integration interval leading to O’I%O o Tig:

1 2 rf o 1 2 —hy f0sc/2
Oho A 2=df = 2—=
27 fosc fi f 27 fosc A 1/Tyig

>~ ! 22h Ty (8)
= 27Tf0sc 2L sig-

2) Medium-Range (f, < fi < f;): By contrast, when there
is no nearby target and the excitation frequency is less than
fe, then f, < fi < f., and f=3 is the dominant term in the
oscillator phase noise L(f)

L) ~ f3

As, a result, the phase noise roll- off is 30dB/dec within the
integration interval. In this case, O'RO (' T

(€))

01%0 ~ ( 1 ) 2h—3df _ ( 1 ) __}13 Sosc/2
27 fosc il f3 27 fose f2 1/Tyig
1
>~ 2h3T? 10
<2nf0sc) g (o

3) Long-Range (f1 < f,): For sufficiently large Ty;, where
f1 < fa, in the near-carrier regime, long correlated events in the
oscillator phase give rise to f~* components in the oscillator
power spectral density [16]:

L(f) ~ (1)

f4

. . 2 3
Then, ogp increases super-linearly with Tyje, 0p, Tsig

e 1 2 f22h4d 1 2 _py fosc/2
RO ™ <2nf0 ) 14 4 (27l’f ) 13

sc fi Osc
~ ( 1 )
21 fosc

1/Tsig

2h4T>,

sig* (12)

Thus, a plot of oscillator RMS jitter versus measurement
period on a log-log scale has a slope varying from 0.5 to 1
and eventually 1.5, as shown in Fig. 5b.

D. The Peak-SNR

The SNR of the ToF measurement is the ratio of the time
signal being measured to the time measurement noise,

2

_ Sig
SNR = -
9TpC

13)

We may equate the noisy TDC output variance to that of
a noiseless TDC whose quantization interval Ty gp is degraded
by a factor « > 1. Specifically, for a noiseless TDC, the
only non-zero term in (5) is o5 = TLSB/\/E. A noisy
TDC with output jitter variance O’%DC can be said to have
an effective time-resolution of x7ysp, which is the quan-
tization interval that would produce the same variance in
a noiseless TDC. Thus, O’%DC = (KTLSB)2/12 = qz and
SNR = Tfig/(xzag).

Note that different terms in (5) are likely to dominate
depending on the measurement period, T;e. The quantization
noise, oy, remains constant irrespective of Ty. To analyze
the behavior of the signal-dependent jitter, TDCs with negli-
gible quantization noise are of interest. For very small Ty;,, it
is likely that the third term, representing noise in the counter,
will be larger than the RO jitter in the second term, ocy > oro,
resulting in

2 ~ GIEDZng |—Trigf0sc-|-

2
9%

K (14)

In this case, o7pc and « increase sub-linearly with T§;, so
that SNR improves with increasing Ty;,. If Ty, is increased,
the integral of RO phase noise in (5) will increase so that
ogro > ocn and

2 20

= 2 15

o (15)

At first, for the short-range, when Ty, is still smaller than

1/fc, the RO’s phase noise is dominated by the thermal noise

and exhibits 20dB/dec roll-off. Since in this region, JI%O o
Tsig, SNR improves linearly with increasing Ty,

SNR  Tyiq. (16)

For medium-range measurements, where Ty;, is between
1/fcand 1/f,, the RO’s phase noise is dominated by the accu-
mulating flicker noise jitter and exhibits 30dB/dec roll-off. In
this region, UI%O o'é T2i , k increases linearly with increasing
Tyie, and SNR starts to plateau and reach the peak-SNR point.

For long-range measurements, where Ts,-g is larger than 1/f,,
the correlated near-carrier f~# phase n01se co %ponents result
in 40dB/dec phase noise roll-off. Since O'RO o Tg,,, k increases
super-linearly with increasing T;,, and SNR starts declining.

Moreover, (5) concludes that time-domain processing does
not offer infinite SNR by increasing Ty. By expanding
the measurement period, the impact of low-frequency noise
sources becomes more dominant. The delay cells must be
tuned to match a fixed reference. For example, a PLL loop
with a replica of the RO locked to a fixed reference frequency
can be used. For long enough Tj;,, the ring oscillator jit-
ter is dominant, and depending on the specifications of the
ring oscillator (or the reference to which it is locked), the
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Fig. 5. (a) The oscillator phase noise at an offset frequency f from the

carrier. (b) The variation of the RMS jitter with the measurement period T;g
for the corresponding ring oscillator.
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Fig. 6. (a) The post-layout PSS-simulated phase noise of the 31-stage ring
oscillator with f; = 70kHz and f. = 1MHz. (b) The transient-noise-simulated
RMS jitter of the TFF-based frequency divider stage is around 147.5fs at an
input frequency of 1.15GHz.

maximum achievable SNR happens at a measurement period
around 1/f,, and reduces thereafter because of the contribution
of low-frequency noise sources.

E. Relationship to Previously-Published TDC FOMs

There are several FOMs in the literature to capture TDC
design trade-offs. They are generally inspired by those applied
to analog to digital converters (ADC) and consider DPLLs
a primary application of TDCs. For a sampling rate of BW
and power consumption of P, [9] suggests using

FOM 101 ( Po ) 101 ( P ) (17)
= 0 _ ) = o) -
Lo 810 BW - Ty 810 BW - SNROS

for the quantization-noise-limited case, and
2
BW . Tsig

FOM, 13 = 1010g10( (18)

):lm%m<myi;w”)

for thermal-noise-limited operation. The former case assumes
that jitter is proportional to the signal while the latter case

presumes that the jitter squared is proportional to the sig-
nal. These FOMs have different dimensionality making it
complicated to compare different designs. The introduced
TDC resolution degradation factor x captures the variation
of the TDC jitter versus Tyi. Both FOMs in [9] can be
expressed in terms of k resulting in one expression for both
cases. In quantization-noise- or flicker-noise-limited operation,
k & Tsig, and in the thermal-noise-limited region, k2 Tyig,

101 ( P ) 101 ( Picoy )
0g10| ————==<) = 10log o =——— ).
$10\ Bw . SNROS B1OBW Ty

Similarly, [7] defines a FOM inspired by the classical ADC
FOM [18]. The definition of the TDC dynamic range (DR) is
not as straight forward as for ADCs. By defining the effective
number of bits (ENOB) as the ratio of the maximum time
measurement interval T to the noise standard deviation o,
ENOB = log,(Tsig/0), [7] suggests

Po _ P
BW Ty,  BW -SNR%®

Expressed in terms of «, (20) is consistent with (19).
Assuming an inverter output capacitance of Cr, the total

jitter of an inverter with power supply Vpp and propagation

delay t; due to uncorrelated white noise sources is [14]

. 8y kT 8kT
CeVoo(Vop — Vi)~ CLVj

Correspondingly, to derive a thermal noise limit for time-
domain signal processing in CMOS technologies, [8] defines
the SNR as the ratio of the inverter delay to its jitter SNR =
tﬁ /o, Then, assuming that jitter is proportional to the signal
0% ttzi, [8] uses the following FOM to compare the suit-
ability of different technology nodes to time-domain signal

processing

rons = Grsw) = G )
>~ \Bw-snr) T \Bw. 22

This FOM is also consistent with (19), assuming Ty, = 14
and including the factor k to generalize it for flicker noise [19].

19)

FOM, = (20)

BW . 2ENOB =

2L

(22)

IV. AN RO-BASED TDC FOR TCSPC 3D IMAGING

An RO-based TDC is designed in a 65nm CMOS technol-
ogy for TCSPC 3D imaging applications as shown in Fig. 3
and 4. The post-layout phase noise simulation result of the 31-
stage RO constructed from CMOS inverters with an oscillation
frequency of 1.15GHz and loaded with a counter is shown in
Fig. 6(a). Next, a transient noise simulation is performed with
an ideal 1.15GHz clock applied to the toggle-flip-flop (TFF)-
based frequency divider that follows the RO. Figure 6(b) is
a histogram of the resulting TFF output period, revealing an
RMS jitter of approximately 150fs.

The total TDC RMS jitter in Fig.7 shows that in the short-
range, for a small Tj,, it is likely that the third term in (5),
representing the counter-induced noise, will be larger than the
RO jitter in the second term, ocy > ogp. By increasing the
distance to the target, but where still Ty, < 1/f. holds, the
RO jitter dominates, overall jitter increases sub-linearly with
increasing Ty;s, and SNR improves. For the medium-range,
1/fe < Tsg < 1/fs, the RO-induced jitter increases almost
linearly with increasing Ty;,. The factor « increases super-
linearly with increasing T after Ty, = 4700 ns and the
overall RMS jitter indicates that there is a peak-SNR point.
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Fig. 7. (a) The post-layout simulated RMS signal-dependent jitter of the
RO-based TDC versus the input measurement period Tsje. (b) Based on
the analysis of Section III, the time-domain peak SNR = 20log(Tig/opC)
happens at a measurement period around 1/fy, then reduces because of the
contribution of low-frequency noise sources.

In the long-range, correlated near-carrier noise sources cause
a declining SNR.

For an indoor TCSPC LiDAR system with a range of 6m
and precision of 5 mm, the time-of-flight would be around
40ns which is equivalent to an excitation frequency of S0MHz,
and the required RMS precision is around 30ps. Since S0MHz
is more than one decade higher than the f, of this ring oscilla-
tor (Fig. 7) the RMS jitter of the TDC will be less than 1ps for
Tsie = 40ns, which means that the RO- and counter-induced
noise will not be the limiting element of the distance measure-
ment precision for this application. Therefore, an RO-based
TDC using this ring oscillator and counter would be suitable
for the aforementioned indoor TCSPC LiDAR specification.
Also, Fig. 7 confirms that the maximum achievable SNR hap-
pens at a Ty;e around 1/f; and the SNR declines thereafter due
to low-frequency noise sources.

V. CONCLUSION

This brief derives an equation for the jitter of RO-based
TDCs to assess distance measurement precision and examines
their suitability for TCSPC LiDAR applications. The RMS
jitter of an oscillator increases considerably with the measure-
ment period Ty;;. Depending on the distance to the reflective
target, the oscillator exhibits different phase noise roll-offs
leading to different slopes of the RMS jitter versus Tyq.

The introduced behavioral model describes three different
regions of the SNR for RO-based TDCs. For the short-range,
where Ty > f, counter-induced jitter and thermal noise of the
ring oscillator (f =2 component of .#) dominate the overall jit-
ter. The signal-dependent jitter increases sub-linearly with T;q,
and the SNR improves almost linearly with increasing Tg.
For the medium-range, where f;, > Tsi; > fc, accumulating

flicker noise of the ring oscillator (f~> component of .%)
dominates the signal-dependent jitter of the TDC. In this
region, the SNR plateaus and reaches its peak. For the long-
range, the correlated near-carrier f~* phase noise components
start to contribute. In this region, the signal-dependent jit-
ter increases super-linearly with increasing T;e, and the SNR
starts declining. A TDC resolution degradation factor repre-
sents the signal-dependent behavior of the jitter. The derived
relationship predicts the peak-SNR design-point and shows
that expanding the full-scale-range beyond this point does not
result in infinite SNVR. It also unifies and reveals the underlying
assumptions of the TDC FOMs used in the past to evalu-
ate TDCs, primarily for DPLLs. The derived relationship is
employed to assess the jitter performance of a RO-based TDC
in 65nm CMOS technology for an indoor LiDAR application.
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