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Abstract— The timing accuracy of a single-photon avalanche
diode (SPAD) based receiver is analyzed as a function of excess
bias voltage. The width of the used optical pulse was 100 ps, which
matches well with the jitter of the used SPAD receiver fabricated
in a 0.35 yum HVCMOS technology. The timing error was
measured to be 900 ps within the excess bias voltage range of ~1.25
V - 3.25 V. The single-shot resolution changes from 420 ps to 160
ps (FWHM), respectively.
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. INTRODUCTION

The use of single-photon avalanche diodes (SPAD) or diode
arrays integrated together with a time interval measurement unit
has increased a lot within the last ten years. One enabling fact is
that SPADs can be fabricated in standard complementary metal-
oxide semiconductor (CMOS) technologies [1]. This kind of
combination can be used in many applications as a time-
correlated single-photon counting unit as, for example, in
fluorescence lifetime imaging, time-of-flight (TOF) laser range
imaging, positron emission tomography, and time-gated Raman
spectroscopy [2-4].

All of the mentioned applications require sub-nanosecond
accuracy in time domain to achieve proper performance from
the application point of view. In TOF laser range imaging, for
example, the cm-level accuracy corresponds to 67 ps in time
domain. The SPAD itself is basically an avalanche photo diode
(APD) which has been reverse-biased over the breakdown
voltage in Geiger mode. The inherent timing resolution of the
SPAD is approximately in the range of 50 - 100 ps when
fabricated in CMOS technologies, which matches well with the
requirements of applications. Moreover, the SPAD can be
defined as a digital component which gives a logic level signal
at the output when illuminated even by a single photon. All of
these features of SPAD make it suitable for integrated time-
correlated single-photon counting sensors to be used in many
applications. In addition, the time-to-digital converter should
have proper accuracy and precision to measure the time-of-
arrival of single photons accurately. Nowadays, TDCs
integrated together with SPADs can offer a few tens of
picoseconds’ accuracy, which matches well with the jitter of
SPAD [3,5].

Even though 100 ps/cm-level accuracy can be realized in
theory, there are error sources which can produce systematic and
random timing inaccuracies in the SPAD-based time-correlated
single-photon counting unit such as a walk error caused by the
multiple-photon operation and the finite pulse width of the used

This work was supported by the Academy of Finland, Centre of Excellence
in Laser Scanning Research under Contract 272196, and Contracts 282405 and
292609.

laser source [6]. The change of the excess bias, the additional
voltage over the breakdown voltage of a SPAD, can also cause
timing error, which can be significant compared to the required
accuracy, when a simple digital logic receiver is used together
with a SPAD. The scale of this inaccuracy depends on the level
of an excess bias of the SPAD, in which case any drift or ringing
of the excess bias might cause the significant degrading of the
precision and the accuracy of a time domain measurement. For
example, in triggered SPAD imaging the widest dynamic range
is achieved by using as low excess bias as possible because the
dark count rate of a SPAD increases more rapidly than the
photon detection efficiency by increasing the excess bias [7].
Then again, the maximum available excess bias is desirable in a
TOF laser rangefinding where background noise is always
present and an echo signal has to be maximized.

In this work, the effect of the excess bias voltage variation
of the SPAD on timing accuracies was investigated by using the
pulsed TOF lidar prototype with a 9x9 SPAD array [5]
fabricated in 0.35 um HVCMOS technology and a laser diode
transmitter with an optical pulse width of 100 ps. The aim was
to get some practical information how regulated a high voltage
supply would be needed to achieve a prober timing performance.

Il. PULSED TOF MEASUREMENT SETUP

The pulsed TOF setup shown in Fig. 1 and used here is based
on a (LD) laser diode [8] with a driver capable of producing an
energetic (>1nJ), short (120 ps FWHM) laser pulse. The laser
transmits optical pulses to a target, and reflected photons are
collected by a 9x9 SPAD array with an on-chip 10-channel time-
to-digital converter (TDC) having 10 ps single-shot precision
[5]. The jitter of SPADs (70 ps) matches well with the laser pulse
width resulting in approximately 140 ps single-shot precision for
the whole TOF laser rangefinder because the other jitters sources
in a circuit can be assumed to be negligible. The TDC is
measuring the time intervals between an electrical start signal
generated by a laser transmitter and 9 stop signals from the
selected 3x3 SPADs of a 9x9 SPAD array. The optics are
designed so that photons reflected from the target and entering
the SPAD array are fit to the area of 3x3 SPADs. Distance has
some effect on the position of the spot (spot size within 3x3
SPAD) in a SPAD array, but this can be observed from
measurement results, and the new set of 3x3 SPAD can be
selected when needed.

I11. SPAD FRONT END OPERATION

The schematic and timing diagrams of a SPAD front end are
shown in Fig. 2 a) and b). As mentioned above, the 3x3 SPADs



are selected to occupy nine channels of a TDC, and one channel
is used for a start signal. This selection is made before
measurements by using the signal Vse in Fig. 2 a) to enable a
quenching and loading signal (here only one SPAD with the
front end circuit is shown for clarity) as well as a tri-state output
buffer. A SPAD is based on the structure presented in [1] and
the breakdown voltage of it is ~19 V. To bias the SPAD in
Geiger mode to detect single photons, the Vv has to be above
the breakdown voltage (19 V) when the photon counts are read
from an anode node. In that case, the excess bias of the SPAD
(additional voltage over the breakdown) is Vv — 19 V, and thus
the maximum high voltage Vv is limited to below 19 V + 3.3
V when the supply voltage of 3.3 V is used for inverters and a
front end. In that case, the quenching transistor M2 can quench
the SPAD when needed, as explained in more detail below.

Fig. 1. Principle of TOF with SPAD array and 10-channel TDC.

At the beginning of a measurement cycle all of the selected
SPADs are kept quenched by the signal Vquench at ground. After
that the time interval measurement is started by a start signal
from the laser, and the TDC generates the rising edge of the
Vauench Signal in Fig. 2. The anode node starts to float and has
still the voltage of 3.3 V, in which case the voltage over the
SPAD is below the breakdown. After that the anode node is
discharged to ground through a transistor M1 by the short
positive Vioag pulse generated by the TDC. Now the SPAD is
ready to detect single photons. When a photon is detected by a
SPAD, the voltage of the anode node (Vanode in Fig. 2) increases
until the SPAD is quenched. The first inverter connected at the
anode node is sized to have the threshold of approximately 1 V
(Vi in Fig. 2). After the range of the TDC is exceeded, the
SPADs which weren’t triggered by a photon or noise are
quenched by the falling edge of the V quench Signal from the TDC,
and the next measurement cycle can begin.

Note that when the excess bias is below 3.3 V, the amplitude
of the anode node is limited more or less to the value of excess
bias when triggered by a photon or noise, because avalanche
breakdown is self-quenched by the increasing voltage and thus
decreasing avalanche current. The excess bias of the SPAD is
controlled by adjusting Vuy. For example, if the excess bias of
1V was used, the Vv should be 20 V and thus the anode node
will increase from zero to 1 V when triggered by a photon and
quenching the SPAD because the voltage above the SPAD is
less than 19 V.

IV. SIMULATIONS AND MEASUREMENTS

From the point of view of TOF laser rangefinding
measurement it is very important to know the timing moment
variation as a function of the signal amplitude, i.e. excess bias
voltage. As mentioned in the introduction, the cm-level distance

measurement accuracy allows a timing error of ~100 ps only in
a timing discrimination circuit. Thus, a simulation was carried
out to predict the timing error and then a measurement was made
to compare the results to each other.
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Fig. 2. a) Schematic and b) timing diagrams of a SPAD front end.

A. Simulation model

The SPAD can be modelled as a parallel resistor and
capacitor in series with an ideal switch [9]. To evaluate the rise
time of the anode node Vanoge (Shown in Fig. 2.), when a photon
is detected, also parasitic capacitances at the anode have to be
considered. As presented in [9], the time constant defining the
rise time of the avalanche process is dependent on the total
capacitance at the anode and the dynamic resistance of the
SPAD (Rq). The dynamic resistance of the SPAD (Rg) is formed
by the sum of the space-charge resistance and the resistance of
the neutral regions crossed by the avalanche current. The total
capacitance of the anode was approximated according to the
post-layout simulation (300 fF) and the dynamic resistance was
measured to be ~500 Q by a curve tracer which causes the anode
time constant (ta,) 0f 150 ps so that the rise time of 2.2*1a, i
produced when a step response is considered for the avalanche
signal. Thus, the timing error of At; — Atz is generated between
the minimum and maximum signal, as shown in Fig. 3. So even
in an ideal comparator with a high bandwidth and maximum
gain the timing walk of ~200 ps can be produced by the time
constant of the anode. In addition, the post layout simulation was
carried out to approximate the time error caused by the
propagation delay variation of the low threshold inverter (Low
Vi inv in Fig. 2 a)) at the different overdrive voltages, i.e. excess
bias voltages. The simulation showed that approximately a total
error of 1200 ps was generated when excess bias was swept from
1.25V to 3.3 V as shown in Fig. 4 (grey curve).
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Fig. 3. Atiming error generated by the time constant of the anode.

B. TOF measurement as function of excess bias

TOF measurements were made by changing the excess bias
voltage (Vex) from 1.25 V to 3.3 V and collecting the time



domain photon distribution of 560 000 pulses transmitted to the
target. The distance of the target was approximately 5.8 min all
measurements. With all excess biases, the photon detection
probability was kept below 10% to guarantee that SPADs are
working in the single photon mode. The normalized time
domain photon distributions at the different excess biases are
shown in Fig. 5. As can be seen in Fig. 5 at the excess bias
voltage of 1.25 V (rightmost distribution), the full width half
maximum value of the distribution is wider compared to those
of distributions with a larger excess biases. Thus, the jitter at the
timing discriminator (inverter) starts to affect the deviation of
the total distribution. The full width half maximum value at the
excess bias of 3.25 V is approximately 150 ps.

The timing error as a function of excess bias was calculated
from the peak values of the hit distribution and has been
presented in Fig. 4 (black curve). The total timing error was
approximately 900 ps, resulting to 135 mm in distance. In other
words, the timing dependence as a function of excess bias within
the full dynamic range of the inverter was 450 ps/V. Fortunately,
the timing error is mostly caused by the excess biases of 1.25 V
— 2V, so for example from an excess bias of 2.4 V to 3.25 V,
the timing error of 12 ps/100 mV is caused.

The total timing error of 900 ps caused by the excess bias
voltage cannot be explained only by the geometrical timing error
dependent on the rise time of the signal at the input of the timing
discriminator. However, according to the post layout simulation
of the circuit, most of the timing walk was caused by the delay
variation of the inverter depending on the different signal
amplitude or the overdrive of the inverter threshold [10]. As can
be seen in Fig. 4 the simulated timing error has a steeper slope
at the smaller excess biases when compared to the measured
error. This can be explained by the process parameter variation
which has a high influence to the threshold and the driving
capability of an inverter and thus causing a larger uncertainty for
approximation of the delay with the minimum overdrive.

V. CONCLUSIONS

The timing error dependent on the excess voltage of the SPAD
is important in every time of arrival or time-correlated single
photon counting based measurement applications, such as
Raman spectroscopy and pulsed time-of-flight laser radars. In
these applications, an error of only tens of picoseconds can be
crucial when high accuracy is required. Here the pulsed TOF
lidar based on a SPAD array fabricated on 0.35 um HVCMOS
technology and a quantum well laser diode having an optical
pulse width of 100 ps have been evaluated from the timing error
point of view produced by the excess bias voltage of the SPAD.
The measurements showed that a timing error of 450 ps/V
occurs when the excess bias voltage is swept from 1.25 V to 3.25
V. However, the timing error is not directly proportional to the
voltage but it experiences an exponential decaying function.
Thus, the voltage dependence of the timing error on the last 850
mV was only 12 ps/100 mV, which is 1.8 mm/100 mV in
distance.
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Fig. 4. The simulated (grey) and measured (black) timing error as function of
excess bias voltage.
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Fig. 5. The normalized hit distributions at the different excess biases from 1.25
to 3.25 with 0.25 V step.
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