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A B S T R A C T

This paper introduces a compact analog counter for high-density single photon avalanche diode (SPAD) array
imagers. We propose an innovative charge transfer approach based on pulse edge triggering that can significantly
reduce the amount of transferred charge, leading to a great improvement on the dynamic counting range without
sacrificing the pixel area. Designed by standard 0.18 μm CMOS technology, the analog counter features a 9-bit
counting resolution with the reduced occupation area of 230 μm2. Post-layout simulation reveals that for the 9-bit
analog counter, the differential nonlinearity (DNL) and integral nonlinearity (INL) are within the �0.35 LSB and
�1 LSB ranges, respectively and the nonuniformity is as low as 1.81%, validating the high precision of photon
counting. Thanks to the compactness and the high performance, the novel analog counter is suitable for the high-
density integration of the SPAD array imagers.

1. Introduction

Due to high sensitivity and sub-nanosecond timing resolution, single
photon avalanche diodes (SPADs) have gained huge attention in many
fields of applications such as fluorescence lifetime imaging [1,2], Raman
spectroscopy [3] and 3-D imaging [4–6], etc. Nowadays, the SPAD de-
tectors are highly developing towards low cost, high resolution and high
reliability array imagers fabricated in deep submicron CMOS technology
[7,8]. In order to obtain high resolution image, it is urgent to improve
array integration by reducing pixel area.

However, limited by the large size of SPAD device and in-pixel elec-
tronics, it is difficult to integrate high-density SPAD arrays in a single
chip. Aiming at these problems, on the one hand, the size of SPAD device
should be shrunk [9,10]. Several device innovations have been applied
successfully to reduce SPAD area. For examples, an 8-μm-active-diameter
SPAD device with low dark count rate (DCR) has been reported using
graded epitaxial layer as guard rings [9]. Applying novel virtual guard
rings, the active diameter of SPAD device can even be scaled down to
2 μm, achieving the reduced DCR and jitter [11]. On the other hand, the
occupation area of the in-pixel electronics including quenching-reset and
photon counting circuits should also be minimized [7,12]. Generally,
digital counters are adopted in the SPAD pixel for high reliability, high
uniformity and high readout speed. Nevertheless, the traditional digital
counters occupy too large pixel area, resulting in the low fill factor. An
alternative approach by using analog counters can achieve more compact

implementation [13]. Comparing to digital counters, the SPAD imagers
based on analog counters have exhibited smaller pixel area and higher fill
factor [14,15]. D. Chitnis et al. at University of Oxford have proposed, for
the first time, a linear analog counter for high-density SPAD arrays [16].
The main disadvantage of the simple analog counter is that the dynamic
counting range is entirely dependent on the pulsewidth. Afterwards, L.
Pancheri et al. presented a 32� 32 pixel array with the similar analog
counter for time-resolved fluorescence imager [14], achieving a high fill
factor of 20.8% with a 25-μm pitch in 0.35-μm HVCMOS technology.
However, this analog counter suffers a high step nonuniformity of 11%.
To overcome this issue, they then proposed a charge sharing analog
counting method, which offers an improved uniformity between the
pixels. But this analog counter cannot maintain a steady step size, causing
high nonlinearity of the readout voltage [17]. Recently, a compact CMOS
SPAD analog counter based on a charge transfer concept was introduced
[18]. A 4% nonuniformity of the voltage step across a 20� 20 counter
array is obtained in standard 0.35-μm CMOS technology. Using a 350 fF
integral capacitance, it obtains an 8-bit countering resolution with a 7.6%
dependence of nonlinearity on pulse period [18]. Since this analog
counter uses a level triggering charge transfer method, it still needs a
large integral capacitance to attain a high dynamic counting range.

In this paper, we propose a novel analog counter based on the edge
triggering charge transfer concept. Different from the level triggering
method, the charge injection and transfer only occur at the short rising
edge of input avalanche pulses instead of during the 'high' or 'low' level of
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input pulses. Therefore, a high dynamic counting range can be obtained
without any large integral capacitance. Meanwhile, the new analog
counter is insensitive to input pulse period and device deviation, it thus
features excellent linearity and uniformity.

The paper is organized as follows. In the next section, the circuit
structure and operating principle are presented. The simulation results
are given in Section 3. Section 4 displays the post-layout simulation re-
sults and makes the discussion. Finally, the conclusions are summarized
in Section 5.

2. Design of analog counter

Based on the novel charge transfer concept with pulse rising edge
triggering, a compact analog counter is designed. Fig. 1(a) illustrates the
circuit diagram. It consists of 13 MOSFET transistors, an integral capac-
itance Cint and a parasitic capacitance Cp, which allows a much more
compact solution compared to the reported analog counters. The tran-
sistors MP2 and MP3 are the charge injection and transfer switches,
respectively, which control the generation and transfer of charge packets.
The reset circuit is composed of transistors MN1 and MP1, which plays a
role of discharging the integral capacitance. The transistors MP5~7 and
MN2~4 form a unity gain amplifier, which duplicates the voltage on the
integral capacitance to the source or drain or substrate of MP1, MP2 and
MP3. The transistors MP4, MP8 and MP9 act as the source follower and
the row select switch, respectively, delivering the counting voltage on the
integral capacitance to the peripheral interface.

The operating principle of the analog counter is described below. The
timing diagram of the voltage signals inside circuit nodes is shown in
Fig. 1(b). Initially, the integral capacitance is discharged and the voltage
at node B is pre-charged to about 0.7 V when the complementary pair of

signals ‘clear’ and ‘clearb’ are effective (Clear¼ ‘1’ and Clearb¼ ‘0’).
When the rising edge of input avalanche pulse comes in (In¼ ↑), the
input signal is coupled to the drain of MP2 through the parasitic capac-
itance Cp. With the increase of drain potential of MP2 at node A, MP3 is
turned on immediately. Then, a charge packet ΔQ is extracted from the
drain of MP2 and transferred towards the integral capacitance Cint
through MP3, which equals to

ΔQ � Vin⋅Cp � Vth;MP3⋅
�
Cp þ Cp1

�
(1)

Where Vth,MP3 is the absolution value of threshold voltage of transistor
MP3 and Cp1 is the drain parasitic capacitance of transistor MP3 and Vin
is the high-level voltage of input avalanche pulses. The parasitic capac-
itance Cp includes the gate-drain parasitic capacitance of the transistor
MP2, here, Cp> Cp1.

As a result of the input avalanche pulse, a voltage step is generated at
node B and given by

ΔV � ΔQ
Cint

¼ Vin⋅
Cp

Cint
� Vth;MP3⋅

�
Cp þ Cp1

�

Cint
(2)

Equation (2) indicates that the voltage step size is mainly dominated by
the capacitance ratio of Cp/Cint or (Cp þ Cp1)/Cint and the threshold
voltage of transistor MP3.

During the high level of input avalanche pulse (In¼ high level), the
drain potential of MP2 at node A begins to decrease, thus causing MP3 to
enter the subthreshold region. The charge transfer towards the integral
capacitance becomes very difficult, hence keeping a constant voltage on
the integral capacitance (node B). As the charge transfer only happens at
the rising edge of avalanche pulses, the amount of transferred charge is
fairly small. Consequently, a high dynamic counting range could be ob-
tained without using a large integral capacitance.

When no photon is detected (In¼ low level), the counter is ready to
generate and transfer a new charge pocket for the next avalanche pulse.
During this time, since MP2 andMP3 are turned off, the voltage at node B
remains unchanged. Meanwhile, the drain voltage of MP2 is clamped at
the equal voltage with the integral capacitance due to the voltage
following function of the unity gain amplifier. Therefore, the same
amount of charges coupled to the drain side of MP2 can be assured for
each pulse rising edge coming. As for transistor MP3, the four terminals
have almost the same voltage with the integral capacitance Cint, which
can also ensure the same amount of transferred charges for every
avalanche pulse. Due to the ready operation of MP2 and MP3 before the
arrival of pulse rising edge, a high linear voltage step could be achieved.
It is worth noting that the small PN junction leakage current from MP1
and MP3 will discharge the integral capacitance during the counting and
readout periods. Fortunately, the unit gain amplifier can always keep the
source, drain and substrate of MP1 and MP3 in the same potential,
effectively avoiding the leakage generation.

After the repeated counting operation, the multistep transferred
charges are gradually accumulated on the integral capacitance, thus the
voltage on the integral capacitance (node B) is increased step by step. At
the end of the counting, when the row select is active (Sel¼ '0'), the final
countering voltage proportional to the number of input avalanche pulses
is read out by MP4 and MP9 (see node Out in Fig. 1(b)).

3. Simulation results

The presented analog counter was designed by SMIC standard
0.18 μm CMOS technology. To better understand the circuit operating
principle in the linear counting mode, a set of time-dependent transient
simulations was firstly performed to evaluate the influence of the integral
capacitance value on the step size and the dynamic counting range. In
this simulation, a metal-insulator-metal (MIM) capacitor is used as the
integral capacitance Cint for the better step linearity. A fringe metal-
oxide-metal (MOM) capacitor of 2.5 fF acts as the parasitic capacitance

Fig. 1. (a) Circuit diagram of the analog counter based on the charge transfer
principle with pulse rising edge triggering; (b) timing diagram of the voltage
signals inside circuit nodes.
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