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Common-Mode Cancellation in Sinusoidal Gating
With Balanced InGaAs/InP Single Photon
Avalanche Diodes
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Abstract— We demonstrate a sinusoidal-gated InGaAs/InP
single photon avalanche diode (SPAD) pair with high photon
detection efficiency (PDE) and low dark count rate (DCR).
The photodiode pair is biased in a balanced configuration with
only one of the SPADs illuminated. The advantage of balanced
detectors is cancellation of the common component of the output
signal, which in this case arises from sinusoidal gating. In
conventional sinusoidal gating, narrow-band RF filters are used
to eliminate the gating signal while imparting minimal change to
the avalanche pulses. A disadvantage of this approach is that the
requisite filters fix the operating frequency, whereas the balanced
SPAD receiver is frequency agile. At a laser repletion rate of
1 MHz and a temperature of 240 K, the DCR and PDE are
58 kHz and 43%, respectively. The afterpulse probability is lower
than a single sinusoidal-gated SPAD. Jitter of 240 ps is achieved
with one photon per pulse and an excess bias of 1.6%.
Index Terms— Avalanche breakdown, avalanche photodiodes,
infrared detectors, jitter, noise cancellation, optical receivers,
optoelectronic and photonic sensors, RF signals, signal to noise
ratio.

I. I NTRODUCTION

S

INGLE photon receivers are widely used in applications
such as high-resolution spectroscopy, fluorescence measurement, astronomy, and quantum information technology
(quantum computing and quantum key distribution). Among
the candidates for single photon detection, InGaAs/InP SPADs
have been widely studied for communications applications,
e.g., fiber optic quantum key distribution [1]–[5]. To determine
the quantum states or discriminate the quantum bits, SPADs
are usually operated in a synchronized Geiger mode. The most
widely used approach is gated mode operation, which has the
attributes of high photon detection efficiency (PDE) and low
dark count rate (DCR). However, in gated mode, the transient
signal at the leading and trailing edges of the excess bias
pulses can obscure the faint avalanche signals triggered by
single photons. To cancel the transient spikes, various methods
have been proposed and demonstrated. Bethune and Risk [6]
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have utilized two matched delay lines to cancel the transient
spikes. Tosi et al. [7] have demonstrated a “dummy path”
approach, where a matched capacitor reproduces the spurious
peaks, which are compared with the output signal of the SPAD
using a high speed comparator. By this means the transient
spikes of SPADs are suppressed. Another transient cancellation
technique, self differencing, has enabled operation and data
transmission up to 315 MHz [8]. In self differencing, the SPAD
output signal is split and one arm is inverted and delayed
by one clock period. When the signals are recombined, the
transient signals cancel. Self-differencing can also be achieved
with balanced detectors [9]. Tomita and Nakamura have used
dual SPADs biased in parallel with differential detection
[10]. A 180° hybrid was employed at the output to produce
out-of-phase signals for differential detection. Another gating
approach is sinusoidal gating [3], [4], [11], [12]. For sine
wave gating the capacitive response of the sinusoidal bias is a
sinusoidal output signal at the same frequency; therefore, it can
be removed by a narrow-band notch filter at the output without
affecting the spectrally broad avalanche signal. A hybrid
combination of self differencing and sine wave gating has also
been reported [2].
The ultimate goal with SPADs is to achieve low DCR and
high PDE. For III-V compound SPADs a dominate contributor
to dark counts, especially at high repetition rate, is afterpulsing. Afterpulsing refers to avalanche events that originate
from the emission of carriers that were trapped on deep level
traps in the multiplication region during previous avalanche
events. The emitted carriers are indistinguishable from those
created by the absorption of photons and, thus, have the same
avalanche breakdown probability. The lifetimes of the trapped
carriers in the InGaAs/InP material system can be as long
as 100 μs [13], [14], which greatly restricts the repetitive
bias rate and thus the data rate. The most straightforward
approach to eliminate afterpulsing is to reduce the photon
transmission rate to ∼100 kHz in order to permit all trapped
charges to be emitted. However, such low data rates are
too restrictive for many applications. It has been found that
reducing the total charge flow is the most practical solution for
suppressing afterpulsing. Using various quenching techniques,
this is accomplished by utilizing very short excess bias signals
with rapid quenching [3]–[9]. A very effective method to
reduce the charge flow in an avalanche event, which has
proved effective in reducing afterpulsing, is passive quenching
with active reset (PQAR) [13], [15], [16]. This quenching and
recharge circuit uses the high impedance of an FET in its “off”
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Fig. 1.

Balanced receiver layout.

state to provide fast passive quenching. After a specified delay
the FET is switched “on” to enable rapid rearming to detect
subsequent photons. Further efforts developed this technique
for gated mode operation with reduced excess bias duration.
In the gated-PQAR operation and at 230 K, afterpulsing
probability of 0.5% was achieved with 30% PDE at 100 ns
hold off time and 1 MHz repetition rate [14].
Advantages of sinusoidal gating are facile generation of
short excess bias pulses and excellent signal to noise performance. While sinusoidal gating has achieved high PDE and
low DCR, one of its limiting factors for some applications
is that the operation frequency is fixed owing to the narrow
band filters that are required to remove the gating signal from
the SPAD output. In this paper we use the balanced detector
configuration that has been widely employed for coherent
detection in optical communications to cancel common-mode
signals such as laser relative intensity noise (RIN). This
approach eliminates the RF filters permitting data transmission
at any sub harmonic of the gate frequency. A balanced detector
pair is usually applied to detect the small signal difference
between the two channels. The two photodiodes are both
reverse biased and connected to opposite AC voltage swings.
They compete to affect the voltage at the common node
(Vout in Figure 1) by producing a small difference in the
current flow. The configuration of balanced detectors enables
the cancellation of common mode signals between the two
detectors. Compared with a conventional single detector, it
has been shown that balanced detectors can improve system
sensitivity by 15–20 dB [17]. We have utilized this detector
configuration to detect the small avalanche current generated
by single photons in one diode of the balanced SPAD pair.
This approach is similar to differential detection [18] except
that it does not require additional components in the output
circuitry [10]. We demonstrate high PDE, low DCR, and
reduced afterpulsing.
II. E XPERIMENTAL S ETUP
A modified conventional sinusoidal counting system
described in [5] has been adopted for this work. Avalanche
events were registered with a PicoHarp 300 multi-channel analyzer, which has a maximum synchronization rate of 80 MHz.
Thus all the experiments were performed at or below this gating rate. The counter has an 80 ns dead time, which is the time
that the counter requires to reset its electronics after registering
a count. To operate the sinusoidal system for balanced APDs,

5 ns

(c)

(b)

Avalanche
5 mV

(d)

Fig. 2. (a) and (b) Oscilloscope traces for bias pulses applied individually
to either diode 1 or diode 2. (c) Cancellation when both diodes are biased
simultaneously. (d) Trace for an avalanche event in one diode.

the sinusoidal gated system in [5] was modified to provide
two opposite phase sinusoidal input signals (Figure 1).
III. P ERFORMANCE AND A NALYSIS
The cancellation characteristics of the photodiode pair are
illustrated in Fig. 2 for the case of pulse gated operation.
The two upper oscilloscope traces, Fig. 2(a)–(b), show the
diode pair output with 5 ns bias pulses applied to each diode.
Cancellation is illustrated in Fig. 2(c) where both diodes are
pulse biased simultaneously. (Note that the vertical scale for
this trace is 2 mV/div, while that for the others is 5 mV/div.)
It is clear that the leading and trailing edge transients have
been cancelled. Finally, Fig. 2(d) shows the output for an
avalanche event in diode #1. The avalanche signal can easily be
distinguished and counted with low error rate. The amplitude is
approximately one tenth that observed for conventional pulsed
gating, which portends reduced afterpulsing. The degree of
transient signal cancellation depends on many factors, such
as the dark current of the diode pair, asymmetric parasitics,
alignment of the two AC bias pulses, perturbations caused by
avalanche events, and mismatch in the transmission lines. It is
essential that the input bias signals are 180° out of phase and
that they have the same amplitude. In this work this has been
accomplished with an attenuator and a phase compensator
in one of the input paths. It is also important to ensure
the symmetry of the photodiode pair and the circuit layout.
Figure 3 shows measured capacitance of two packaged diodes
before they were mounted to the circuit board; the difference is
<1 fF. In this work the receiver circuit in Fig. 1 was fabricated
by hybrid integration. Greater symmetry and better common
mode cancellation is anticipated with monolithic integration.
Initial sine wave gating measurements were made with a
multi-channel analyzer. The gating rate was 80 MHz and the
laser repetition rate was in the range 400 kHz to 10 MHz
(dividing the driving sine wave signal by 200 to 8). Figure 4
shows the counts histogram from which the photon counts,
dark counts and afterpulses, can be extracted. After setting
an appropriate threshold and aligning the laser pulse with a
peak of the sine wave gate on the illuminated SPAD, a counts
histogram was collected using the multi channel analyzer. The
threshold was adjusted to be close but above the noise floor.
Figure 4 shows the counts in 14 ns windows; the small peaks
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Fig. 4. Counts histogram collected with integration mode of the multichannel
analyzer. The highest peak stands for the gate coinciding with the laser pulse;
other small peaks are the dark counts from each gate.

are the dark counts, while the largest peak at the 130 ns point
in the figure shows the photon counts. Since the repetition rate
of laser pulses was 400 kHz, the photon count peaks were
separated by 2.5 μs, which explains why only one photon
window is shown. In [3], [4], [19], it has been reported that
the histogram can be used to calculate afterpulse probability
using the relation
(C N I − C D )R
(1)
(C I − C N I )
where C I and C N I represent the average count per gate for
the illuminated and non-illuminated gates, respectively (photon
count gates in Figure 4). C D is the dark count per gate with
no light incidence for all gates (dark count gates in Figure 4).
R is the ratio between the gating rate and the laser rate; in
the case of Fig. 4 the value is 200. The excess bias was set
to achieve 10% PDE; in this case, the photon count rate is
4 × 103 s−1 . The estimated total afterpulse probability is
approximately 10%. Note that the dark counts increase due
to afterpulsing in the channels after the 210 ns point, which
is 80 ns after the photon window at 130 ns. This is due to the
80 ns dead time of the counter.
The balanced SPADs were also characterized using the
Time-Tagged-Time-Resolved (TTTR) mode of the multi
Pa =

3

4

5

Time (ns)
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7

8

Fig. 5. Effective pulse width of 70 MHz gating rate with laser pulse width
of 40 ps for balanced diodes at 200 K.

channel analyzer. This mode (T3) uses one channel for the
synchronization signal and the other channel as a counter. The
timing resolution of this mode can be as low as 4 ps with the
register information of each count. The sine wave gating rate
was changed to 70 MHz and the laser repetition rate was in the
rage of 350 kHz to 10 MHz. The laser pulse width was 40 ps
at wavelength of 1310 nm. The technique to determine PDE
and DCR (equations (2) and (3)) that was used in Ref [20]
for conventional pulsed gating, was modified to apply to sine
wave gating using the following expressions
DC R × τe = − ln(1 − Pd )


1 − Pd
1
PDE = ln
.
n
1 − Pt

(2)
(3)

The effective pulse width, τe , was determined by tuning the
delay time of the laser pulse and measuring the full width
at half maximum of the temporal distribution of the photon
counts, which is plotted in Fig. 5. Assuming a Gaussian distribution the full width at half maximum (FWHM) was 2.9 ns.
Figure 6(a) shows the DCR versus PDE for a single SPAD
and the balanced SPAD pair for different gating frequencies.
For both single and dual SPAD receivers, the DCR versus
PDE slope increases with the laser repetition rate. Possible
explanations are (1) higher laser repetition rate results in
higher afterpulse probability and/or (2) incomplete recharge
after frequent avalanche events [5]. It was found that for laser
repetition rate ≥10 MHz, the PDE is restricted to <30% due to
the fast rising dark count probability [2]–[4], [11], [12]. The
best result with balanced SPADs is 43% PDE and 58 kHz
DCR with 1 MHz laser repetition rate. At photon detection
efficiency of ∼10%, the DCR is 9.6 kHz and the equivalent
dark count probability is 2.8 × 10−5 . In Fig. 6(b) we also
compare the balanced SPADs with gated quenching and gatedPQAR. At 1 MHz repetition rate, the DCR of the dual SPADs
is slightly lower than that of gated quenching at 100 kHz with
the same PDE.
Afterpulsing for the dual SPADs was also characterized
using the coincidence window method [2], [12]. For these
measurements a Stanford Research SR400 counter was used
in gated mode. The temporal position of the counter gate
was scanned over several periods of the sine wave gates.
The counter gate width was set to be 50 ns. This provided
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a temporal distribution of counts similar to Fig. 4 except with
more precise count rate information. The afterpulse probability
was calculated from the ratio of the afterpulse counts to the
photon counts. A relevant phenomenon is the dark count cancellation effect. Figure 7 shows that the afterpulse probability
of dual SPADs is smaller than that of single SPADs. Also the
dual SPAD curve is not as flat as that for sine wave gating of a
single SPAD. We attribute this to the cancelling effect between
the two SPADs. This is similar to the transient cancellation
shown in Figure 3. If the two SPADs register dark counts
at the same time, the resulting avalanche pulses will cancel,
which results in a decreased number of dark counts. This is
more significant for high dark count rates, especially when
afterpulsing is high. Therefore the afterpulse probabilities
within 1 μs hold off time exhibit a random pattern as a result
of the cancellation effect. The afterpulse probability of the dual
SPADs for 1 μs hold off time is only 1% with PDE of 35%;
owing to the scatter in the data, the afterpulse probabilities at
0.95, 1 and 1.05 μs hold off times were averaged. Overall, the
afterpulse probability for sine wave gating of the dual SPADs
at 500 kHz is comparable to that for gated PQAR at 100 kHz.
It has been reported that the afterpulsing decreases faster
than linearly with decreasing applied pulse width [21] where
we define the applied pulse width as the time period when
the diode is biased above breakdown voltage. An advantage of sinusoidal gating at high frequencies is that it is
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Fig. 8. Afterpulse probabilities at 1-μs holdoff time versus peak excess bias.
Right axis shows the applied pulse width.

straightforward to achieve very narrow excess bias pulses,
which restricts charge flow and reduces afterpulsing. On the
other hand, afterpulsing decreases with lower excess biases.
Consequently, a useful parameter is the integrated excess bias
over the applied pulse width, which we will designate as .
For gated quenching, the applied pulse width is a constant that
does not depend on excess bias [21], which is not the case for
sinusoidal gating, as illustrated in Fig. 8. For sine wave gating,
the excess bias can be increased by increasing the DC bias with
fixed AC voltage swing or increasing the AC voltage swing
for fixed DC bias. Figure 8 shows the measured afterpulse
probability and the applied pulse width versus various peak
excess biases.
Figure 9 compares computed values of  for the different gating schemes in Fig. 7. For the four gating schemes,
 (y axis) for gated quenching is the highest, which explains
the highest afterpulse probability in Fig. 7. The comparable
value of  for the three other gating methods is consistent
with the similar afterpulse probabilities shown by the three
overlapping trends in Fig. 7. This indicates that  is closely
linked to the afterpulsing probability.
 is also an indicator for photon detection efficiency
as shown in Fig. 10. Both photon detection efficiency and
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afterpulse probability increase with ; the increase becomes
more abrupt as  exceeds 9 ns∗ V. Unfortunately it is not
trivial to suppress afterpulsing and simultaneously maintain
high PDE by adjusting . For sine wave gating Fig. 8
shows that the applied pulse width increases with increasing
peak excess bias. The higher the sine wave gating rate the
narrower are the applied excess bias pulses, which would
lead to reduced afterpulsing. However, this is somewhat over
simplified because higher gating rates also mean there are
more excess bias gates within a given time period. The total
time that the SPAD is biased above breakdown must be
considered. To elucidate this frequency dependence,  has
been calculated with the total excess duration in a certain
time period (the shaded area shown in Figure 11) for different
gating frequencies using the following relations
(π−arcsin α)



1 =

A sin(ωt)dt =
T
2π

arcsin α

2A 
1 − α2
ω

(4)

A
1 − α2
(5)
π
Equation (4) yields the integrated area for one period
(1 ) and equation (5) is the total value in one second (2 ).
2 = Ar ea × f =
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Equation (5) shows that the value of 2 is actually independent of the gating rate. In other words, for the same peak
excess bias, the total time that the device is biased above
breakdown is independent of the gating frequency. If we only
consider this averaging effect, lower gating frequency yields
higher photon detection efficiency and comparable afterpulse
probability. Equation (5) also shows that the primary factor
that affects the value of  is the difference between peak bias
and breakdown voltage.
Viewing the frequency independence of  in terms of
detrapping speed reveals another important aspect of sine
wave gating. In Figure 7, the slope of afterpulse probability
versus hold off time is smaller for both sinusoidal gating cases
than that for gated quenching, i.e., the afterpulse probability
decreases at a slower rate with longer hold off time in the
case of sinusoidal gating. This is related to the additional bias
gates between two adjacent illuminated gates. Among all the
photon count windows shown in Figure 4, out of 200 excess
bias gates, only one of them is illuminated by a laser pulse.
However, a characteristic of sine wave gating is that an excess
bias is applied in the other 199 gates.
Recent re-interpretation of afterpulse behavior has provided
insight on the detrapping process in InGaAs/InP SPADs, where
the detrapping speed can be studied by fitting the afterpulse
probability curve versus hold off time with a power law Pa ∝
T −α ; Pa is the afterpulse probability and T is the hold off
time [5], [21], [22]. The larger α, the faster detrapping occurs.
The reported α for conventional gated-mode operation with
various gate widths is ∼1 [21], [22], while α obtained from
sinusoidal gating for different devices and PDE are all <1 [5].
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The indicated difference in detrapping speed due to different
gating schemes is consistent with the data in Fig. 7.
Jitter measured at different excess bias is shown in the
inset of Figure 12. The minimum jitter was 240 ps with 1.6%
excess bias (Fig. 12). Measurements of timing jitter not only
depend on the device under test but are also related to the
characterization condition and the experimental set up, e.g.,
the spatial and temporal non-uniformity in excess bias [22].
In other words, the excess bias is not distributed evenly across
the device and the amplitude of pulses in the pulse train also
fluctuates with time. Therefore the reported jitter value here is
not necessarily the best timing resolution of the tested device.
However, it provides some insight into the overall system set
up and the temporal characteristics of InGaAs/InP SPADs.
IV. C ONCLUSION
We report an InGaAs/InP SPAD pair operated with 70 MHz
sinusoidal gating at wavelength of 1310 nm. At a laser
repetition rate of 1 MHz, photon detection efficiency of 43%
has been achieved with dark count rate of 58 kHz at 240 K.
At photon detection efficiency of ∼10%, DCR is 9.6 kHz;
the equivalent dark count probability is 2.8 × 10−5 . The
afterpulsing probability is compared with gated PQAR and
conventional sinusoidal gating. At higher repetition rate and
the same PDE, the afterpulse probability has been reduced
compared with a sinusoidal gated single SPAD. The lower
afterpulsing is explained in terms of the integrated excess bias
over time, , and some cancellation of dark counts in the
SPAD pair. Parameters that affect afterpulsing in sinusoidal
gating have also been discussed. The parameter  provides
insight into the nature of sinusoidal gating and its effects on
the performance of SPADs.
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