Low-noise high-speed InGaAs/InP-based singlephoton detector
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Abstract: A low-noise high-speed InGaAs/InP-based single-photon
detector was demonstrated with a double-self-differencing spike signal
cancellation technique. A photon-number resolving method was used to
analyze the ratio of avalanche signal to background noise. By adding a postself-differencing circuit to the pre-self-differencing circuit, the signal to
noise ratio was improved by 11.0 dB. The typical error count probability
was as low as 2.1% and 6.4% at the detection efficiency of 20.6% and
30.5%, respectively.
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1. Introduction
Single-photon detectors based on avalanche photodiodes (APDs) are widely used in quantum
key distribution [1–4], quantum dot characterization [5], laser ranging [6] and
bioluminescence detection [7]. In particular, single-photon detection at telecom wavelengths
around 1300 and 1500 nm relies on InGaAs/InP APDs [8–11]. Typically, an InGaAs/InP
APD operates in the gated Geiger mode [12], in which the bias voltage applied on the APD is
maintained below the breakdown voltage and repetitive pulse series raise the voltage above
the breakdown voltage for a short duration in each gating cycle. The avalanche is controlled
by the gating pulse duration. As a photon arrives at the APD during the short gating period, a
photocarrier is excited and an avalanche multiplication is triggered in the InP layer of the
APD. At the falling edge of the gating pulse, the voltage applied on the APD falls below the
breakdown voltage and the avalanche is quenched. However, the gating pulses may generate
spike signals by charging and subsequent discharging on the capacitance of the APD, and
weak avalanche signals are in general buried in the spike signals. When a discrimination level
is set to separate the avalanche signal from the spike signal, the avalanche signal whose peak
output voltage is lower than the peak voltage of the spike signal cannot be recognized as a
valid detectable photon count. Therefore, the detection efficiency is typically lower than the
ideal quantum efficiency of the APD. In the conventional gated Geiger mode, the avalanche
gain of the APD is usually set very high in order to achieve efficient discrimination and hence
increase the detection efficiency, causing the avalanche multiplication of the APD to be
instantaneously saturated. On the other hand, the detection rate of the APD is limited to a few
MHz due to the detrimental influence of the high dark noise and afterpulse probability.
If the spike signal could be suppressed down to a sufficiently low level, weak singlephoton clicks could be discriminated from the background or electronic noise at a reduced
discrimination level, an observable increase of the detection efficiency may be achieved, and
the APD may even operate in the non-saturated avalanche mode for the photon-numberresolving detection. Spike signals could be cancelled by using a coaxial cable reflection line
[10], a hybrid junction to balance the outputs of two APDs [13] or the outputs of an APD and
a compensating diode [14], and optical balancing technique [15]. As these methods
developing, the maximum detection efficiency was up to 30%, and the dark count was as low
as 10−6. Recently, Yuan et al. introduced a robust self-differencing technique to cancel spike
signals on the basis of subtracting the identical signal in the APD response of the two
successive gating cycles [16–19]. By using this technique, the spike signal was suppressed to
a quite low level, and small avalanche signals buried in the non-suppressed spike signals
could be extracted at a low discrimination level. As a consequence, the same detection
efficiency could be maintained with a low avalanche multiplication. The APD could operate
with dramatically decreased dark count and afterpulse noise, and hence the single-photon
detection speed could increase up to gigahertz [16, 17]. By using the self-differencing
technique, the maximum detection efficiency can be up to 29.3% with the error count
probability of 6%. As the spike noise was suppressed, the avalanche signal could be directly
measured in the non-saturated avalanche mode. A photon-number resolving detection could
be achieved by analyzing the distribution of the peak output of the avalanche signal [17, 19].
In this paper, we present the experimental demonstration of a double-self-differencing
technique for spike signal cancellation to further improve the ratio of the avalanche signal to
noise. By adding a post-self-differencing circuit to the pre-self-differencing circuit in the
spike-cancellation module, the average voltage of the single-photon click at the InGaAs/InP
APD was increased while the background electronic noise was further suppressed. As
analyzed by the photon-number resolving method, the ratio of avalanche signal to background
noise was improved up to 17.5 dB, which enabled a distinct discrimination of weak avalanche
signals conventionally buried in the non-suppressed spike signals and electronic noise and
thus facilitated an increase of the detection efficiency with the same incident photon flux. The
performance of the double-self-differencing single-photon detector was characterized with the
gating pulse duration of 700 ps at −30°C at the fixed gating frequency of 200 MHz. The error
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count probability was as low as 2.1% and 6.4%, when the detection efficiency was 20.6% and
30.5%, respectively.

Fig. 1. Simulated waveforms in the double-self-differencing module. (a) Response of the APD
in eight cycles with a strong and a weak avalanche at the 1st and 5th cycle, respectively. Av1: a
strong avalanche at the 1st cycle; Av2: a weak avalanche at the 5th cycle. (b) Subtracted spike
and avalanche signals after the pre-self-differencing with exact self-differencing delay to match
the repetitive cycles. (c) Weak avalanche signal buried in the incompletely suppressed spike
signal as the self-differencing delay is mismatched by 2 ps to the repetitive cycles; Inset:
enlarged view of weak avalanche signal buried in the incompletely suppressed spike signal. (d)
Further suppressed spike and increased avalanche signals after the double-self-differencing
process. Inset: enlarged view of weak avalanche after double-self-differencing process. The
pink, black and green dashed lines in the insets of (c) and (d) are the level of the peak voltage
of the background noise, the discrimination level and the peak voltage of the avalanche signal,
respectively.

2. Principle of double-self-differencing module
Figure 1 shows the simulated waveforms in the double-self-differencing module. Figure 1(a)
plots the response of the APD in eight cycles. Assume that there are a strong and a weak
avalanche signals at the 1st and 5th cycles, respectively. The avalanche output of the APD is
firstly subtracted from the same output of APD delayed by ∆t1. After subtracting, the
subtracted spike and avalanche signals can be expressed by

V pre − sup (t ) = a[Vss (t ) − Vss (t − ∆t1 )],

(1)

V pre − sig (t ) = a[Vas (t ) − Vas (t − ∆t1 )],

(2)
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where Vss(t) and Vas(t) denote the original spike signal and avalanche signal of the APD,
respectively. And a is the scale factor in this process. As the spike signal is generated by the
gating pulse, the spike signal Vss(t) is a repetitive signal with the same frequency as the gating
pulse. When the ∆t1 is set to one gating pulse period, the spike signal could be suppressed, and
the avalanche signal is converted to a positive part Vas(t) followed with a negative part -Vas(t∆t1). In principle, all the spike signal could be completely suppressed, and the avalanche
signal Vpre-sig(t) could be picked out easily, as shown in Fig. 1(b).
However, the spike signal is nevertheless difficult to be completely removed in practice
mainly due to the technical difficulty in setting the self-differencing delay ∆t1 exactly the
same as the gating pulse period. Accordingly, some weak avalanche signals are still buried in
the suppressed spike signal. Figure 1(c) shows the output of the pre-self-differencing detector
for a self-differencing delay ∆t1 mismatched to the gating pulse period by 2 ps. Due to
incomplete suppression of the spike signal, the weak avalanche signal at the 5th cycle cannot
be discriminated directly from the suppressed spike signal.
As the suppressed spike signal is also a repetitive signal with the same frequency, a postself-differencing process could be added to further suppress the spike signal. The spike signal
and avalanche signal after the second self-differencing process can be expressed as
V post − sup (t ) = b[V pre − sup (t ) − V pre − sup (t − ∆t2 )],

(3)

V post − sig (t ) = ab[Vas (t − ∆t1 − ∆t2 ) + Vas (t ) − Vas (t − ∆t1 ) − Vas (t − ∆t2 )],

(4)

where b is the scale factor of the post-self-differencing process and the ∆t2 is the relative
delay. As the self-differencing delays ∆t1 and ∆t2 are almost the same as the gating pulse
duration, the spike signal is suppressed again, and the avalanche signal in the post-selfdifferencing process is converted to two positive signals [Vas(t) and Vas(t-∆t1-∆t2)] at different
times (t and t-∆t1-∆t2) and one negative signal -Vas(t-∆t2)-Vas(t-∆t1) at the time t-∆t2~t-∆t1. It is
interesting to note that the negative signal has an amplitude almost twice of the positive
peaks, as shown in Fig. 1(d). In comparison with the output waveforms of the pre-selfdifferencing process in Fig. 1(c), the negative peak of the weak avalanche signal in the 5th
cycle is increased while the spike signal is suppressed further, and it can be discriminated.
Thus, more avalanche signal can be picked out at the same photon clicks by using the doubleself-differencing process. As Eq. (4) expresses, if there are avalanche events in the 1st, 2nd
and 3rd cycles with almost the same avalanche signal amplitude, the avalanche signal after the
post-self-differencing process would change to two positive signals and two negative signals.
The two negative signals were corresponding to the avalanche events in the 1st and 3rd
cycles, and the avalanche signal in the second would be counteracted with the avalanche
signal in the first and third cycles. Due to the counteracted with the 2nd avalanche signal, the
amplitude of the two negative signals was almost same as the positive signal.
3. Experimental setup

Figure 2 schematically shows the experimental setup of the single-photon detector by using
the double-self-differencing technique. The InGaAs/InP APD (JDSU EXT 40-X00408052–
005) was operated in the gated mode with a fixed gating pulse frequency of 200 MHz and
gating pulse duration of 700 ps. Figure 3(a) shows the waveform of the amplified signal from
the APD. The positive and negative peaks in the waveform came from the capacitance
responses on the APD to the gating pulses, and the avalanche signal was buried in the spike
signal. The response of the APD was then coupled to the spike-cancellation module consisting
of the pre-self-differencing and post-self-differencing circuits. Each self-differencing circuit
was composed of a 50/50 power splitter, a 180-degree power combiner and an amplifier. The
original avalanche signal was divided into two identical components by the power splitter.
After passing through two coaxial cables with different lengths, the pulse signal from the
longer arm was delayed one gating pulse period, the same as in the original self-differencing
scheme [16]. Then, the two components were combined again in the 180-degree power
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combiner. The subtracting operation of the 180-degree power combiner extracts the avalanche
signal from the spike noise. As shown in Fig. 3(b), the spike signal was suppressed, and the
avalanche signal appeared as a positive peak and a following negative peak, which were
contributed by the avalanche signal from the short and long coaxial cables, respectively.

Fig. 2. Experimental setup of the double-self-differencing single-photon detector.

Fig. 3. Waveforms captured by an oscilloscope in the double-self-differencing single-photon
detector. (a) Amplified APD response. (b) Output signal of the pre-self-differencing circuit. (c)
Output signal of the post-self-differencing circuit.

The output signal from the pre-self-differencing circuit was then coupled to the post-selfdifferencing circuit. The setup of the post-self-differencing circuit was exactly the same as the
pre-self-differencing circuit. After splitting and re-combining the signal in the post-selfdifferencing circuit, only the difference between the output signal of pre-self-differencing
circuit from the long coaxial cable and the signal from the short coaxial cable was left, and the
avalanche signal was changed to two small positive peaks and one large negative peak at the
output of the post-self-differencing circuit as shown in Fig. 3(c). Because the background
noise caused by mismatching of two coaxial cables in pre-self-differencing circuit was also a
repeated signal with the same repetition frequency as the gating pulse frequency, the
background noise was suppressed again. Meanwhile, the avalanche signal from the pre-self#119005 - $15.00 USD Received 23 Oct 2009; revised 18 Feb 2010; accepted 12 Mar 2010; published 22 Mar 2010

(C) 2010 OSA

29 March 2010 / Vol. 18, No. 7 / OPTICS EXPRESS 7014

differencing circuit was amplified and re-combined in the post-self-differencing circuit. Thus,
weak avalanche signal can be discriminated easily with an improved signal to noise ratio.
In our experiment, a 1.55-µm pulsed laser diode with 19 ps pulse duration was
synchronously triggered at 1/200 of the gating frequency. After attenuated, the photon pulse
was coupled into the APD fiber pigtail as the photon source. The operation temperature of the
APD was set to −30°C. After passing through the pre-self-differencing and post-selfdifferencing circuits, the output signal was captured by an oscilloscope (6-GHz, Tektronix).
4. Experimental results and discussion

As the amplitude of the avalanche signal was varied randomly, it was difficult to analyze the
ratio of the avalanche signal to noise. For this reason, in our experiment, the photon-number
resolving method was used to analyze the signal to noise ratio of the avalanche signal.
Because the single-photon pulse used in the experiment was attenuated from a coherent light
source, the probability of the peak output voltage of the avalanche signal could be considered
as the superposition of different photon-number states [17, 19]. The average voltages of 0photon and 1-photon states could be respectively considered as the average voltages of
background noise and 1-photon-excited avalanche signal, and the signal to noise ratio could
be directly calculated from the average voltages of the 0-photon and 1-photon states.

Fig. 4. Comparison of avalanche peak voltage distribution for (a) the pre-self-differencing and
(b) double-self-differencing detector, respectively. (c) Simulated distribution of the doubleself-differencing detector. The green solid line shows the simulations of the experiment data,
and the red and blue solid lines present the background noise and 1-photon signal.

Figure 4 compares the typical distribution of the peak output voltages of the pre-selfdifferencing and double-self-differencing detectors. In both cases, the bias voltage was set to
55.0 V and the average detected photon number was kept less than 1 photon per pulse. By
adding post-self-differencing to the pre-self-differencing, the average voltage of the 1-photon
state increased to 24.0 mV while the background noise decreased to 3.2 mV. The signal to
noise ratio characterized by comparing these two average voltages showed an improvement of
11.0 dB, from 6.5 dB to 17.5 dB. Figure 4(c) shows the simulated avalanche peak voltage
distribution of the double-self-differencing detector by assuming a flat frequency response
and negligible electronic noise in the post-self-differencing circuit. The real standard
deviation of the 1-photon avalanche voltage was nevertheless larger than that calculated
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directly by multiplying the scale factor of the post-self-differencing circuit due to the circuit
noise and the non-flat frequency response.
Table 1 lists the avalanche probability of both pre-self-differencing and double-selfdifferencing circuits, which was calculated from Fig. 4. The ideal avalanche probability was
the sum of all non-zero-photon states, which includes all the avalanche signal no matter
whether it can be separated from the background noise or not. Since both measurements were
kept under the same experimental condition and with the same quantum efficiency of the
APD, the ideal avalanche probabilities were almost the same in the two measurements. The
little difference between the ideal avalanche probabilities might be caused by the fluctuation
of the bias voltage, the gating pulse duration, or the operation temperature of APD. However,
in practice, we cannot detect all the avalanches, as a discrimination level was used to separate
the background noise and the avalanche signal. According to the voltage distributions of the
background noise, the discrimination levels of pre-self-differencing and double-selfdifferencing circuits were set to 12 and 10 mV, and the corresponding detected avalanche
probability was 51.3% and 57.7%, respectively. The avalanche discrimination ability can be
characterized by the ratio of the detected avalanche probability to the ideal avalanche
probability. By adding the post-self-differencing circuit, the ratio was increased from 83.1%
to 94.4%. This clearly indicated that the double-self-differencing circuit could improve the
avalanche discrimination ability of the single-photon detector. It could be further improved by
reducing the electronic noise and flattening the frequency response of the post-selfdifferencing circuit. The ideal ratio could be increased up to 96.5% according to the
simulation shown in Fig. 4(c).
Table 1. The ideal avalanche probability and detected avalanche probability of both preself-differencing and post-self-differencing circuits.

Pre-selfdifferencing
Post-selfdifferencing
Ideal post-selfdifferencing

Ideal avalanche
probability (PIdeal)

Discrimination
level (mV)

Detected avalanche
probability (Pdetect)

Pdetect/Pideal

61.7%

12

51.3%

83.1%

61.1%

10

57.7%

94.4%

61.6%

10

59.4%

96.5%

We next characterized the performance of the double-self-differencing single-photon
detector and compared it with that of the pre-self-differencing detector. The incident photon
pulse was attenuated to contain 1 photon per pulse on average before coupling into the APD.
Figure 5(a) shows the detection efficiency as a function of the bias voltage. As the bias
voltage increased, the detection efficiency of the double-self-differencing single-photon
detector was up to 32%. Since the post-self-differencing circuit helped to discriminate the
weak avalanche signal from the background noise, the detection efficiency of the double-selfdifferencing circuit was higher than that of the pre-self-differencing circuit. As shown in Fig.
5(a), the distinct difference of the detection efficiency was observed as the bias voltage on the
APD was set for the detection efficiency below 20%. As the bias voltage was increased for a
higher detection efficiency, the pre-self-differencing and double-self-differencing circuits
exhibited less distinct difference of detection efficiency. This was caused by the fact that the
amplitude of avalanche signal was increased with the detection efficiency, and less amount of
avalanche was buried in the background noise.
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Fig. 5. (a) Detection efficiency as a function of the bias voltage. (b) Error count probability as a
function of the detection efficiency.

Fig. 6. Distribution of the afterpulse as a function of the delay time after the photon-excited
avalanche.

As the incident photon pulse was synchronously triggered at 1/200 of gating pulse
frequency, only the avalanches at the illuminated gating pulse contributed to the photonexcited signals, while the avalanches after the photon-excited avalanches originated in
afterpulse and all the avalanches occurred at the non-illuminated gating pulses were regarded
as error counts (including the dark count and afterpulse). Figure 6 presents the distribution of
the afterpulse as a function of the delay time after the photon-excited avalanche. It shows that
33.3% of the afterpulse (the blue bars in Fig. 6) occurred in the first 30 ns after the photonexcited avalanche. Therefore, a 30-ns “count-off time” was applied in the experiment, i.e.,
avalanche occurred in the count-off time after the photon-excited avalanche was not counted.
Figure 5(b) shows the error count probability as a function of the detection efficiency for the
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pre-self-differencing and double-self-differencing single-photon detectors. In calculating the
error count probability, we included the dark count and the afterpulse as the whole error
counts. The error count probability Pe can be obtained by Pe = N all / N ph − 1 , where Nall is the
total counts at both illuminated and non-illuminated pulsing gates, and Nph is the counts at
illuminated pulse gates. As shown in Fig. 5(b), when the detection efficiency was between
10% and 20%, the error count probability of the double-self-differencing detector was lower
than that of the pre-self-differencing detector. This shows a good agreement with difference
of the detection efficiency in Fig. 4(a), because the detection efficiency of the double-selfdifferencing detector was much higher than that of pre-self-differencing detector when the
detection efficiency was in the range from 10% to 20%. When the detection efficiency was
20.6%, the dark count probability and the error count probability were 1.7×10−5 and 2.1%.
And the dark count probability and the error count probability were lowed to 4.7×10−5 and
6.4% at the detection efficiency of 30.5%. As the spike signal was deeply suppressed, the
discrimination level was lowered and the small avalanche signal triggered by dark current
may also be picked out to increase the dark count error. However, by using the doubledifferencing method, lots of tiny photon-excited avalanche signals survived in the
discrimination process due to the lowered threshold voltage. As a result, the detection
efficiency was much increased. Considering these two factors, the ratio of the dark count
probability to the detection efficiency was decreased.
5. Conclusions

In conclusion, a low-noise high-speed InGaAs/InP-based single-photon detector was
demonstrated with a double-self-differencing spike signal cancellation technique. The spike
signal caused by the capacitance response of the APD was suppressed by adding a post-selfdifferencing circuit to the pre-self-differencing circuit. The avalanche signal to noise ratio was
improved by 11.0 dB. The avalanche discrimination ability was improved and the detection
efficiency was increased by using the double-self-differencing module at the same bias
voltage. The error count probability of this single-photon detector was reduced to 2.1% and
6.4% at the detection efficiency of 20.6% and 30.5%, respectively.
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