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Abstract: We demonstrate the photon-number resolution (PNR) capability of a 1.25 GHz gated InGaAs single-photon
avalanche photodiode (APD) that is equipped with a simple, low-distortion ultra-narrowband interference circuit for the rejec-
tion of its background capacitive response. Through discriminating the avalanche current amplitude, we are able to resolve up
to four detected photons in a single detection gate with a detection efficiency as high as 45%. The PNR capability is limited by
the avalanche current saturation, and can be increased to five photons at a lower detection efficiency of 34%. The PNR capabil-
ity, combined with high efficiency and low noise, will find applications in quantum information processing technique based on
photonic qubits.
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1. Introduction

In recent years, single-photon detection (SPD) tech-
niques have been widely used for weak light detection in the
fields such as quantum information (quantum computation(l
and quantum communication(?), optical time-domain reflec-
tometer3 4, fluorescence measurements!> ¢ and laser rang-
ingl”- 81, These applications often demand stringent perfor-
mance requirements for single-photon detectors. For exam-
ple, it is necessary to maintain both high detection efficiency
and low dark count or/and afterpulse noise for quantum key
distribution application!?. Among different applications,
there may be different focuses on count rate, spectral range,
dead time, and timing jitter, and even the ability to resolve
photon numbers(® 101,

Most SPDs are binary, i.e., they can discriminate between
the absence (zero) or presence (one or more) of photons
only, but cannot identify the exact number of photons inci-
dent upon the detector simultaneously. Solutions to achieve
photon number resolution (PNR) include temporall'!. 12
or/and spatial multiplexing!'3-'%) of binary detectors. How-
ever, temporally multiplexed detectors have a lower count
rate limit, while spatial multiplexing introduces deterioration
in the signal-to-noise ratio. In addition to the above schemes,
certain single-pixel SPDs were demonstrated to have intrin-
sic photon number resolution, such as visible light photon
counters!'®l, quantum dot field-effect transistors!'?), transi-
tion-edge sensors!'!- 18, InGaAs/InP and silicon avalanche pho-
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todiodes (APDs)!'% 201, For instance, during the early evolu-
tion of the avalanche, the avalanche current from an APD con-
sists of constrained amplification noise and is proportional to
the number of photons in the incident pulse, provided that
the avalanche does not grow into saturation2'l, Under giga-
hertz gating and self-differencing technology!??, individual
InGaAs APD was first demonstrated to resolve up to four pho-
tons with no need for multiplexing in space or timel'9. Subse-
quently, Liang et al. reported that an InGaAs/InP APD is capa-
ble of resolving up to three photons with the 40% detection
efficiency at 1 GHz!Z3l. Without the need for cryogenic cool-
ing, the high efficiency and low noise GHz APD with PNR is a
suitable choice for practical fiber quantum key distribution
(QKD), quantum computing and quantum random-number
generators.

We have recently developed a novel and simple readout
circuit called the ‘ultra-narrowband interference circuit’
(UNIQ)124251, The UNIC can reject the strong background capaci-
tive response with little distortion to the avalanche signal.
Thus, UNIC-APD exhibits excellent performance with high
detection efficiency and low afterpulse noise. However, its
PNR has yet to be demonstrated. Previously, InGaAs/InP APDs
have been demonstrated to achieve PNR using the self-differ-
encing technology!'® 261 or low-pass filtering techniquel?3l. In
this paper, we demonstrate a 1.25 GHz gated InGaAs/InP APD
with PNR capability by cascading two UNICs. Since the pho-
ton number distribution of laser obeys Poisson statistics,
there will be multiple photons in the pulsed light even if
highly attenuated. Here we report an UNIC-APD which could
resolve the deterministic number of photons up to four, with
the detection efficiency as high as 45%. The PNR capability is
limited by the avalanche current saturation. By reducing the
detection efficiency to 34% and thus postponing the
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Fig. 1. (Color online) The photon-number resolving detection setup. (a) SG: signal generator; VOA: variable optical attenuator; APD: single-pho-
ton avalanche diodes based on InGaAs/InP; UNIC: ultra-narrowband interference circuits; BSF: band stop filter with a cut-off frequency of
2.5 GHz; APM: amplifier; OSC: oscilloscope; TDC: time-digital-converter. (b) Ultranarrow interference circuit (UNIC) consists of two couplers (CPL)
with a power splitting ratio of 9: 1, a m-resistance attenuator (ATT) and a surface acoustic wave band pass filter (SAW). (c) Transmission spectrum

of raw out and BSF out.

avalanche saturation, we are able to increase its PNR capabil-
ity to five photons.

2. Experimental set up

The photon-number resolving detection setup for
APDs is depicted in Fig. 1(a). The APD was illuminated by a
1550 nm passively mode-locked femtosecond fiber laser,
with a pulse repetition rate of 10 MHz and a pulse width of
about 5-10 ps. The active area of the InGaAs/InP APD
(Wooriro mini-flat) has a diameter of 25 um. According to our
experimental requirements, the laser flux can be precisely con-
trolled in the range of 0.01 to 100 photons/pulse using a vari-
able optical attenuator (VOA, EXFO FTB-3500). The incident
laser power is monitored in real time through a 50 : 50 beam
splitter by an optical power meter (OPM, EXFO FTB-1750).
The DC bias for the APD is provided by a source-measure
unit (Keithley 2635B), which also measures the current flow-
ing through the APD. The signal generator (SG, Tektronix
AWG70000B) generates a 1.25 GHz sinusoidal gate signal,
and the amplitude of gated voltage can be amplified up to
27 Vpp continuously. The temperature of InGaAs/InP APD is
regulated and stabilized at 30 °C by a temperature controller
(Thorlabs TEC200). An appropriate DC bias is selected to
match the sinusoidal gated voltage to achieve single-photon
sensitivity at different detection efficiencies and tempera-
tures.

The APD output is amplified before passing through an
ultra-narrowband interference circuit (UNIC). UNIC is a RF
Mach-Zehnder interferometer and consists of a m-resistance
attenuator (ATT) and a surface acoustic wave band pass filter
(SAW), as shown in Fig. 1(b). The power splitting ratio of two
couplers is 9: 1. The SAW is widely used in wireless communi-
cation?7], which can effectively filter through just the capaci-
tive response signal at the gating frequency fg,. The pro-
cessed signal transmitted through SAW interferes with the orig-
inal signal attenuated by the ATT after a specified delay At,
so as to produce destructive interference to reject fg signal
and pass the avalanche signal. The UNIC differential delay
(At) can be expressed as At = (Nsaw + 1/2)/fyare, Where integer
Nsaw is determined by the group delay caused by the SAW
bandpass filter. In this experiment, we choose fg,e = 1.25 GHz

and have Nsaw = 42 and At = 34 ns for precise frequency align-
ment. This long group delay relaxes the manufacturing preci-
sion requirement by a factor of 42 and enables small foot-
prints of PCBs. It is possible to design the differential delay of
SAW to match the APD gate frequency, which may facilitate
development of faster and low-noise APDs in future. In order
to achieve an optimal performance, three amplifiers (AMPs)
of 6 GHz bandwidth and two identical 1.25 GHz UNICs are
connected in series as an assembly in the circuit. The gains of
the three AMPs are 15.5 dB (Mini-Circuits, ZX60-V62+, 0.05-
6 GHz), 29 dB (SHF, S126 A, 80 kHz-25 GHz) and 29 dB (SHF,
S126 A, 80 kHz-25 GHz). The AMPs are used to amplify the
weak avalanche signal to be higher than the thermal noise
and thus avoid avalanche signal distortion. Then, the
avalanche signal passes through a band stop filter (BSF) with
a cutoff frequency of 2.5 GHz in order to remove the second
and high-order harmonic components of the transferred gate
signal. Fig. 1(c) shows the frequency spectra of raw out (blue)
and BSF out (red), which demonstrates that UNICs can effec-
tively reject the strong capacitive response for a 1.25 GHz gat-
ing with little distortion of the avalanche signal.

Finally, the processed signal of the APD output is split by
a RF coupler (CPL) into two paths, a high bandwidth oscillo-
scope (OSC, Keysight MXR404A, 4 GHz, 16 GS/s) and a time-dig-
ital-converter (TDC, Swabian Time Tagger Ultra). The laser pro-
vides a 10 MHz reference to SG, OSC and TDC. A large num-
ber of waveforms (5 x 10%) collected by the oscilloscope are
processed by computer programs to obtain the peak ampli-
tude, peaking time, avalanche duration and integrated area
of each avalanche.

3. Experimental results and discussion

Fig. 2(a) depicts the temporal evolution of the voltage
distribution of avalanche signals for average detected flux of
up to three photons/pulse. The voltage distribution varies at
different time delays, as shown in Fig. 2(b). At a time delay of
0.11 ns (Fig. 2(b)), where the avalanche has not yet been trig-
gered, the voltage distribution indicates the fluctuations of
electrical noise. At a delay of 0.22 ns (green), where the
avalanche begins, there are two peaks in the voltage distribu-
tion, at 0.018 and 0.16 V, representing 0-photon (electrical
noise) and 1-photon, respectively. At a delay of 0.4 ns (red),
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Fig. 2. (Color online) InGaAs/InP APD has intrinsic photon number resolution. (a) Temporal evolution of the avalanche peak voltage distribution
for a detected flux of three photons/pulse. (b) The temporal voltage distribution at different time delays of 0.11 ns (black), 0.22 ns (green), and

0.4 ns (red), respectively.
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Fig. 3. (Color online) The evolution of peak output signal distribution measured for different voltage applied and incident photon fluxes on the
APD. The bias voltages (detection efficiencies) of the three columns are 69.5 V (34%), 70.5 V (45%), and 71.0 V (49%), respectively. The incident pho-

ton fluxes in the three rows are 0.45, 3.55, and 7.08, respectively.
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Fig.4. (Color online) The bias voltage (black, left axis) and detection effi-
ciency (red, right axis) vs. the mean voltage of one-photon peak volt-
age at a fixed photon flux u = 2.98 photons/pulse.

where the avalanche is about to be quenched, yet the volt-
age distribution increases to three peaks, suggesting that the
APD is able to resolve two photons under this bias condition.
Photon number can also be discriminated through measur-
ing the peak amplitude, peaking time, duration, or integra-
tion area of each avalanchel'"l, For example, a higher num-
ber of photons detected in an avalanche, the stronger the
avalanche amplitude or the longer the avalanche duration

T T Shi et al.: GHz photon-number resolving detection with high detection efficiency and low noise by

and so on. After comparing different discriminating tech-
niques, we find the peak amplitude is the most suitable to
extract the photon number.

3.1. Qualitative explanation

Fig. 3 shows the evolution of peak output signal distribu-
tion measured for different voltage applied and incident pho-
ton fluxes on the APD. The bias voltages (detection efficien-
cies) of the three columns are 69.5 V (34%), 70.5 V (45%), and
71.0 V (49%), respectively. The incident photon fluxes in the
three rows is 0.45, 3.55, and 7.08, respectively. Take Fig. 3(h)
as an example:

1) The first peak at the voltage of 24 mV is the low electri-
cal noise where no photons are detected (purple region).

2) The second peak centered at 0.56 V is the probability
density distribution of one-photon detected and those at
1.09, 1.55, and 2.05 V correspond to N = 2, 3, and 4 photons,
respectively (green region). That is, the number of simultane-
ously detected photons up to four photons with 45% detec-
tion efficiency.

3) At the last peak voltage, the avalanche signal is satu-
rated. Saturation effect limits detector resolution (red region).

Fig. 4 demonstrates that the one-photon signal peak volt-
age increases with increasing bias voltage (detection effi-
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Fig. 5. (Color online) Quantitative analysis of photon number resolution for a detected flux u = 7.08 photons/pulse. (a) Probability density distribu-
tions of avalanche peak voltages. The red solid line is a fit to the experiment data (symbols), indicating the sum of individual Gaussians (blue
dashed line) of different photon numbers. (b) The mean voltage of peak output signal is proportional to the number of photons induced
avalanches. (c) Comparison of the theoretical Poisson distribution (red) and the distribution of each photon number state of the APD (blue).

ciency) at a fixed photon flux u = 2.98 photons/pulse. The
trend is similar for other photon number states before satura-
tion. According to Fig. 3 and Fig. 4, as the bias voltage
increases, the ratio of the adjacent peak voltage separation
to the standard deviation of one-photon-number state
increases due to the higher avalanche gain, i.e., the capabil-
ity of the photon number resolution improves, but the maxi-
mum number of distinguishable photons decreases due to
the saturation effect.

3.2. Quantitative analysis

Fig. 5 presents the quantitative analysis of PNR for a flux
U =7.08 photons/pulse and bias voltage 69.5 V. As the APD sat-
urates faster at higher voltages (detection efficiency), the maxi-
mum number of resolvable photons decreases. Therefore, we
chose a lower detection efficiency rather than a higher one,
but it is also applicable at high efficiencies.

Fig. 5(a) shows the probability density distribution of
avalanche peak voltages. The number of photons in the attenu-
ated laser pulse obeys Poisson distribution, therefore, the
data of avalanche height can be fitted with a Gaussian func-
tion with standard deviation (a Poisson distribution con-
volved with the energy resolution)[?8l, Because of the statisti-
cal broadening due to avalanche noise, the width of the N-pho-
ton is scaled by N%> according to the width of the 1-photon.
In addition, the width of 0-photon that reflects the fluctua-
tion of electrical noise needs to be simulated separately. The
red solid line in Fig. 5(a) represents the sum of individual Gaus-
sians (blue dashed line) by modeling each photon number
state with no other parameters, which agrees well with the
probability density distribution of the experimental data (sym-
bols).

The mean voltages of the individual Gaussians fitted in
Fig. 5(a) are 0.029, 0.35, 0.70, 1.05, 1.46, and 1.96 V correspond-
ing to N = 0-5 photons, respectively. Fig. 5(b) indicates that
the mean voltage of peak output signal is proportional to the
number of photons induced avalanches before saturation.

The blue bar chart in Fig. 5(c) shows the distribution of dif-
ferent photon numbers detected by APD, which fits the theo-
retical Poisson distribution (red) with a detected mean pho-
ton number of 2.41. The probability distributions of the pho-

tons N = 1, 2, 3, 4 are larger than the theoretical distribution,
and we ascribe it to the afterpulse and fitting error. The dis-
crepancy of the five-photon is because the distribution is no
longer Gaussian due to the saturation effect.

In brief, the APD can resolve up to five photons with detec-
tion efficiency as high as 34% by appropriate assumptions
and fitting.

4. Conclusion

In this article we have demonstrated the photon num-
ber resolution of InGaAs/InP single-photon avalanche photodi-
odes. With a simple, low-distortion ultra-narrowband interfer-
ence circuit for the readout, 1.25 GHz gated avalanche photodi-
odes could resolve the number of simultaneously photons up
to four photons with the detection efficiency of 45%. The
high efficiency, low noise and high-count GHz avalanche pho-
todiodes with photon number resolution capability will add
to the existing toolbox enabling quantum information process-
ing based on photonic qubits. The photon number resolu-
tion has also the potential to counter detector manipulation
attacks in quantum key distribution(29,
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