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ABSTRACT  

We discuss avalanche discrimination in a periodically-gated InGaAs/InP single-photon avalanche diode. We investigate 
the interrelation between the minimum detectable avalanche charge and the detection efficiency, and we show that the 
technical solutions we implement can improve performance. Gating the detector at 1.25 GHz, single-photon count rates 
above 250x106 s-1 can be obtained while maintaining low afterpulse probability with detection efficiencies larger than 
0.10. 
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1. INTRODUCTION  
In low-probability and post-selective experiments such as high-order entanglement and multi-photon coincidence 
detection, it is necessary to maintain stable experimental conditions for several hours, or even days, to collect a 
statistically relevant amount of data. In such experiments, every incremental increase in the generation and detection rate 
can significantly benefit the overall system, and in some cases make an otherwise impractical experiment feasible. These 
requirements are becoming more and more important as complex quantum communication protocols [1] are proposed 
and tested. Solutions to increase the maximum single-photon count rate are being pursued for a wide variety of 
single-photon detectors. 

Single-photon avalanche diodes (SPAD) are commonly used in quantum-optics experiments [2]. InGaAs/InP SPADs 
offer single-photon detection efficiency in the spectral bandwidth between 0.9 µm and 1.7 µm, a region that is rich with 
possibilities for quantum optics experiments. Traditional limitations in maximum count rate due to afterpulsing [3] in 
InGaAs/InP detectors  have been recently overcome by electronic systems that significantly reduce the avalanche current 
[4–9], allowing gating the detector at gigahertz rates. In this regime of operation the avalanche current is significantly 
lower than the displacement current associated with the gate electrical pulse. Discrimination techniques are therefore 
required to isolate the avalanche current from the gate, and can be facilitated by using a periodic electrical gate.  For 
electrical gates with sinusoidal waveform it is possible to remove the gate signal with a notch filter [4]. For gates with a 
more spectrally-complex shape a technique called self-differencing was recently introduced and is based on subtracting 
the signal from a replica delayed by exactly one gate period [5]. 

The goal of our research is to design a high-speed detection system for high-throughput quantum-optics experiments, 
and we chose the self-differencing technique to obtain high-speed performance. In section 2 we give a description of the 
electronic boards that we designed for gating and sensing the SPAD, and we focus on the critical components that allow 
improved avalanche-discrimination sensitivity. Section 3 discusses the linearity, detection efficiency, and afterpulse 
probability of the system at high count rates. 

2. HARDWARE DESIGN 
2.1 System design 

The system described in figure 1 is designed for compactness, re-configurability, and flexibility.  
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Figure 1. Block schematic of the SPAD gating system. The dashed lines delimit printed circuit boards. The main board 
contains two identical copies of all the electronics in order to control a second SPAD, here only one instance of the circuitry 
is shown. Also “Latch” and “Out” are differential lines, but for simplicity they are shown as single-ended here. 

 

A printed circuit board (PCB) is populated with electronics used to form the periodic gate, sense the avalanche current, 
and discriminate the avalanche signal using the self-differencing technique. Only the delay lines and SPAD are outside 
the PCB. We chose to construct the delay lines with rigid coaxial cables, which are easily interchangeable with SMA 
connectors, in order to reconfigure the gate period as desired.  The SPAD is connected to the main board through coaxial 
cables so that it can be conveniently placed inside a dry box and cooled with a triple-stage Peltier cooler down to -30 ˚C.  

Following figure 1 from the top-left, the board requires an external clock to operate, entering the “in” terminal.  To 
achieve a high degree of sensitivity, the clock signal must be carefully matched to the delay difference between the delay 
lines. Stability better than 10-5 and low jitter are also important for adequate avalanche discrimination. A 10 GHz power 
amplifier raises the input amplitude from 1 V to up to 12 V peak to peak to bias the SPAD at convenient levels of 
overvoltage and undervoltage. The power amplifier is a monolithic microwave integrated circuit (MMIC) with good 
linearity and preserves the shape of the input signal. Thus, when the clock source is sinusoidal, the system applies 
sinusoidal gates to the SPAD. Alternatively, we can switch in a high-speed comparator followed by 10 GHz-bandwidth 
preamplifier to form a square gate signal from a sinusoidal input. In this case, changing the comparator threshold allows 
us to select the duty cycle of the square waveform. A bias tee combines the gate waveform with a DC bias voltage (also 
generated on the board) that can be set from 40 V to 90 V. In the design of the coaxial connection between the SPAD 
and the board, significant care was given to minimize the series inductance and to keep the impedance close to 50 Ω all 
the way to the trimmed terminals of the SPAD.  

From the SPAD another coaxial cable brings the anode signal back to the main board where it enters a resistive power 
splitter. As mentioned before, two external rigid coaxial cables are used to set a delay of one gate period between the two 
outputs of the power splitter. More details about the delay cables are discussed in the next session. To subtract the two 
signals we use a differential amplifier. The differential amplifier has a 10 GHz bandwidth, common mode rejection ratio 
better than 20 dB, and gain greater than 25 dB. The differential inputs are internally terminated to 50 Ω and isolated 
from each other. This guarantees that signals are not recirculated back into the delay lines toward the power splitter. The 
amplifier has a differential output, but in the figure 1 only the non-inverting line is shown, connected to a fast 
comparator for avalanche discrimination. The non-inverting output, not shown in figure 1, is used as signal monitor. The 
comparator has differential outputs and a latch input that can be conveniently used to enable the comparator only in 
specific intervals, enabling photon counting conditional on an external signal.  
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2.2 Minimizing the detectable avalanche current. 

The circuit described in section 2.1 operates over a 10 GHz bandwidth and allows flexibility in the choice of gate shape, 
period, and duration. However, the wide bandwidth requires components with flat amplitude and phase transmission 
over the entire frequency range, and is more susceptible to phase noise in the clock signal. This concept is clearly 
illustrated in figure 2. Figure 2(a) shows the signal at the SPAD anode before cancellation, over a 50 Ω load, when a 9 V 
square gate with 600 ps temporal width is applied to the cathode. During these tests the SPAD is kept at room 
temperature and biased 15 V below breakdown so that the waveforms shown do not contain avalanches, allowing the 
exclusive characterization of the cancellation performance. The gate period is 1.6 ns. The delay lines are both 
constructed with 3.58 mm-diameter rigid coaxial cable.  

Figure 2(b) is a screenshot from a sampling oscilloscope connected to the monitor output of the differential amplifier and 
shows the cancellation performance. The vertical scale in figure 2(b), and in figure 3, are rescaled to compensate for the 
overall signal gain from the SPAD anode to the output of the difference amplifier. The reported voltages are therefore 
referred to a 50 Ω load directly connected to the anode. As shown in figure 2(b), the signal after cancellation has two 
qualitative components that limit the overall cancellation. One is a periodic baseline that we ascribe to differences in 
phase and amplitude between the two signals from the delay lines. The second component is characterized by voltage 
fluctuations that occur in locations that correspond with the rising and falling edges of the gate signal. We ascribe this 
latter component to the effects of phase noise. The steep rising and falling gate edges have a slope of 40 V/ns, so jitter of 
only 0.8 ps from one period to the next can produce the fluctuation in amplitude of 32 mV peak to peak observed in 
figure 2(b). One solution to mitigate this latter effect is to reduce the signal bandwidth. To this end we added a 
9.5 m-long spool of 2.49 mm diameter flexible coaxial cable between the SPAD anode and the resistive splitter. The 
cable introduces 8.7 dB attenuation at 10 GHz, 5.4 dB at 5 GHz and only 3.8 dB at 1 GHz. The residual signal after 
adding the cable is shown in figure 3(a), where the voltage fluctuations, as well as the baseline, are observed to be 
significantly reduced. 

 
Figure 2. (a) Signal measured at the SPAD anode when a 600 ps, 9 V peak-to-peak square gate is applied to the cathode. (b) 
Result of transient cancellation operated with the circuit described in figure 1. The residual signal, captured with a sampling 
oscilloscope has deterministic components, that we ascribe to the difference in dispersion introduced by the two 
transmission lines, as well as strong random fluctuations that we ascribe to temporal jitter in the gating signal. 

The cancellation shown in figure 3(a) has still an evident baseline periodic component due to the difference in 
attenuation and total dispersion between the two rigid delay cables. The imbalance between the two cables cannot be 
addressed by altering the power ratio of the splitter because the attenuation of the cables is frequency dependent. We 
therefore investigate using rigid cables with different external diameters, 3.58 mm and 2.18 mm, for the long (L) and 
short (S) delays. Each 50 Ω cable is characterized (by the manufacturer) by an attenuation per unit length, α(f), at a given 
frequency f. For a given difference in physical length δL, and therefor propagation delay, we use the following 
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expression for the length of the short delay line that results in a more accurate match of the frequency-dependent losses 
over our bandwidth of interest:  
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A δL = 34 cm corresponds to a relative delay of 1.6 ns. Using the nominal information provided by the manufacturer to 
match losses at f = 2.0 GHz we obtain L = 43 cm. Figure 4 shows difference in attenuation for this pair of delay cables, 
as well as the case of two cables with the same 3.58 mm diameter. As can be seen in figure 4, with our approach to 
match the losses between different types of cable the difference in attenuation remains below 0.02 dB over a 3 GHz 
range, while using the same diameter cable results in an attenuation mismatch of more than 0.2 dB at 3 GHz. Figure 3(b) 
shows the benefit of this approach to the self-differencing setup: the residual peak to peak amplitude is reduced to 9 mV 
and dominated (once again) by jitter. 

To further reduce the minimum detectable avalanche signal it is also possible to change the waveform of the electrical 
gate to limit high frequency components. The simplest case is to use a sinusoidal gate. Figure 5 shows a comparison 
between sinusoidal gating and square-wave gating with a 600 ps gate. The overvoltage applied to the SPAD in the two 
configurations is plotted in figure 5(a). For each waveform the peak-to-peak gate amplitude and the bias voltage are set 
to drive the SPAD with the same peak overvoltage, with the sinusoidal waveform above breakdown for 600 ps, as with 
the square gate. In both cases the SPAD is held at a temperature of -20 ˚C. In both measurements the gain of the 
differential amplifier is 26 dB, and the comparator threshold, Vt in figure 1, for avalanche discrimination is set to the 
lowest value possible without triggering spurious counts. The difference in performance between the two configurations 
results in a minimum threshold of only 10 mV for the sinusoidal gate and a threshold of 30 mV for the square gate. 

The detection efficiency η is measured using the calibrated pulsed-laser source described in [10] that has a wavelength of 
1310 nm and pulse duration less than 60 ps. The detector is expected to have maximum detection efficiency for photons 
arriving within the applied electrical gate. To find the peak value of detection efficiency the laser pulse is shifted in time 
with respect the SPAD gate and the observed detection efficiency is plotted in figure 5(b). The efficiency curves for 
sinusoidal and square gates differ significantly. Due to the lower discrimination threshold, the sinusoidally-gated system 
is sensitive to photons for a longer amount of time, twice that of the square gate (the FWHM values are 240 ps for the 
sinusoidal gate and 120 ps for the square gate). The increased sensitivity is also reflected in the per-gate dark-count 
probability, which is 2x10-5 for the sinusoidal gate configuration and 1x10-5 for the square gate. 

  
Figure 3. Cancellation signal when the SPAD anode is connected to the main board by a 9.5 m spool of coaxial cable. In (a) 
the delay lines have the same diameter, while in (b) diameters and lengths of delay lines are chosen to match the attenuation. 
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Figure 4. Difference in attenuation as a function of frequency between the two rigid coaxial cables used to introduce a 
relative delay of 1.6 ns. When the same cable is used, differences in attenuation are significantly larger than when using two 
different types of cable. 

 

 

      
(a)                                                                                              (b)    

Figure 5. Difference in performance between square and sinusoidal gate. Figure 5(b) shows the detection efficiency as a 
function of an arbitrary delay between the gate pulse and optical pulse sent to the SPAD.   

3. PERFORMANCE AT HIGH COUNT RATES 
3.1 Detection efficiency and timing resolution 

To characterize the system for high count rates, we use a gate period of 794 ps (1.26 GHz). To achieve the lowest 
threshold we run the system with a sinusoidal gate. The SPAD is maintained at a temperature of -20 ºC. The gate 
amplitude (measured on a 50 Ω load) is set to Vg = 8 V peak-to-peak and the bias voltage is adjusted for a maximum 
detection efficiency greater than η = 0.11. The dark count probability per gate is 1.5x10-5. The detection  

Proc. of SPIE Vol. 8375  83750Z-5

Downloaded From: http://proceedings.spiedigitallibrary.org/ on 08/19/2015 Terms of Use: http://spiedigitallibrary.org/ss/TermsOfUse.aspx



efficiency as a function of the delay between attenuated laser pulse and electrical gate, as measured in section 2.2 is 
shown in figure  6. 

To check the fidelity and reliability for count rates exceeding 100 MHz a calibrated laser pulse is sent to the SPAD every 
fourth gate (at a frequency of 315 MHz). As the mean photon number μ is varied the expected count rate in the 
illuminated gate is given by: 

( ) ( )ημμ ⋅−−⋅= efCexpected 1  , (2) 

where we assume Poisson statistics. To show that even at even at high count rates dark counts and afterpulsing account 
for a negligible fraction of the count-rate (less than 1.4 %), we monitor the count rate, CB, observed in the gate that 
occurs directly before the gate illuminated by the laser. These data are also shown in figure 7. 

 
Figure 6. Detection efficiency as a function of arbitrary delay between the gate pulse and optical pulse sent to the SPAD 
when the SPAD is gated sinusoidally at 1.26 GHz.  

      
Figure 7. The two plots show in logarithmic (left) and linear (right) scales the measured and expected count rate as a 
function of mean photon number (blue) when the detector is illuminated in every fourth gate, and the count rate, CB 
observed in the non-illuminated gate that precedes each illuminated gate.  
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3.2 Afterpulse probability 

To monitor the excess count rate over more non-illuminated gates, and to study the benefits of applying hold-off times, 
as suggested in [8], we also illuminated the SPAD once every eighth gate. A convenient way to characterize the 
afterpulse probability is to plot count rate in the seven non-illuminated gates versus count rate in illuminated gates, as 
shown in figure  8. To simulate various hold-off times, we ignore counts in the first gate following the illuminated gate 
(i.e. simulating an 800 ps hold off), the first two gates following the illuminated gate (simulating a 1.6 ns hold off), and 
the first three gates following the illuminated gate (simulating 2.4 ns hold off). These data are also shown in figure  8, 
normalized to a single gate. To obtain the experimental data in figure  8, the mean photon number μ is varied from 0.1 to 
40, where the count rate in the illuminated gate saturates at 157x106 s-1. As the count rate in the illuminated approaches 
saturation, the count rate in the non-illuminated gates steeply increases. Below saturation there is a linear dependence 
between the count rates, and this slope gives an estimate of the afterpulse probability per gate. Figure  8(b) shows an 
expanded portion of figure  8(a), and the estimated afterpulse probability for each hold-off time. The introduction of a 
hold-off of only 2.4 ns reduces the afterpulse probability from 0.014 to 0.0084 (a 40% reduction). We note that this type 
of hold-off does not physically turn off the device, so this measurement slightly over-estimates the actual afterpulse 
probability, but nonetheless gives a clear picture of the benefits of applying even a brief hold off, either in hardware or 
software. 

      

(a)                                                                                 (b) 

Figure 8. The average count rate observed in a non-illuminated gate versus the count-rate in the illuminated gate. Figure  
8(a) shows measurements over the entire range of count rates while figure  8(b) shows a subset of the horizontal scale in (a). 
Measurements at different hold-off times are reported. The slope gives an estimate of the afterpulse probability per gate.  

 

4. SUMMARY 
We discuss a system for sub-nanosecond gating of InGaAs/InP SPADs. The wide bandwidth of our implementation 
requires careful design of microwave circuits. We illustrated how the design of attenuation-matched delay lines benefits 
the rejection of the gate signal. We also tested the system by applying gates of different shapes, square and sinusoidal, 
and we demonstrated the role of high frequency components in limiting the minimum threshold for avalanche-current 
detection that limits the detection efficiency in short gates. We tested the performance at high count rates, maintaining 
good linearity up to 250x106 s-1 with low contributions from afterpulsing. 
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