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Superconducting nanowire single-photon detectors (SNSPDs) are typical switching devices capable of detecting sin-
gle photons with almost 100% detection efficiency. However, they cannot determine the exact number of incident photons
during a detection event. Multi-pixel SNSPDs employing multiple read-out channels can provide photon number resolvabil-
ity (PNR), but they require increased cooling power and costly multi-channel electronic systems. In this work, a single-flux
quantum (SFQ) circuit is employed, and PNR based on multi-pixel SNSPDs is successfully demonstrated. A multi-input
magnetically coupled DC/SFQ converter (MMD2Q) circuit with a mutual inductance M is used to combine and record
signals from a multi-pixel SNSPD device. The designed circuit is capable of discriminating the amplitude of the com-
bined signals in accuracy of ®y/M with &) being a single magnetic flux quantum. By employing the MMD2Q circuit,
the discrimination of up to 40 photons can be simulated. A 4-parallel-input MMD2Q circuit is fabricated, and a PNR of
3 is successfully demonstrated for an SNSPD array with one channel reserved for the functional verification. The results
confirm that an MMD?2Q circuit is an effective tool for implementing PNR with multi-pixel SNSPDs.

Keywords: superconducting nanowire, single-flux quantum circuit, photon number resolution

PACS: 74.25 fg, 74.25.Gz, 85.25.Cp

1. Introduction

Superconducting nanowire singlephoton detectors
(SNSPDs) have exhibited superior performance over other
singlephoton detectors (SPDs) in terms of high detection effi-
ciency, low dark count rate, low time jitter, and wide response
band. They have been widely used in quantum information
processing,[!?! deep-space laser communication,®! satellite
laser ranging,[*>! mid-infrared emission spectrometry,®! and
other applications. In SNSPDs, a detection event is triggered
by the hotspotinduced biascurrent redistribution in the read-
out circuit, and the pulse amplitude of SNSPDs is typically
determined by the bias current and the subsequent ampli-
fiers, regardless of the number of photons. As a result, it is
generally believed that intrinsic photon number resolvability
(PNR) in SNSPDs is absent, although some efforts on PNR
in SNSPDs have been reported.!”! However, SPDs with pho-
ton number resolvability are essential for several applications,
such as linear photon quantum computation and near-infrared
spectroscopy.'®?l Aiming at implementing PNR in SNSPDs,
multi-pixel SNSPDs or SNSPD arrays have been proposed to
resolve the number of incident photons.!!%!!] Recording the
detection signal of an N x N SNSPD array requires at least
2N bias-tees and amplifiers.!'?) Furthermore, the large num-

ber of operating hot cables in a large SNSPD array requires a
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compact and efficient cooling system.

To minimize the thermal power introduced by the read-
out circuit, a single-flux quantum (SFQ) circuit has been pro-
posed. This circuit has demonstrated its ability to convert and
register the signals obtained from SNSPD arrays into SFQ
digital pulses. In 2009, Terai et al. first used SFQ circuits
to convert the signals obtained from SNSPD arrays into SFQ
pulses by employing an interface circuit named as “magnet-
icfield coupled DC-to-SFQ (MC-DC/SFQ) converter”.[13-15]
Later, SFQ read-out circuits based on the MC-DC/SFQ con-
verter were further developed to determine the origin of the de-
tection pulse from SNSPD arrays.!!®1°1 Moreover, such SFQ
read-out circuits can be integrated on the same chip as the
SNSPD array, which further improves the integration level at
low temperatures and makes practical applications feasible.

To determine the number of detected photons, the SFQ
read-out circuits need to either resolve the amplitude of de-
tection pulses or directly record each pixel. Myoren et al.
employed a multi-stage MC-DC/SFQ module with six differ-
ent response thresholds to achieve a six-photon resolution. 6]
This method requires careful design of the coupling response
threshold current of each MC-DC/SFQ converter coil, and
the number of DC/SFQ modules increases linearly with the
number of resolved photons. Myoren et al. also used multi-
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ple MC-DC/SFQ to directly connect each pixel in an SNSPD
array.?%l Using the output terminal of a multi-level double-
flux-quantum amplifier connected in series with the MC-
DC/SFQ module, the response signals from the SNSPD arrays
can be converted into the output voltage amplitude, which is
proportional to the number of response pixels. This design re-
quires an extremely large chip area, which is costly for count-
ing a dozen of photons.

In this work, a method employing a multi-input mag-
neticfield coupled DC-to-SFQ converter (MMD2Q) circuit is
proposed as a read-out circuit in multi-pixel SNSPD devices.
This MMD2Q circuit provides PNR through signal combining
and amplitude discrimination. The successful operation of an
SNSPD array integrated with the MMD2Q converter circuit
in a compacted Gifford-McMahon (GM) cryocooler is also
demonstrated. The results confirm that the MMD2Q circuit
can be applied to achieve PNR in multi-pixel SNSPDs.

2. Circuit simulation and measurement

Compared with conventional MC-DC/SFQ circuits, the
proposed MMD2Q circuit can be used for signal combina-
tion and amplitude resolution in multi-input SNSPD arrays
and provides a simple way of recording signals obtained from
SNSPD arrays with PNR. In this section, the MMD2Q circuit
is initially designed. Subsequently, its operation is simulated
and tested. Finally, an SNSPD array device coupled with the
MMD2Q circuit is installed in a compact GM cryocooler, and
PNR is verified.

2.1. Circuit design

The circuit design is based on the cell library of the
SIMIT Nb/Al-AlO,/Nb SFQ process. The critical current in-

tensity of the Josephson junctions is 6 kA/cm?.[>!! Figure 1
presents a schematic diagram of the designed MMD2Q, which
consists of n 50 Q resistors connected in parallel, a trans-
former, 2 Josephson junctions, a Josephson transmission line
(JTL), and an SFQ/DC converter (Q2D). Each SNSPD is in
series with a 50 Q on-chip resistor, and the SNSPDs are in
parallel with each other, which are connected in series with
L;. Ly combines each signal from the SNSPD pixels and cou-
ples the combined signal to the transformer coil. To avoid the
SNSPD signal crosstalk caused by different pixels, the trans-
former impedance is intentionally designed to be small com-
pared with the impedance of the SNSPD pixels. The trans-
former consists of two coils (Ly and L;) and two junctions
(Jo and J1).
1.8 nH, respectively, and they are coupled by a mutual induc-

The Ly and L; inductances are 13.6 pH and

tance M = 105 pH. The junctions Jy and J; transform the input
SNSPD pulses into SFQ pulses, in which the critical current is
92.5 pA. The transformer bias current (Ip) in Jy, Ji, and L;
adjusts the threshold input amplitude current /y,. Owing to the
highly integrated MMD2Q circuit, the chip size is approxi-
mately 5 mmx5 mm, which is significantly smaller than the
half-wavelength of the SNSPD GHz-frequency signal. There-
fore, the MMD?2Q circuit can be simplified to a lumped cir-
cuit model. The signal transmission path lengths of the pix-
els are almost equal (length difference < 1 cm). Therefore,
the time difference among the superimposed signals of each
pixel is limited below the SNSPD geometric jitter time level
(typically ~ 12 ps for an NbN SNSPD with an active area of
10x 10 um).!??! The amplitude of the superimposed signals at
L1 has a linear relationship with the number of detected pho-
tons.

SNSPD device pulses /

[ snspD1
[ snspD2

[ snspD3

[  snspDn

Out

Q2D —>

Fig. 1. Schematic diagram of the MMD2Q circuit.
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Regarding the MMD2Q circuit operation, the SNSPD sig-
nal is initially coupled and amplified by the transformer, which
in turn triggers Jo, and an SFQ pulse is, therefore, generated.
The number of SFQ pulses generated can be expressed as fol-

lows:
I — 1y,) D
NSFQ{(“M‘*I)OJH, Iy > I, (1)
InwM
‘20 +Ih =1, )

where @y is a single magnetic flux quantum, I is the criti-
cal current of Jy and Jy, Ij; is the current flow in L;, Iy, is the
threshold current of L; that generates one SFQ pulse in Jo,
and Iy is the bias current of Jy. Then, the SFQ pulse is trans-
mitted to the output converter (SFQ/DC: Q2D) through the
JTL. Finally, the Q2D converts the output SFQ pulse into an
edge-jump signal, i.e., the signals from the detected photons

are transformed into a series of edge-jump signals.

2.2. Simulation of the MMD2Q circuit

To validate the performance of the designed MMD2Q cir-
cuit, an open-source PSCAN2[23! simulator was used to sim-
ulate the transmission and conversion of the input signals be-
fore fabricating the circuit. In the simulation, one channel is
adopted for the signal input. By tuning the input current am-
plitude, Iy is obtained when the SFQ pulse appears at J. The
current amplitude resolution Al = &y/M, which is the am-
plitude difference of the input current between two converted
pulses, determines the lowest current value of the SNSPD’s
output signal. In the simulation, Al is 19.55 pA. In Fig. 2(a),
the simulated SNSPD input signal amplitudes are shown in
black, and the converted SFQ pulses are shown in red. Four
triangular signals with rising and falling edges of 1 ns and dif-
ferent amplitudes were input. Since the MMD2Q circuit could
only convert the rising edge of input signals, their falling edges
were ignored. For a practical SNSPD pulse, the falling edge is
typically an exponential decay with a time constant of Ly /Ry,
where R is the external load of the read-out circuit (typically
50 Q). In the MMD2Q circuit, as the input signal ampli-
tude increases, Jy is triggered multiple times, proportionally to
the input signal amplitude. For example, by inputting signal
amplitudes of 37.5/75/150/750 pA to the 50 Q load resistor,
2/4/8/40 SFQ pulses, respectively, are eventually generated by
the MMD?2Q circuit, as illustrated in Fig. 2(a). Figure 2(b) il-
lustrates the simulated Iy, of the input signal as a function of
the bias current Iy of Jy and J;. It can be observed that as Iy
increases in the Josephson junction, Iy, that needs be biased
on the SNSPDs decreases. The difference in the [y, values for
different slew rate input signals may result in errors regarding
the resulting number of photons.

]800 F —— SSPD simulation (a)

—J 10.8
2 600f =
f% 2 4 8 40 ?5
o L e
£ 400 {04 &
2 £
g =
O 200 2
0 0
0 5.0 10.0
Time (10° ps)
40} (b) * 37.5 uA/ns -
° 75 pA/ns
30l 4 150 pA/ns |
@ v v 750 pA/ns
2 i ¥
= 20f 0 v
5 i + 7 .
10} L
é
0 1 1
50.0 100.0 150.0 200.0
Iy (pA)

Fig. 2. (a) Simulated input signals with different amplitudes and the corre-
sponding signals converted by the SFQ circuit. The number of the SFQ pulses
is marked upon the pulses. (b) Simulated current threshold Iy, for different
amplitude input signals as a function of the bias current in the transformer
module.

2.3. MMD2Q circuit fabrication and testing

The SIMIT Nb/Al-AlO,/Nb SFQ process was employed
to fabricate the MMD2Q circuit.[**! For simplicity, four par-
allel input channels were selected for demonstration. These
channels can combine up to four SNSPD signals and then send
the combined signal to the transformer. The layout of the fab-
ricated chip is illustrated in Fig. 3.

Transformer

Fig. 3. Layout of the fabricated MMD2Q circuit, including four parallel
input channels.

The circuit function was verified by first testing the chip
using simulated SNSPD signals as inputs. A signal generator
(Keysight M8190A) was employed to generate SNSPD signals
with different amplitudes. Seven SNSPD analog waveforms
with amplitudes ranging from —9.7 mV to —87 mV and a
30 ns pulse width were generated and then sent to the MMD2Q
circuit. Owing to the limited amplifier bandwidth, the rising
edge of the positive signal was too narrow to be recorded.
Therefore, negative signals were employed, which turned a
slow recovery edge into a rising edge for recording. The SFQ
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circuit was mounted on a GM-cryocooler system with a double
p-metal shielding at a 2.5 K base temperature. The ambient
magnetic field was measured to be less than 150 nT. The gen-
erated signals were attenuated by 24 dB at 2.5 K before being
sent to the SFQ circuit (top black waveforms in Fig. 4(a)). The
output signal from the Q2D module was amplified by the AM-
1431 amplifier (bandwidth: 1 kHz to 1 GHz; gain: 40 dB)
at room temperature and then registered by the oscilloscope.
The red waveforms in the bottom of Fig. 4(a) are the output

waveforms of the flipped edges for [y = 55 pA. The number
of flipped edges denotes the number of photons. Pulse ampli-
tudes of 2.20/2.88/3.43/4.12/4.67/5.35 mV were transformed
into a Q2D output signal with 1/2/2/3/3/4 flipped edges, re-
spectively. Owing to the limited amplifier bandwidth, the four
flipped edges were not clearly registered in the measurement.
Figure 4(b) shows the input signal current amplitude versus
the output edge-flip count. An edge-flip count corresponding
to 0—4 photons was distinguished from the pulse amplitudes.

—~
]
~
o

Flip count (n)

|
_
o

—~
>

£ 2} 1.37 mV

~ 120

o —~ .

.g —4 5 100 Ly +3XAT
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Fig. 4. (a) Input-pulse signals and the corresponding output waveforms with flipped edges for a 55 pA bias current. (b) Input signal amplitude
versus output edge-flip count. The same color block of amplitude range outputs the same flip count.

2.4. SFQ circuit integrated with SNSPDs

The PNR of the SNSPDs with the MMD2Q circuit
was experimentally demonstrated by fabricating a four-pixel
SNSPD array with I, = 28 pA. Fabrication details can be
found in a previous report.[>>) The SNSPD array and the
MMD2Q circuit were mounted on the same level with the

4 pixels SNSPD

A

(b)

Single
mode fiber

compact GM cryocooler at 2.5 K (see Fig. 5(a)). A schematic
diagram of the system is shown in Fig. 5(b). Since one of the
MMD2Q circuit input channels is reserved for the function
verification, three pixels were connected to the MMD2Q cir-
cuit using a 15-cm-long semi-flexible coaxial cable. Voltage
sources connected in series with 100 kQ resistors were applied
to each SNSPD pixel.

&

Oscilloscope

410.08
= .l S
o 10.04
& j=}
I 5
[a)
]
N
P2 1o <
— Dark count
2 2 1 2
-3 ; ; - L —0.04
—400.0 —200.0 0 200.0

Time (ns)

Fig. 5. (a) Layout of the SNSPD array and SFQ circuit installed in the cryocooler. (b) Schematic diagram of the SNSPD array with the MMD2Q
converter circuit. (c) Laser input sync signals (black line) with a 10 MHz frequency and corresponding output flipped signals (red line). All three pixels

were biased at —25 pA.
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To reduce the arrival time difference of different SNSPD
signals, the cable length difference for different channels was
within a maximum value of 1 cm, corresponding to a less than
50-ps time delay. The input 532 nm laser pulses were gener-
ated by PDL 800-B with a pulse half-height width of 55 ps.
Three SNSPD pixels were individually biased at —25 pA.
To reduce the MMD2Q Iy,, I was set to 100 pA, which re-
sulted in Iy, = 22 pA. The laser input sync pulses (black line)
with a 10 MHz frequency and a —66 dBm optical power are
shown in Fig. 5(c). The corresponding output flipped signals
with 0, 1, 2, and 3 flips at most can be observed (see the red
curve in Fig. 5(c)). The number of flips denotes the number
of the SNSPD pixels triggered by the incoming photons, thus
demonstrating the PNR of the SNSPD array with the MMD2Q
circuit. Note that the gaps between two flips for one input-
pulse response in Figs. 4(a) and 5(c) are different and related
to the decay time, pulse-waveform amplitude, and flip-count
threshold.

3. Discussion and conclusion

The PNR of the MMD2Q circuit mainly depends on the
maximum sampling rate f and the sampling accuracy Al of the
circuit. The maximum sampling rate in the proposed circuit,
which is determined by the SFQ circuit process parameters, is
approximately 50 GHz, and Al = &/M. For an [ input am-
plitude signal, the number of photons that can be resolved is
equal to //Al. For an SNSPD response pulse with a rising edge
of approximately time #;, the maximum PNR of the circuit is
equal to 1 x f. For example, for #; = 1 ns, the theoretical max-
imum PNR is 50. However, the actual PNR can be reduced by
the inconsistency of the SNSPDs and the current redistribution
in different SNSPD pixels when one SNSPD is triggered.[!?]

Another practical issue affecting the PNR is the amplifier
bandwidth in the proposed circuit, which limits the Q2D flip-
ping ability. This problem can be overcome by using a pulse
counter based on the SFQ circuit, which directly transforms
the combined signals into binary data.

In summary, an MMD2Q circuit employed as a readout
circuit in multi-pixel SNSPD arrays, which can implement
PNR, is proposed in this work. A four-input MMD2Q cir-
cuit and a four-pixel SNSPD array have been fabricated, and
a PNR of 3 is successfully demonstrated using three channels.
Consequently, this method is effective in implementing PNR
in SNSPD arrays.
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