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Abstract—Superconducting nanowire single-photon detectors
(SNSPDs) have emerged as leading cryogenic photon detectors,
thanks to their high detection efficiency and low jitter. However,
their large-scale integration remains limited by the wiring bottle-
neck between the cryogenic detectors and their room-temperature
readout electronics. In applications such as color-center-based
quantum computers (QCs), thousands of detectors may need to
operate in parallel within a limited cryogenic cooling budget, thus
asking for a scalable, low-power cryogenic electronic readout. To
address these needs, this work introduces a cryogenic readout
circuit directly wire-bonded to the SNSPD and using a high-
impedance input to maximize the quality of the detector signal,
thus relaxing the requirement of the cascaded amplifier and
reducing its power consumption. An active quenching circuit is
then adopted to ensure a reliable reset after the latching of the
detector induced by such high input impedance. Implemented
in 40-nm CMOS with an active area of <0.14 mm?, the system
achieves competitive performance at 0.1 K, delivering low timing
jitter (<40 ps), high speed (dead time of =5 ns), and dark
count rates (DCRs) below 1 Hz, while achieving a 5X reduction
in power consumption (down to 20 yW) with respect to the
cryogenic-readout state-of-the-art. Its ultralow-power operation
and compact footprint make the proposed solution well-suited for
integration within large-scale quantum-computing architectures.

Index Terms—Active quenching, color-center, cryo-CMOS,
quantum computing, readout, superconducting nanowire single-
photon detector (SNSPD).
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I. INTRODUCTION

UANTUM computers (QCs) hold the promise of deliv-

ering computational advantages far beyond what is
achievable with classical machines. However, current QC
prototypes remain far from offering the performance required
for real-world use. One of the key obstacles to scaling these
systems is the realization of an electronic interface capable
of reliably controlling and reading out qubits at scale [1],
[2], [3]. Among available qubit platforms, color-center qubits,
such as nitrogen-vacancy (NV) and tin-vacancy (SnV) centers
in diamond, stand out as promising candidates for large-
scale architectures [4], [5], since their robust, high-fidelity
quantum operations, relatively high operating temperatures
(~1 K), and compatibility with optical interconnects provide a
solid groundwork for large-scale integration. Their operation
at relatively higher cryogenic temperatures (CTs) than other
qubit platforms increases the available cooling power, while
the ability to place qubits several millimeters apart, thanks to
optical interconnects [6], [7], enables practical 3-D integration
of the qubits with their cryogenic electro-optical control and
readout circuitry [Fig. 1(a) and (b)] [5], [8], [9].

Since N'V-center readout relies on detecting the few photons
emitted during resonant excitation [10], a detector with high
efficiency is required to reliably capture these photons,
despite optical losses and the limited cyclicity of the optical
transition [11]. At the same time, a low dark-count rate is
essential to avoid spurious detection events that could mimic
real fluorescence and degrade spin-state discrimination. Thus,
single-photon detectors with high detection efficiency and
minimal dark count are critical for achieving high-fidelity
NV-center readout [5]. Considering the operating temperature
of color-center qubits, along with the stringent requirements
on detection efficiency and ultralow dark count rate (DCR),
superconducting nanowire single-photon detectors (SNSPDs)
stand out as the only viable technology capable of meeting
these requirements, thanks to both high-efficiency photon
detection and precise photon timing at CT [12], [13]. Unlike
several qubit platforms based on superconducting circuits or
semiconductor spins that only use purely electrical readout
[14], color-center qubits fundamentally require optical fluores-
cence for state discrimination, making single-photon detection
an intrinsic component of system architecture. This work,
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therefore, focuses on the electronic challenges introduced by
scalable cryogenic photon readout, with color-center quantum
processors serving as a representative and technologically
demanding application. As shown in Fig. 1(b), several
components in the target system, such as the optical switch
and qubit drivers, already require a cryogenic-CMOS (cryo-
CMOS) interface, thus easing the addition of a co-integrated
cryo-CMOS readout for the SNSPD. Thanks to the proximity
to the detector, such a readout can be readily connected to the
SNSPD, thus circumventing the wiring bottleneck between the
cryogenic detector and the typically adopted room-temperature
readout. However, the area and the power consumption of
the detector and its cryo-CMOS interface must be minimized
to comply with the integration requirements. To address
those needs, we demonstrate an integrated SNSPD readout
architecture designed to meet the requirements for robust
color-center detection and entanglement operations, and
operating even below 1 K. By eliminating the need for long
transmission lines between the SNSPD and its readout, the
conventional 50-Q matching constraint, imposed by offchip
cabling, is lifted, making it possible to employ a higher
input impedance that eases the amplifier requirements and
allows for a low-power design. Despite the potential of this
approach, prior work still required a power consumption
exceeding 100 puW for specifications comparable to this
work’s target application, even when adopting a low-noise
SiGe BiCMOS technology [15]. To bridge the gap between
existing readout solutions and the requirements of color-center
QCs, this work presents a fully integrated 40-nm cryo-CMOS
readout circuit that achieves a 5x reduction in static power
consumption compared to the state-of-the-art, enabled by a
minimalistic ultralow-power architecture that leverages a high
input impedance and active quenching to prevent the detector
latching otherwise induced by such a large input impedance,
with the achieved performance primarily enabled by the use
of a high input impedance, a single-stage LNA architecture,
and direct bonding to minimize input parasitics, rather than
by CMOS technology scaling alone. This article extends
on [16] by providing a review of state-of-the-art SNSPD
readout in Section II, deriving an analytical framework to
model the readout circuitry in Section III, and presenting a
comprehensive circuit description and experimental validation
in Sections IV and V, respectively. Concluding remarks are
drawn in Section VI

II. SNSPD READ-OUT CIRCUITS: FUNCTIONALITY AND
STATE-OF-THE-ART

A. Superconducting Nanowire Single-Photon Detectors

The detection mechanism of SNSPDs relies on breaking
Cooper pairs in a current-biased superconducting nanowire.
Upon absorption of a photon with sufficient energy, the
superconducting state is locally suppressed, forming a resistive
domain that generates a measurable voltage pulse across the
nanowire [17]. Following absorption, Joule heating raises the
local temperature above the critical threshold T, interrupting
the superconducting current. The nanowire kinetic inductance
Ly (typically in the range from 100 nH to 10 uH, depending
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Fig. 1. Architecture of a QC based on color centers. (a) 3D-integrated cryo-
CMOS electrical interface, photonic interface, and qubits. (b) Unit cell with
one color center, qubit driver, switch driver, optical switch, and single-photon
detector (one per unit cell, with one readout circuit per detector).

on the geometry) prevents an instantaneous redistribution
of the bias current, thereby temporarily sustaining current
flowthrough the emerging resistive domain and shaping the ini-
tial transient voltage response. The resulting current dynamics
can be approximated using the effective inductive time con-
stant of the nanowire. As shown in Fig. 2(a), once the resistive
domain forms, the bias current decays with a characteristic

time constant
Ly

T RL4R, (D)

where R, () denotes the time-dependent resistance of the non-
superconducting domain. As the hotspot develops and R,
increases, the effective resistance seen by L; rises, accelerating
the current decay. During this decay, R, typically reaches
values in the order of a few kQ, while it can be up to tens
of kQ if the full nanowire exits the superconducting regime.
During the reset phase, as R,(f) collapses and the nanowire
returns to the superconducting state, the current recovers with
a time constant approximately given by
* R
These inductive dynamics govern the pulse shape illustrated
in Fig. 2(a). Through heat diffusion and thermal conduc-
tion to the substrate, the nanowire cools and returns to
the superconducting state during the reset phase, setting the
minimum recovery time and maximum count rate. Thanks
to this principle, SNSPDs combine high sensitivity and low
timing jitter. For wavelengths around 1550 nm, state-of-the-
art detectors achieve system jitters of 6-8 ps [18], significantly
outperforming semiconductor photodetectors like InGaAs/InP
SPADs, which are typically limited to timing jitters in the
50-200 ps range at telecom wavelengths [19].

A key limitation in SNSPD operation is the occurrence of
latching. When a photon creates a resistive hotspot, the bias
current must rapidly divert from the resistive area to allow
the nanowire to return to the superconducting state. If the
bias current has no low-impedance path available, such as
when the typically-adopted load resistance R; in parallel to
the SNSPD is too large, a significant portion of the current
continues to flowthrough the resistive nanowire. This sustained
current generates additional Joule heating, reinforcing the
hotspot instead of allowing it to collapse. As a result, the
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Fig. 2. Readout architectures and corresponding SNSPD current dynamics during a detection event with photon arrival at #y. (a) Conventional configuration
with a 50-Q transmission line connecting the SNSPD to the readout circuit (typically operating at higher CT or even at room temperature), which enforces
the use of a 50-Q LNA and passive quenching. (b) Proposed scheme with the detector and the readout co-located at CT, thereby eliminating the transmission
line and the 50-Q matching requirement but asking for active quenching. The qualitative waveforms shown here are discussed in detail in Section III-C, where

the underlying current and voltage evolution is analyzed.

nanowire remains in a resistive state and is effectively latched,
disabling subsequent photon detection until the bias is reduced
or interrupted [20], [21]. Consequently, the choice of R; is
critical: it must be low enough to provide an efficient path
for the bias current to escape during hotspot formation and
avoid latching, yet high enough to ensure sufficient output
swing and timing performance for the readout electronics [15].
According to the conventional approach, the design of the
readout and amplification circuitry must then balance two main
requirements: maintaining a bias current slightly lower than
the critical current /. for maximum detection efficiency while
ensuring low load impedance and adequate thermal dissipation
to prevent latching.

B. SNSPD Readout Circuits

The readout of SNSPDs has conventionally relied on com-
mercial cryogenic or room-temperature LNAs with a standard
50-Q input impedance cascaded with a comparator to generate
a digital pulse retaining the photon-timing information [see
Fig. 2(a)]. Although this value of input impedance primarily
ensures proper matching to coaxial transmission lines, it
also provides sufficient electrothermal damping to suppress
latching, as demonstrated in both experimental and modeling
studies [20], [21], [22]. However, the low input impedance
significantly affects the characteristics of the SNSPD voltage
pulse, requiring the LNA to provide substantial gain and/or
lower noise, which increases power consumption and compli-
cates thermal management in large cryogenic systems. These
amplifiers, including cryogenic InP HEMT and SiGe wideband

LNAs, can achieve noise temperatures in the range from 2 to
5 K, bandwidths up to 12 GHz, and power consumptions in
the range from 5 to 50 mW, depending on device technology
and noise requirements. Such performance is feasible because
power dissipation is less restrictive at CTs above 1K than in
sub-Kelvin detector environments [23], [24]. When a single
detector is read out, this approach becomes advantageous:
using a dedicated cryogenic LNA reduces the readout noise
temperature well below the intrinsic SNSPD noise, typically
in the 1020-ps.ms range, with state-of-theart measurements
demonstrating rms jitters of 20 ps with optimized cryogenic
amplifiers [25], and below 10 ps for advanced detector geome-
tries using ultralow-noise readout electronics [26].

As cryogenic systems transition from single-channel to
multi-pixel SNSPD arrays, conventional methods become
less feasible. Implementing a high-power cryogenic LNA
for each detector conflicts with the limited cooling capabil-
ities of cryostats and would increase the complexity of the
wiring between detectors and their readout. To address this
issue, on-chip multiplexing methods, such as time-division,
frequency-division, and amplitude multiplexing, have been
developed [27], [28], [29]. While these methods simplify
wiring, they require additional superconducting circuits on
the detector side, leading to significant tradeoffs. Depending
on the multiplexing strategy, designers may face lower count
rates, increased timing jitter, or changes to SNSPD geome-
try, possibly reducing the system detection efficiency. Unlike
detector multiplexing strategies, our work targets scaling down
the readout electronics power and footprint without modifying
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the detectors. Such a compact, ultralow-power cryo-CMOS
readout would then be compatible with large-scale quantum
processors, eliminating power-intensive wideband cryogenic
LNAs and on-chip multiplexing elements. Thanks to the low
power, the readout electronics for multiple channels can be
operated very close to the detector chip, thus simplifying the
interconnects and paving the way to a possible (3-D) hybrid
integration scheme for the SNSPD and the electronics [30].

To achieve the target specifications, the proposed readout
leverages the absence of long 50-Q-matched transmission lines
to adopt a high-input readout impedance that enhances the
SNSPD voltage pulse but introduces the risk of latching. To
prevent latching in high-impedance SNSPD readout architec-
tures, active quenching can be employed. In particular, the
work by Ravindran et al. [15] demonstrated that replacing the
conventional low-impedance (50 Q) input with a high input
impedance enables the readout to leverage the inherent gain
of the SNSPD during detection. By allowing the hotspot to
drive a substantial voltage across a large load resistance, the
SNSPD generates a larger electrical pulse (i.e., higher slew
rate), significantly relaxing front-end noise requirements. A
controlled reset loop with programmable timing then allows
the nanowire to return to the superconducting state without
entering a latched regime. While this prior work established
the feasibility and qualitative benefits of active quenching, it
did not address how the readout circuit parameters, specifi-
cally transconductance g,,, input capacitance, bandwidth, and
load impedance, quantitatively affect timing performance. The
dependence of timing jitter on the interplay between readout
amplifier output-referred noise, input-network dynamics, and
amplifier slew rate remains largely unexplored. To bridge this
gap, Section III-A presents an analytical framework linking
the parameters of the readout circuit to the system-level
performance.

III. SYSTEM DESIGN AND OPTIMIZATION

A. Target Specifications for NV and SnV Center Readout

For entanglement generation between color centers, the
SNSPD readout must resolve arrival times on a timescale
shorter than the emitter’s optical decay. For instance, the
radiative lifetime of SnV centers outside a cavity is ~6 ns,
implying that detector jitter should be limited to a small
fraction of this, typically 200-300 ps, to avoid temporal
smearing of the photon wave packet [31]. Embedding the
center in a nanophotonic cavity further shortens the lifetime
and tightens these constraints. High timing resolution is also
required to preserve photon indistinguishability in the presence
of frequency detuning Aw [32]: the fidelity of the two-photon
interference drops as the detector response time approaches
the beat period 2m/Aw. Sub-nanosecond timing jitter ensures
that the detector response time remains much shorter than
the characteristic beat period associated with frequency detun-
ing between photons, preventing detector-induced temporal
averaging from introducing additional temporal-mode distin-
guishability. This preserves the phase coherence necessary for
high-fidelity two-photon interference and remote entanglement
between non-identical, spatially separated color centers [33].

IEEE JOURNAL OF SOLID-STATE CIRCUITS

Beyond timing constraints, the high detection efficiency of
SNSPDs (>98% at visible and telecom wavelengths) is a major
advantage for this application [13]. Entanglement schemes
based on single-photon heralding suffer from low success
probabilities, since both emitters must generate and transmit
a photon in each trial. Any detector inefficiency quadratically
reduces the success probability.

In addition to jitter and efficiency, the SNSPD readout
must support short post-detection time-filtering windows after
signal digitization. Experiments with NV centers with a 12-ns
radiative lifetime [34] demonstrate that the SNR is maxi-
mized for gate lengths of approximately 6 ns, with typical
operating points around 10 ns to balance fidelity and success
rate. For SnV centers, with lifetimes approximately half as
long, these values scale proportionally. Taken together, these
considerations impose strict requirements on the readout chain:
low-noise operation (<300-ps timing jitter), high count rates of
at least 20 MHz (requiring a recovery time below 50 ns), high
detection efficiency, and minimal static power (<100 uW to
satisfy the cooling budget of the system in Fig. 1, including
the SNSPD bias circuitry), while enabling nanosecond-scale
windowing to preserve fidelity and the rate of remote entan-
glement operations.

B. Timing Jitter Optimization

As depicted in Fig. 2, the simplified front-end features an
SNSPD modeled with an inductance L;, a state-dependent
resistance R,(#), and the current-dependent effective capac-
itance of the nanowire Ceg(I), with [, being the SNSPD
bias current [20], [21]. To accurately reproduce the SNSPD
dynamics, including rise time, fall time, and reset behavior,
we use the established SPICE electrothermal model introduced
in [21], with device parameters detailed in Section IV-A. The
SNSPD is directly connected to the load resistance R; and to
the LNA. We model the input impedance of the readout circuit
with a parasitic input capacitance Cj, in parallel to R;.

The timing jitter at the LNA output is determined by the
slew rate and the integrated noise at its output. Following the
small-signal approximation, the rms jitter o, can be approxi-
mated as

Ty, out
o 3
"~ SRuu (3)

where o, o 1 the rms noise voltage at the threshold crossing
and SRy, is the effective slew rate of the LNA output.
After photon detection, the LNA input voltage increases at a
finite slew rate SR;,. By assuming that the passive-quenching
readout in Fig. 2(a) adopts a low R; (R, < R,) to prevent
latching and the active-quenching readout adopts a high R,
(Rp > 2009Q) [35], SRy, for a given bias current I, in
the active-quenching regime and in the passive-quenching is
restricted by the total input capacitance or by L, and the load
resistance Rj, respectively, and can be expressed as [15]

IRy Lk
— > (R R,)(
r R Rn ( L ” n) eq

——, fo
8Ly Ceq(lp)
SR, = V 3 @)

I Lg
, for ———— < (R || R,) Ce
Ceq (Ib) RL + Rn ( t ” ) 4
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where Ceq(ly) = Cin + Ceg(Ip) is the equivalent capacitance
at the LNA input. Two main mechanisms can limit the slew
rate at the LNA output: the finite amplifier bandwidth and the
input slew rate, with one of the two mechanisms dominating
depending on the detector size and the amplifier speed [25]. In
the operating regime of interest, we assume that the detector-
induced transient does not limit the output slew rate, as we
do not require extreme timing jitter specifications, and we
target a very-low-power readout. In this regime, the detector
sets the input slew rate, while the amplifier limits the output
slew rate relevant for timing jitter. This results in the amplifier
limiting the slew rate and the noise bandwidth at its output.
We model the amplifier as a linear element with an equivalent
transconductance g,,, output impedance R,,, DC gain by
A, = gmRou, and output load C;. The peak voltage at the LNA
input is I, - (RL||R,), with R, being the detector resistance at
the threshold crossing. With those assumptions, the slew-rate
at the amplifier output can be approximated as

gmlh (RL”Rn)
CL ’

For noise estimation, the contribution of flicker (1/f) noise
is neglected, as its effect is confined to low frequencies and
becomes negligible when the operating bandwidth significantly
exceeds the device’s flicker-noise corner frequency. The noise
contributed by the SNSPD bias current source is neglected,
since it is typically much smaller than the noise of the input
circuit (R, and Ry). Under those assumptions, the LNA output-
referred integrated noise can be modeled by combining the
amplifier’s thermal and shot noise (assuming it is dominated
by an input MOS transistor with transconductance g,, and
drain current I;) with the thermal noise from R, and R,

Av qF
vout = - kT m R Rn e E—— 6
T, JQJJ [+ 8n RUIRD] + 50 s ©

where k denotes Boltzmann’s constant, g is the elementary
charge, T is the absolute temperature, y is the excess noise
factor of the input transistor (taken as 2/3), and F is the Fano
factor describing the shot-noise component of I;, assumed
constant and equal to 0.1 at both 300 and 1 K [36], [37].
Substituting (5) and (6) into (3) yields a compact expression
for the LNA output-referred timing jitter, valid under the
amplifier-limited regime, that is, (R.||R,)Ci < Ry:Cp

VA,CL

" gnly (RLIIR,)

SRou ®)

(o]

_af
2 (gn/1a)’

The timing jitter in (7) indicates a tradeoff among transcon-
ductance, load capacitance, and bias currents. Increasing either
gm or the SNSPD bias current [, enhances the bandwidth-
limited slew rate, reducing jitter. However, a higher g,
amplifies the relative contribution of the input-network thermal
noise kT (R.||R,). In contrast, increasing the amplifier band-
width, that is, reducing the load capacitance Cy, is beneficial,
as it improves the slew rate and lowers the integrated output
noise, at least in the amplifier-limited regime.

: \/kT (v + gm(RL | R)) + (7

To validate the extracted model, a circuit-level transient
simulation was performed using the LNA architecture shown
in Section IV-B, excluding the feedback amplifier. The LNA is
implemented as an ideal 40-nm CMOS single-transistor stage
with g,,/I; = 16 V™! and a DC gain of approximately 25 dB.
The total load capacitance was assumed to be C; = 40fF.
The SNSPD SPICE model was directly connected to the LNA
input to reproduce the system’s time-domain behavior. The
input capacitance was set to Ci, = 350fF, and the SNSPD
bias current to I, = 20 pA. A few simplifying assumptions
were introduced: only the noise contribution of the main
amplifying transistor (M) was considered, and the feedback
device (M4) was biased with an ideal voltage source instead
of being regulated by the feedback loop. The timing jitter
has been estimated by assuming the circuit is tuned to trigger
the comparator at the instants of maximum output slew rate,
which is non-trivial to estimate analytically due to the non-
linearity of the SNSPD lumped elements [R,(f), Li(¢), and
Cerr(1)] and the presence of multiple poles in the system.
Thus, SRy is extracted from the transient response as the
maximum slope of the LNA output, while the output-referred
noise o, oy is obtained by integrating the total white noise over
the LNA’s bandwidth. The timing jitter as a function of g,
is then computed using (3). All simulations were conducted
at 300K, as the available transistor models are unreliable
below —55 °C [38].

As discussed in Section II-A, upon photon absorption, the
time-varying SNSPD resistance R, (¢) at the comparison instant
becomes significantly more influential when using a large load
resistance compared with a small load. The term R,(7)|| R,
affects both the slew rate (5) and the output-referred noise
(6), and therefore influences the estimated timing jitter (7).
The SNSPD resistance R, (f) can be written as [15]

R, (1) = Rn,pk(l - 672'2””“) (8)

where ;. denotes the hotspot growth time constant and R, yx
represents the peak normal-domain resistance determined by
the nanowire geometry and its kinetic inductance. For the
SNSPD parameters discussed in Section IV-A, we estimate
ftise & 27ns and R,px ~ 34kQ. A direct estimation of R,
at the maximum slew rate instant yields values ranging from
roughly 600 Q at g,, = 1 mS to about 30 kQ at g,, = 5 uS.
Those extracted values are used when computing the jitter with
().

Fig. 3 shows the circuit simulation results at 300 K com-
pared to the analytical model expressed by (3) as a function of
gm, along with the model extrapolated to 1 K. The comparison
is conducted for two load configurations (R, = 10kQ and
R, = 50Q), thus highlighting the benefits of using a large
load resistance over a smaller one. In the amplifier-limited
regime, the slew-rate term scales with the LNA input voltage
I - (Rr|IR,), while the contribution of the input network to
Oyout iNCreases with (gmRLIRNV?. As a result, a larger R,
leads directly to a smaller contribution of the input network
to the jitter. Furthermore, the contribution to the jitter due
to the amplifier directly improves, thanks to the higher slew
rate. This results in more than an order-of-magnitude reduction
in jitter by moving from tens of ohms [Fig. 2(a)] to several
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Fig. 3. Timing jitter at the LNA output as a function of g,. Symbols

correspond to circuit-level transient simulations performed only at 7 = 300K
using the Cadence Spectre simulator and including the full SNSPD interfacing
network and the SNSPD electrical model. Solid and dashed lines show the
analytical timing-jitter predictions given by (7) for Ry, = 10kQ and Ry, = 50Q,
respectively. The analytical model is evaluated at 7 = 300K (red) and 7 = 1 K
(blue).

kilo-ohms [Fig. 2(b)], even with identical transistor parame-
ters. This benefit decreases as g,, increases, as shown in (7)
and highlighted in Fig. 3.

As temperature decreases, the thermal-noise terms decrease,
while the slew rate remains constant, if not better, as the
amplifier could benefit from a wider bandwidth for the same
transconductance at CT [modeled in (7) by a smaller C] [40].

To meet the target rms system jitter of 40 ps, it is necessary
to account not only for the jitter contribution of transistor M1,
as estimated in Fig. 3, but also for additional noise sources
in the readout chain, as well as the intrinsic jitter of both the
SNSPD and the laser. Considering the design margin required
to achieve the jitter target without incurring excessive power
consumption, a transconductance value of g,; = 390 uS was
selected. As indicated in Fig. 3, this operating point yields
a jitter contribution of only a few picoseconds at 1 K. For
such sizing, the noise contributions appearing in (6) distribute
differently depending on the load resistance and temperature.
At T = 300K with R; = 10kQ, approximately 17% of the
total output noise originates from the shot noise of transistor
M1, 47% from its thermal noise, and the remaining 36% from
the input network. When using a smaller load (R, = 50 Q), the
proportions would shift to 26% from M1 shot noise, 72% from
M1 thermal noise, and only 2% from the input network. At
T = 1K, however, the shot noise term dominates, accounting
for approximately 97% of the total output-referred noise. It
should also be noted that including additional noise sources,
such as those contributed by the amplifier active load and
the comparator’s input-referred noise, will further degrade the
overall timing jitter beyond the estimates shown in Fig. 3. It
should be noted that these simulations are performed using the
proposed LNA architecture and are intended to compare input
load configurations within this specific design; they do not
represent the ultimate performance achievable with dedicated
high-power 50-Q cryogenic amplifier implementations.
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Fig. 4. SNSPD overshoot current after opening of Ry4. In red, the selected
working configuration of Ry and R, in the measurements. In the plot, Ly =
200 nH, Cj;;, =350 dF, Atyq =10 ns, and I, = 20 uA.

C. Active Quenching

Since the proposed architecture leverages the latching
behavior of the SNSPD, the reset mechanism significantly
affects both the count rate and the reliability of the system. As
highlighted in the waveform in Fig. 2, when a photon drives
the SNSPD out of its superconducting state, the bias current
redistributes between the load resistor R; and the SNSPD,
now mainly characterized by a resistive impedance R, and
a negligible inductance. When the resulting voltage pulse is
detected by the cascade of the LNA and the comparator,
the active quenching switch is closed (at f,,) to short the
bias circuit away from the SNSPD, consequently allowing
the detector to cool down and recover superconductivity. The
time constant associated with the thermal cool-down of the
SNSPD is typically much faster than the electrical circuit
dynamics, so that it is approximated as instantaneous in the
following. However, if the switch impedance R, is too high,
that is, Ruy > Ragmax, NOt enough current is diverted, and the
SNSPD remains in the latched state (blue curve). If the switch
resistance is low enough (black and red curve), enough current
is shunted, so that the SNSPD recovers its superconductivity
and starts absorbing more current thanks to its low (inductive)
impedance. The current in the SNSPD inductance undergoes
a transient from the initial condition at f,, (determined by I3,
R, (t.g), Rr, and R,,) toward its steady state value /I, following
an approximately exponential settling typically dominated by
the inductor time constant 7, = Li/(R||R4,), since typically
(RLlIR.g)Cin < 71 However, at t,, + At,,, the active quenching
switch is opened, creating a resonant circuit composed of Ly,
Cin, and R; with a relatively high quality factor. Depending
on the value of the inductor current at f,, + At,,, which is
a strong function of R,,, the SNSPD current can overshoot
beyond its critical current /., leading to the SNSPD triggering
again and causing a sequence of afterpulsing. This happens
for a too small switch resistance, that is, R,y < Rugmin, Which
leads to a too slow current transient between #,, and t,, + At,,.
A relatively small overshoot can already be detrimental, as the
bias current [, is typically chosen close enough to the critical
current to reach the onset of internal efficiency saturation,
that is, I, = p - Ic, with p = 80%-95%. To analyze
the interaction between the active-quenching circuit and the
SNSPD, a simplified SPICE model for ¢ > f,, based on
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the schematic in Fig. 2(b), has been developed. The SNSPD
is modeled solely through its kinetic inductance Ly, as the
nanowire gains back its superconducting state on a very short
timescale. The behavior of this model has been validated
through cross simulations with the same SNSPD model based
on [21]and used for the simulation of the jitter performance
in Section III-B. The maximum overshoot in SNSPD current
extracted from the model is plotted in Fig. 4, showing that
for a higher R, the effect of the higher quality factor of the
resonant tank must be compensated by a larger R, that speeds
up the current recovery during the active quenching. The
minimum resistance Ryq,mi» can then be determined by setting
the maximum allowed overshoot, for instance, the 10% line
adopted in this work. The upper bound Rg ax for the switch
resistance is the same upper bound for the load resistance for
the passive quenching (see Section II-A), that is, a few hundred
Ohms, thus not representing a limitation in practice.

D. Design Tradeoff Summary

Designing a low-power readout architecture based on active
quenching involves balancing several interdependent tradeoffs
between timing performance, stability, and energy efficiency.
Increasing the input-stage transconductance improves the slew
rate and reduces the LNA-limited jitter, but also raises power
consumption and enhances the shot-noise contribution asso-
ciated with higher bias currents. Similarly, a larger load
resistance boosts the output swing and improves jitter perfor-
mance, but drives the input section toward the underdamped
regime, increasing current overshoot and the likelihood of
afterpulsing. As a result, R; can be optimized for jitter
performance, as described in Section III-B, and R, chosen
accordingly. To ensure a safety margin, the design presented
here adopts Ry = 10kQ and R,;, = 70Q (see Fig. 4).

IV. PROPOSED ARCHITECTURE
A. SNSPD Fabrication

For the realization of photonic circuits with broadband
transparency and minimal absorption loss, we use stoichiomet-
ric silicon nitride (Si3N4) as waveguide material. A 250-nm
layer of Si3Ny is deposited via low-pressure chemical vapor
deposition (LPCVD) onto a 2-um thermally oxidized SiO,
layer on a silicon substrate. Before circuit fabrication, a
nominal 10-nm-thick NbTiN film is deposited on top of the
nitride layer by magnetron sputtering. Afterward, the electrical
contact pads and alignment markers are patterned by pho-
tolithography. The structures are then realized by evaporation
of 100-nm Au, followed by a lift-off process. 10-nm Cr is
deposited before the Au layer, for the benefit of improving
adhesion. Following this step, the nanowire geometries are
defined using electron beam lithography (EBL) on positive-
toned resist AR-P 6200.04. After removing unexposed resist,
a short oxygen plasma step is performed to eliminate any
remaining resist residuals. Subsequently, nanowire patterns
are transferred from the resist into the NbTiIN film using
reactive ion etching (RIE) with SF¢ and O, plasma. The
Si3N4 waveguides are patterned with EBL using AR-P 6200.06
e-beam resist and then etched with RIE using CHF; and Ar

plasma. To mitigate the measurement uncertainty associated
with low coupling efficiency, flood illumination has been
employed to obtain a more direct estimate of the intrinsic
detection efficiency. A scanning electron microscope image
of the resultant nanowire atop SizN, waveguide is shown
in Section V-A. The resulting device consists of a single-
bend nanowire with an active detection region approximately
100-um long and 10-ym wide. Preliminary measurements
indicate a room-temperature normal-state resistance of the
nanowire R, =~ 375kQ. To simulate the behavior of the
system, an SNSPD model based on [21] was employed with
the following parameters: L; = 200 nH, normal-state resistance
R, = 375kQ, critical current I, = 18.5 pA, and hotspot-related
capacitance C,rr = 473 fF.

B. Front-End Circuit

Fig. 5 illustrates the schematic of the cryo-CMOS readout
design. The CMOS chip includes two on-chip pads used to
directly bond the SNSPD. Since the operating temperature
remains highly stable, the on-chip bias current is generated
using an internal unsilicided P™ poly resistor Ry, in Fig. 5(c),
which provides sufficient accuracy for this design iteration. A
more precise current-reference architecture could be incorpo-
rated in future versions if required. A PMOS current source
Mpiqs provides the bias current for the SNSPD. Programmable
diodes My _, are used to program the current in the LNA,
as explained later in this section. To experimentally explore
the tradeoffs discussed in Section III, the readout input resis-
tance Ry can be selected from a set of 5 silicided P™ poly
resistor (nominal value at RT of 50 ©, 500 Q, 2 kohm,
10 kohm, 100 kohm) and their parallel combinations, which
are expected to decrease by ~20% when cooling to CT [41].
Each resistor is enabled through an individually addressable
NMOS switch (Dy-4). To enable the analysis of the impact
of the quenching resistance on the recovery dynamics, the
active-quenching switch M,, is implemented using 7 pro-
grammable parallel NMOS transistors with binary-weighted
widths, schematically represented by the resistor R, in Fig. 2.
The active-quenching resistance is selected by routing the V4
signal through a programmable multiplexer. This multiplexer is
realized with 2.5-V-thick-oxide NMOS transistors, which offer
improved robustness to cryogenic threshold-voltage shifts,
therefore guaranteeing sharp rail-to-rail transitions. Moreover,
because the same shift-register infrastructure is reused across
all programmable blocks, operating the multiplexer at 2.5 V
eliminates the need for a dedicated level-shifting stage, reduc-
ing circuit complexity and overhead. With this topology, the
effective active-quenching resistance R,, can be adjusted from
approximately 15 Q-2 kQ at RT. The activation and quench-
ing duration is determined by a delay chain, as described
later in Section IV-D. The NMOS devices used for active
quenching employ cryogenic-aware forward body biasing [41],
achieved by connecting the body contact to an external 1 V
bias to counteract the cryogenic increase in Vy,. This technique
ensures sufficient overdrive for the switch during quenching by
inducing a threshold voltage reduction from 550 to 300 mV,
effectively restoring the room-temperature Vy;,. As a result, a
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Fig. 5. Overview of the cryo-CMOS readout circuit: (a) transistor-level schematic of the cryo-CMOS readout circuit, (b) transistor-level schematic of the
comparator, and (c) transistor-level schematics of all the biasing circuitry with their programmable elements.

smaller switch can be used, reducing parasitic loading at the
readout input node (C;,).

C. Low Noise Amplifier

The LNA adopts a single-stage cascoded common-source
amplifier, with M as the input device, M, as its cascode, and
an active load formed by M;_4, biased at approximately 7 uA
to meet the jitter specifications. This topology was selected
for its simplicity, as it provides the required gain with the
minimum number of branches, which is advantageous for
reducing overall power consumption. The gain transistor M; of
the LNA is designed to operate in weak inversion to maximize
transconductance efficiency, which is known to benefit jitter
performance, as discussed in Section III-B. The MOSFETSs
typically exhibit a substantial increase of the subthreshold
slope at CT, leading to a 3 increase in the transconductance
8m, (from g,, = 130 uS estimated from RT simulations to
390 uS) for the same bias current [38]. The bias voltages (Vs
and Vy3) of the LNA cascode transistors M, 3 are generated
by 5-bit programmable NMOS and PMOS diodes fed by 7-bit
programmable current mirrors. This approach ensures that the
cascode transistors remain in saturation across temperature,
compensating for the threshold-voltage increase observed at
CTs. Connected to the negative terminal of the SNSPD, a
7-bit programmable input branch (M;, and My,) of a wide-
swing cascode current mirror exploits the superconducting
state of the SNSPD to achieve significant current reuse. The
output branch of this current mirror coincides with M;, in
the LNA. In this configuration, the circuit can tune the bias

current delivered to the SNSPD while maintaining a constant
quiescent current in the LNA, thereby ensuring a consistent
transconductance for M; across the entire SNSPD bias-current
range. A slow feedback amplifier (Arp), consisting of a PMOS
differential input pair loaded by an NMOS current mirror,
ensures proper bias of the amplifier active load M3_4, and sets
the amplifier DC output V,,,, =~ 400 mV using an externally
provided voltage reference Vpp. App must detect the DC drift
at the amplifier output while maintaining a narrow bandwidth
(<10 kHz) to filter out high-frequency components. This is
crucial for preventing LNA bias drift at high event rates. A
programmable Miller compensation capacitance Cy; ensures
the loop stability, and a programmable load capacitance Cpp is
used to tune the bandwidth of the feedback amplifier. Although
this feedback loop slightly reduces the amplifier gain, it does
not affect the detection efficiency or the system jitter.

D. Back-End Circuit

The comparator, shown in Fig. 5(b), consists of a PMOS
differential input pair (Ms_¢) with an NMOS current-mirror
load (M7_g). Its role is to detect the LNA output crossing
an externally provided threshold voltage, generating a sharper
digital-like transition that helps contain the overall timing jit-
ter. For a given total current, the comparator speed is optimized
by sizing the current in Mgg 4x shorter than the current in
Ms 7, which directly affects the signal path. Although this
current distribution worsens the intrinsic noise performance
of the comparator, a quantitative noise analysis shows that
its contribution remains negligible compared to the LNA. In
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particular, the dominant comparator noise originates from the
PMOS input differential pair and is found to be more than
two to three orders of magnitude lower than the LNA output-
referred noise over the relevant range of transconductance,
load resistance, and operating temperature. The high gain of
the LNA ensures that the signal is significantly amplified
before reaching the comparator stage, further reducing the
relative impact of comparator noise on the overall timing jitter.
The total bias current of the comparator is programmable
through a two-stage scheme: a 7-bit NMOS-based current
mirror defines the coarse current level, which in turn sets the
resolution of the 4-bit PMOS-based current mirror M,,.

The choice of the comparator threshold is critical for
minimizing timing jitter. Ideally, the threshold must be placed
near the point of maximum slope in the LNA output waveform.
However, setting the threshold too close to the LNA DC
output voltage increases the probability of noise-induced false
triggers. Conversely, placing the threshold too far from the
DC output level is also detrimental [see Fig. 2(b)]. As the
LNA output approaches its peak value, the waveform flattens,
reducing the local slope and thereby degrading the jitter.

The comparator buffered output is sampled by a standard-
cell-based SR latch. The latch Q output (Vo) serves both
as the readout output and the driving signal for the active
quenching switch, whereas the O output drives a current-
starved inverter-based delay chain that resets the latch. This
delay chain controls the output pulsewidth and defines the
quenching-switch on-time during the SNSPD post-detection
cooldown. Since a too short delay can lead to improper
quenching while a longer delay limits the count rate, the delay
time can be programmed from 5 to 75 ns through a 7-bit
NMOS-based current mirror that sets the inverter bias current.

V. MEASUREMENT RESULTS
A. Measurement Setup

Fabricated in a 40-nm CMOS process, the readout circuit
occupies an active area of approximately 0.14 mm? and draws
a total current of 29 uyA from a 1.1-V supply. The overall
power is distributed among the key functional blocks as
follows: 38% for the SNSPD biasing branch, 42% for the
analog amplifier, and the remaining 20% for the compara-
tor and digital control logic. A preliminary characterization
performed in liquid helium using an emulated SNSPD pulse
generated by a Tektronix' AWG5014C showed a system jitter
of approximately 30 ps;ns at 4 K. The measurement data and
analysis files are found in [39]

Thanks to its low power consumption, the circuit can be
operated at sub-Kelvin temperatures without exceeding the
cryostat’s thermal budget. For subsequent experiments, the
chip was installed in the mixing chamber stage of a BlueFors'
SD dilution refrigerator, operating at a base temperature of
about 70 mK (see Fig. 6.). The CMOS die and the SNSPDs
are glued on the same substrate, allowing direct electrical
connection through short (approximately 5 mm) aluminum
wirebonds. The resulting bonding-wire inductance (= 5 nh)
is negligible compared to the intrinsic kinetic inductance of

IRegistered trademark.

the SNSPD (L; = 200 nh), while parasitic capacitance at the
input node remains the dominant factor influencing timing
performance, as described by (4).

Multiple SNSPDs were integrated on the same chip: one
has been connected to the cryo-CMOS readout under test,
and another has been routed to a conventional RT readout
chain for reference measurements. The RT path employed
two ZFL-1000LN+ amplifiers in cascade, providing a bench-
mark for timing and pulse shape comparison. Both SNSPDs
were illuminated simultaneously through a shared optical
fiber delivering a Gaussian spot large enough to cover both
detectors, ensuring comparable photon fluxes in each channel.

The CMOS chip provides the bias current directly to
its associated SNSPD, and its operating conditions were
configured via on-chip shift registers accessible through an
SPI interface. These registers set the bias levels and over-
all readout configuration, allowing flexible tuning of circuit
parameters from room temperature. For proof-of-concept val-
idation, the system was illuminated with a Cobolt! 06-MLD
continuous-wave (CW) 520-nm laser. For jitter characteriza-
tion, a picosecond pulsed NKT (SuperK FIANIUM) laser
was employed, with its electrical trigger used as a reference
to compute the overall system jitter. The optical power was
attenuated to the single-photon regime using calibrated optical
attenuators and a power meter positioned outside the cryostat.
Although fiber coupling losses were not directly quantified, the
power incident at the cryostat input was estimated to be on the
order of a few microwatts. The cryo-CMOS output waveforms
were recorded using a Teledyne LeCroy WavePro' 7 Zi-A
real-time oscilloscope (1.5-6-GHz bandwidth), and the timing
jitter was extracted using its built-in time-interval histogram
function by measuring the delay between the laser trigger
edge and the corresponding chip-output threshold crossing; the
oscilloscope intrinsic timing jitter (sub-ps rms) is well below
the jitter levels reported in this work.

B. Result Discussion

The impact of R,, on afterpulsing behavior is depicted in
Fig. 7. Three distinct operational regimes emerge: as explained
in Section III-C, when R, is too low (R, < 50 Q), a sharp
reinjection of the entire bias current at the end of the recovery
phase leads to pronounced afterpulses, as clearly visible in
the figure. Conversely, as explained in Section III-C, when
R,q 1s too high (not shown), the circuit behaves similar to
a high-impedance readout, causing latching and preventing
proper operation. An optimal intermediate resistance value
(Ryq = 65 Q) results in photon-induced pulses without after-
pulses, thus demonstrating stable and efficient reset behavior.

Fig. 8 shows the count rate and the DCR for the full
range of SNSPD bias currents for both the cryo-CMOS
and RT readout. The similar response trend for the two
readout systems demonstrates that the cryo-CMOS is not
limiting the readout, thereby validating its suitability for low-
power cryogenic quantum applications without compromising
performance. The observed variations between RT and CT
are attributed to the fabrication-related spread between the
two individual detectors used for the RT readout and the
cryo-CMOS readout.
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Fig. 6. Measurement setup. (a) Schematic representation of the room-temperature setup used for the characterization of both the cryo-CMOS readout and
the bare SNSPDs connected to room-temperature LNAs. The LDO bank is implemented with Analog Devices LT3042 linear regulators. (b) Photograph
of the BlueFors SD dilution refrigerator hosting the test PCB. (c) Close-up view of the test PCB mounted on the cold finger, showing the cryo-CMOS die and
the SNSPD die wire-bonded to the PCB and to each other. (d) Micrograph of the SNSPD consisting of a single-bend nanowire with an active detection area
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area on the SNSPD die contains additional unused test structures. (e) Micrograph of the CMOS readout chip.
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Fig. 7. Measured normalized cryo-CMOS digital output. The digital output
of the chip exhibits reversed polarity, meaning that the falling edge of the
signal corresponds to the detection event. The plot shows the impact of active
quenching resistance on afterpulsing. In the plot, Ry, = 10kQ, and [;, = 12 uA.
Overshoot and ringing on the rising edge are due to the combined effect of
a non-matched driver driving a ~4 m-long 50-50 Fig. 8. Measured count
rate and DCR as a function of the SNSPD bias for cryo-CMOS (blue) and
RT readout (red) for Ry = 10 kQ. The RT readout was used as a reference
to establish the expected SNSPD characteristics under identical bias and
temperature conditions, providing a baseline for comparison with the cryo-
CMOS readout path.

The relevance of the comparator’s decision time is high-
lighted in Fig. 9, which shows both the measured DCR and the
system timing jitter as functions of the comparator reference
voltage, expressed as a percentage of the LNA output swing
(i.e., lower percentages correspond to a reference voltage

10%¢
[ —— cryo-CMOS Len
:_RT ...lllllllll.
~ 103k ..l..l!'ﬁ‘llllllll
o | st .
5102- "
g [ ] [ ]
S 10t -
10F - m CR
L= -e— DCR
100 1 1 | | i | i
5.0 7.5 10.0 12,5 15.0 17.5 20.0
I, (MA)

Fig. 8. Measured count rate and DCR as a function of the SNSPD bias
for cryo-CMOS (blue) and RT readout (red) for R, = 10kQ. The RT readout
was used as a reference to establish the expected SNSPD characteristics under
identical bias and temperature conditions, providing a baseline for comparison
with the cryo-CMOS readout path.

closer to the LNA’s DC output level). Importantly, the dark
counts reported in this measurement primarily originate from
the readout circuitry itself, rather than from the intrinsic dark-
count processes of the SNSPD. The shape of the jitter curve
qualitatively reflects the LNA voltage response, since a steeper
LNA output slope directly translates into lower jitter. This
suggests that V,., should ideally be set close to the LNA’s
DC output voltage Vpc rna, where the signal slope is maximal.
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TABLE I
PERFORMANCE COMPARISON OF CRYOGENIC SNSPD READOUT

Parameter Peng et al. [25] Niu et al. [41] Li et al. [23] Ravindran et al. [15] This work
Technology 130-nm SiGe BiCMOS | 130-nm SiGe BiCMOS | 130-nm SiGe BiCMOS | 130-nm SiGe BiCMOS 40-nm CMOS
Temperature (K) 3.6 4.2 4.2 2.8 0.12
Active Quenching No No No Yes Yes
Internal SNSPD Bias No No No No Yes
Dark Count rate (Hz) - - - - <1P
Rms jitter (ps) ~17 - - ~25 ~40
Area (mm?) 0.038 0.5 0.073°¢ 0.46 0.14
Power (uW) 82004 18009 31009 1004 20 (+13 uW SNSPD bias)

2 Measured at the cold-finger. P At the optimal detection efficiency bias point.
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Fig. 9. Measured system timing jitter and DCR as a function of the voltage
reference of the comparator, expressed in percentage of the LNA’s output
swing for Ry = 10kQ and I, = 12 uA.

However, when V. is set too close to 0% of the LNA output
swing, noise-induced triggering appears, as highlighted by the
increase in DCR in Fig. 9. As a tradeoff between jitter and
DCR, the reference voltage is fixed to 60% in the following
characterization, ensuring reliable system operation.

Fig. 10 presents the measured system rms jitter as a function
of the SNSPD bias current ;. As I, increases, the detector out-
put amplitude rises accordingly, leading to a higher slew rate
at the LNA input; this improvement in signal edge sharpness is
directly reflected in the reduction of the measured system jitter.
The inset illustrates the extraction procedure, where the delay
between the fast optical trigger and the electrical response is
histogrammed and fit with a Gaussian distribution, providing
a consistent estimate of the system timing jitter across all bias
points.

Fig. 11 presents the measured rms jitter as a function of
the LNA bias current. The curve is obtained by sweeping the
width of the transistors Mj; and Mp,, while keeping the supply
at the nominal value Vpp rya = 1.1 V. The resulting jitter stays
essentially flat over the full bias-current range, suggesting that
the intrinsic LNA contribution is negligible compared to other
dominant noise sources, most likely arising from the SNSPD
itself or from the measurement setup. This is consistent with
the analysis in Section III-B that predicts the jitter contribution
by the cryo-CMOS to be below 10 ps.

Table I compares the proposed SNSPD readout circuit
with previously reported readouts. It is worth noting that the
prior works summarized in Table I employ SiGe BiCMOS
technologies with HBT-based amplification stages, which
inherently provide superior noise performance compared to the
nanoscale CMOS devices used in this work. However, relative

¢ Core area only.

9 SNSPD bias not included.
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Fig. 10. Measured system timing jitter as a function of the SNSPD bias
current /. The inset illustrates the extraction procedure based on a Gaussian
fit for a representative case at I, = 12 pA and R, = 10kQ.
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Fig. 11. Measured timing jitter as a function of the LNA bias current for

Rr =10kQ and I, = 12 pA.

to other cryogenic implementations, the presented architecture
achieves the lowest power consumption while maintain-
ing comparable system jitter performance. Furthermore, this
work demonstrates the lowest operating temperature for an
SNSPD/readout combination and is the first architecture that
integrates on-chip bias-current generation for the SNSPD. The
reported power consumption refers to operation at 100 mK,
which represents a particularly stringent condition for the
readout circuit. On the one hand, at this temperature, the
available cooling power at this temperature is extremely
limited, requiring the electronic interface to dissipate only a
few tens of microwatts. On the other hand, SNSPDs exhibit
their best performance at deep CTs, with reduced timing jitter
and DCR [43], [44], so that the overall system performance
is primarily limited by the readout electronics rather than
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the detector itself. Scalable system operation is expected at
higher CTs (e.g., ~1 K [5], [45]), the performance of cryo-
CMOS devices is expected to remain unchanged [46], while
substantially larger cooling power is available. In this context,
the low per-channel power consumption enables the readout
of large arrays, although any potential crosstalk, for example,
via shared biasing, should be addressed in future large-scale
implementations.

VI. CONCLUSION

This work demonstrates a low-power cryo-CMOS readout
circuit that combines a high-impedance input stage with active
quenching to interface with SNSPDs. Measurements confirm
that the fabricated detectors can be properly biased and read
out, enabling high-fidelity single-photon detection. Owing
to its compact footprint and low power consumption, the
proposed solution is well-suited for integration in scalable
color-center QCs, preserving a substantial portion of the power
budget for more demanding system components.
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