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Abstract—1In this article, a cryo-CMOS receiver integrated
with a frequency synthesizer for scalable multiplexed readout of
qubits is presented, focusing on radio frequency (RF) reflectome-
try readout of silicon-based semiconductor spin qubits/quantum
dots. The proposed spin qubit readout chip consists of a wide-
band low noise amplifier (LNA), a quadrature mixer, a com-
plex filter, a pair of in-phase/quadrature (I/Q) intermediate
frequency (IF) amplifier chains, and a type-II charge-pump
phase-locked loop (PLL) with a programmable frequency divider
providing local oscillator (LO) signals. Noise optimizations are
applied to the LNA design and the quadrature active mixer
design to obtain the required performance. A mode-switching
complementary voltage-controlled oscillator (VCO) is proposed
to achieve low-power and low-phase noise in a wide-frequency
tuning range (46.5%). Circuit modifications and design consider-
ations for robust cryogenic temperature operation are presented
and discussed. Measurements show that the receiver provides an
average gain of 65 dB, a minimum noise figure of 0.5 dB, an IF
bandwidth of 0.1-1.5 GHz, and an image rejection ratio of 23 dB
at 3.5 K with a power consumption of 108 mW. This cryo-CMOS
receiver with frequency synthesizer for spin qubit readout is a
first step toward fully-integrated qubit readout and control.

Index Terms— Cryo-CMOS, frequency multiplexing, frequency
synthesizer, low noise amplifier (LNA), mode-switching voltage-
controlled oscillator (VCO), push—pull VCO, quantum comput-
ing, qubit readout, receiver, spin qubit.

I. INTRODUCTION

UANTUM computers are expected to address specific
sets of computational problems more efficiently than any
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existing classical computer. Their realization is being pursued
in a number of technologies, among which solid-state imple-
mentations, such as spin or superconducting qubits, are very
promising. These qubits require deep cryogenic temperatures
(<1 K) to exhibit quantum properties. Therefore, in order to
read out and control the qubit state, it was proposed to use
integrated CMOS circuits operating at cryogenic temperatures,
to be near the qubits [1]-[4].

At the qubit layer, recently, silicon spin qubits have demon-
strated relatively long coherence times 7, = 28 ms [5], fault-
tolerant readout and control fidelities exceeding 99.9% [6],
and operation at higher temperatures (1.1 K) [7], [8], thus
laying the foundations for the realization of compact silicon
quantum computers. So far, such achievements were obtained
with custom fabrication processes and the simultaneous imple-
mentation of all of these properties has not yet been achieved.
Nonetheless, thanks to their small size and potential for co-
integration with the required classical readout and control
electronics, silicon spin qubits realized in quantum dots show
great prospects for the creation of cryogenic CMOS quantum-
classical platforms for fully-integrated quantum computers.

Together with advances at the qubit layer, significant
progress has been made at the electronics layer, with the
demonstration of integrated control of spin qubits [9] and
superconducting qubits [10] with cryogenic CMOS controllers
operating at ~3 K. Alternatively, works showing integration
at 4 K of charge qubits with classical readout/control elec-
tronics have been shown [11], advocating faster readout and
control to mitigate the limited coherence time of charge qubits.
Such works have shown good prospects for the co-integration
of charge qubits and classical electronics at higher cryogenic
temperatures (>1 K). On the other hand, less progress and
complexity have been shown in the literature on the spin qubit
readout side, thus resulting in a cryogenic CMOS chip integrat-
ing quantum dots and electronic circuits at 100 mK [12], but
without advanced multiplexing and scaling features. Recently,
however, receivers for qubit readout have been concurrently
reported [13]-[15]. In order to address this gap with the
realization of a fully-integrated scalable readout system, this
article describes in detail the first fully-integrated cryo-CMOS
system-on-chip (SoC) with in-phase/quadrature (//Q) receiver
and frequency synthesizer [13] for scalable, multiplexed radio
frequency (RF) dispersive readout of silicon qubits in quan-
tum dots. The cryo-CMOS blocks designed for the cryo-
genic receiver include a low noise amplifier (LNA), an 1I/Q
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quadrature mixer, intermediate frequency (IF) amplifiers, and
a type-II charge-pump (CP) phase-locked loop (PLL) with
a proposed mode-switching complementary LC-tank voltage-
controlled oscillator (VCO). For the critical blocks, modified
models following previous works [16]-[19] were used to guide
the design.

This article is organized as follows. Section I outlines the
topic of quantum computing, with the most recent advances
in the field of silicon qubits and corresponding readout/control
electronics. Section II describes the envisioned fully-integrated
cryogenic CMOS platform, focusing on the quantum devices
and their dispersive multiplexed readout. Section III derives
the specifications for readout and describes the overall SoC
architecture. Section IV describes the circuit details and
implementation of the proposed //Q receiver and frequency
synthesizer. Section V details the measurement and charac-
terization of the designed SoC at 296 and 3.5 K. Finally,
Section VI concludes this article with a perspective for the
future.

ITI. MULTIPLEXED RF REFLECTOMETRY READOUT

The implementation of fully-integrated quantum-classical
platforms in cryogenic CMOS technology requires the realiza-
tion of a scalable architecture for the readout and control of
silicon qubits. Traditionally, silicon qubits have been imple-
mented in custom fabrication processes [20], thus allowing
reaching state-of-the-art performance, but preventing large-
scale fabrication and co-integration with electronics in stan-
dard processes. Recently, it was shown that reproducible
quantum dots can be realized in CMOS technology [21], thus
moving in the direction of such co-integration.

In this approach, minimum size transistors in deep sub-
micrometer technology nodes can realize few electron quan-
tum dots when cooled down to very low temperatures (50 mK),
as depicted in Fig. 1(a). This behavior manifests itself at
low drain-to-source bias and in the subthreshold region,
as Coulomb oscillations in the current [21], as shown in
Fig. 1(b). In order to read out the state of such quantum
devices, a typical technique is based on the readout and
amplification of the dc transport current with a transimpedance
amplifier, as in [12]. This technique is usually limited in
bandwidth and does not provide scalability through parallel
readout. In addition, direct current measurements do not allow
for single-shot readout.

Consequently, RF techniques have become more popular for
the readout of quantum devices, in particular, RF reflectometry
gate-based readout [22], [23]. In this technique, a weak RF
signal is sent to the gate of the quantum device through an
LC resonator, which is tuned to match the gate impedance
to 50 Q at the readout frequency, as shown in Fig. 1(c).
The cyclic tunneling of electrons in the quantum device
creates an additional tunneling capacitance Cq, thus causing a
phase shift in the reflected signal, which carries information
about the quantum device state. In the case of few electron
quantum dots realized by minimum size transistors at low
temperature, similar to dc transport current measurements, the
Coulomb peaks can also be resolved in reflectometry. The
reflected signal shows a linear dependence with respect to
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Fig. 1. (a) Few-electron quantum dots realized in minimum size
transistors and (b) their corresponding Coulomb oscillations in dc at
50 mK [21]; (c) Gate-based reflectometry readout technique and (d) cor-
responding Coulomb peaks of few electron quantum dots detected in
RF reflectometry [24].

the drain-to-source bias, thus showing that it comes from the
charge transition between source and quantum dot [24], as
shown in Fig. 1(d). The advantage of this technique, besides
not using any additional electrometer in front of the quantum
device, is that the frequency-encoded readout allows perform-
ing frequency multiplexing, thus allowing parallel readout of
quantum devices.

So far, gate-based RF reflectometry has been typically
performed at frequencies below 1 GHz using bulky (discrete)
surface mount inductors for the implementation of the lumped
LC matching network. This is a disadvantage both in terms
of area and available bandwidth. Higher readout frequencies
(5-6.5 GHz) allow realizing integrated (L ~ 1 nH) inductors
and LC resonators, with larger readout bandwidths. This
solution is more suitable for a scalable, frequency-multiplexed
approach, thus enabling co-integration in CMOS technology.

For this reason, the overall cryogenic CMOS platform
envisioned in this work, shown in Fig. 2, operates at fre-
quencies around 6 GHz. It comprises a quantum-classical
matrix with co-integrated quantum devices and a (time-)
frequency-multiplexed readout interface using compact LC
resonators to perform gate-based dispersive readout [24].
It uses a row—column architecture with transistors controlled
by shared word line voltages (Vywy;) for sequential time-
multiplexed readout and multiple LC resonators connected to
independent data lines (Vpi), resonant at different frequencies
(fi, f2,..., fn), for parallel frequency-multiplexed read-
out [24]. A multicarrier signal generator creates the required
multitone probing signals, using a cryogenic frequency syn-
thesizer generating the local oscillator (LO). The signals flow
across the cryogenic circulator [25], which acts as an inte-
grated non-reciprocal device decoupling incident and reflected
waves, followed by an integrated phase-sensitive receiver to
read out and discern the state of the quantum devices. In this
work, the focus is on the receiver and frequency synthesizer.
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III. CHIP ARCHITECTURE AND SPECIFICATIONS

RF reflectometry uses a weak signal to probe a quantum
device. The reflected portion carries information about the
state of the quantum device. As mentioned in Section II, the
change of the tunneling (quantum) capacitance C, causes
a phase shift (Ap) in the reflected signal. At the same
time, the additional Cgy also results in the impedance mis-
match (AI") between the quantum device and the 50 Q
impedance of the readout cables. This impedance mismatch
leads to an amplitude change of the received reflected signal
(AV = Vi, AT) accordingly [26]. Therefore, the quantum
information signal can be modeled as an amplitude-modulated
(AM) and phase-modulated (PM) version of the input
carrier

S(1) = Ar cos(wr? + ¢r) (1)

where wg is the probing frequency, while Ag and ¢r are
the qubit-state-dependent amplitude and phase to be observed,
respectively. The modulation values are analog, determined by
the Sisyphus resistance R and tunneling capacitance Cq of
the quantum device. However, the modulation is quantized in
the values given by the quantum device states, which reduce
to the two states |0> and |[1> in a qubit. Consequently, the
resulting signal can be described as a binary polar amplitude
and phase shift-keying (APSK) signal, whose data values are
not restricted to 0/1, but determined by the qubit physics.
Typically, the amplitude change between the two states is in
the order of 1 dB, while the phase shift can vary between 1°
and 12° [26]. In order to demodulate such signal, allowing
frequency multiplexing at ~6 GHz, a wideband 1/Q receiver,
as shown in Fig. 3(a), is designed to extract the amplitude
and phase information from the //Q components according
to AR = (I> + 0*)Y? and ¢gr = tan~'(Q/I), as shown in
Fig. 3(b). For our test sample, the probing signal power is set
to —100 dBm, as such value is typical since it should not be
too high, thus affecting the state of the quantum device while
probing it (kick-back), and should not be too small, so to
achieve high charge sensitivity and make the requirements for
readout feasible.

A. Chip Architecture

As mentioned above, the signal at the input of the receiver
is weak, so cryogenic amplification is required. A wideband
LNA is chosen for this goal, and it is expected to have the
most power consumption among all receiver blocks, in order
to satisfy the strict noise figure (NF) requirements for qubit
readout. However, a wideband is used to enable multiple qubit
channels in frequency multiplexing, thus minimizing power
consumption per qubit.

After the LNA, since phase sensitivity is required, an I/Q
down-converter is required. An I/Q LO signal is generated
and used for single-sideband (SSB) down-conversion with an
I/Q mixer on high-side injection, which generates sum and
difference frequencies. In order to suppress the sum frequen-
cies (symmetrically at both positive and negative frequencies)
and to preserve only the difference frequency, a low-pass
filter (LPF) is used. In order to suppress the unwanted image
at — fip, resulting from the unwanted down-conversion of
the signal at — fqv1, a non-symmetrical-in-frequency polyphase
filter (PPF) [27] is applied [28]. The residual image signal is
determined by the image-rejection ratio (IRR) of the PPF. The
use of the PPF allows eliminating the noise that would fall into
the gain band from the image band, once the IF signal band
is further downconverted to baseband in the digital domain.

Finally, / and Q signals are amplified coherently, so as
to further increase the signal strength. The IF amplifiers can
be followed directly by an external high-speed analog-to-
digital converter (ADC) and a digital signal processor (DSP) to
perform digitization and baseband down-conversion. Several
further filtering operations may be performed in the digital
domain. This architecture with a wideband LNA at the input
is planned to extend the overall receiver bandwidth in a
future implementation by creating an additional IF path with
swapped gain and image bands (using the same LO) and
using low-side injection. This would not require the use of
another LNA, thus making the approach more power-efficient.
Moreover, the PPF filter is implemented immediately after
down-conversion in the analog domain, because otherwise the
image signal would also be amplified by the IF amplifier, thus
adding additional noise on a still weak signal and making it
harder to address image rejection later in the digital domain.
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Fig. 3.
reflected quantum signals.

Additionally, a digital implementation would also result in
higher power consumption. In this prototype, ADC and DSP
are implemented off-chip at room temperature, but in the
future, they could be included on chip.

B. Specifications

1) Frequency: In our architecture, we plan to have a com-
bined time- and frequency-multiplexed readout, thus allowing
us to read N2 qubits by combining parallel readout of N
qubits via frequency-multiplexing with a sequential readout
of N columns via time-multiplexing. The receiver is designed
to operate at a frequency around 6 GHz. Assuming a qubit
bandwidth B = 10 MHz, which corresponds to a resonator
quality factor Q = fo/B = 6 GHz/10 MHz = 600 that can
be obtained with superconducting resonators co-located with
the qubits at 50 mK, the channel spacing can be set to 10x
the resonator linewidth, so a spacing S = 100 MHz is chosen.
To simultaneously read out the qubits at f; — fy, the IF band-
width (Bir) should be higher than fy — fi. The wider Bjp, the
more qubits can be read out in frequency multiplexing. On the
other hand, a large B increases the complexity and power
consumption for the ADC, which must operate at cryogenic
temperature as well [3], thus making it closer to a direct RF
sampling ADC [29]. A signal band around 5-6.5 GHz with
B ~ 1.5-0.1 GHz = 1.4 GHz is chosen, so as to accom-
modate frequency multiplexing. With this choice, a number of
qubits N = Bp/(B+S) = 1.4 GHz/110 MHz ~ 12 can be read
out in parallel in a single qubit measurement time 7. Assuming
then a square matrix, this would allow to read N 2 =144 qubits
in an N - 7 time window with time multiplexing.

2) Noise: The NF specification of the receiver is linked to
the required readout fidelity, which is connected to the bit
error rate (BER) of the demodulation of M-ary amplitude-
phase shift keying (M-APSK) signals for a given signal-to-
noise ratio (SNR) and measurement time 7 [30].

In dispersive readout, we can assume a phase shift difference
to be read out Ap = 12° (this can vary depending on the

(b)

(a) Structure of the cryogenic receiver for qubit readout proposed in this work; (b) Signal flow and Fourier analysis for the demodulation of the

quantum device and Q-factor of the LC matching network
between the quantum device and the readout chain). The
corresponding multiple phase shift keying (M-PSK) equivalent
electrical signal is a 32-PSK signal, given that M = 360°
/12° = 30, so 32 is chosen to have some margin. For a
required readout fidelity F = 99.9%, the corresponding BER
=1—F = 0.1%, and in order to obtain such BER for a 32-
PSK signal, the required SNR of the receiver is approximately
100. In dispersive readout of superconducting qubits, quantum
efficiency typically also affects SNR, but in spin qubits, the
minimum integration time metric fin;,min 18 typically used [31],
in particular when the readout noise dominates. Assuming a
minimum integration time fin; min = 500 ns (to achieve SNR =
1) for silicon spin qubits, the total required measurement
time is linked to SNR by 7 = SNR : fjnmin. Consequently,
the total measurement time to reach the SNR target becomes
7 = 100 - 500 ns = 50 us. Considering typical decoherence
times 7>, = 28 ms and relaxation times 7} = 1 s, this readout
can be achieved in a fraction of the overall decoherence time
and faster than the error rates that occur due to 77, which are
about e=¥*/2T1 in the proposed time-multiplexing scheme.
The resulting error induced by relaxation and decoherence
would be smaller than 0.1%, and also better than current state-
of-the-art readout fidelity for spin qubit dispersive sensing at
microwave frequencies.

One can then assume that the reflected power received at
the input of the receiver P; is —118 dBm, that is, 1.58 fW for
50 Q impedance. In order to achieve the previously derived
value of SNR,y = P./Px = 100, the noise power Py = kp
(Teys + Tn)Bn should then be 15.8 aW, where kg is the
Boltzmann constant, By is the noise bandwidth, and Ty,
Tn are the noise temperatures of the quantum device and
the receiver, respectively. If the readout probing signal is
gated, and the measurement time is ¢ = 50 us, then a noise
bandwidth By = 1/(27 - 50 us) = 3.5 kHz can be assumed.
With such values, the overall noise temperature Tgys + T is
found to be 327 K. Assuming an electron temperature Tyys =
100 mK and small losses between quantum device, resonator,
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and receiver, the target receiver noise temperature must be
better than or equal to Ty = 326 K. This corresponds to a
noise factor F = 14 Tn/T = 2.1 with a reference temperature
T =290 K, according to the IEEE definition, and to an NF of
3.3 dB. Finally, the LNA determines the overall receiver NF
if it has sufficient gain.

3) Gain and Linearity: The system is supposed to operate
with ~—100-dBm input signals, so an overall gain in excess
of 70 dB is required to amplify the signal to a level suitable
for room temperature readout. In order to suppress the noise
from all the stages following the input amplifier, the gain is
distributed to 40-dB RF gain in the LNA and >30 dB in the
mixer and IF amplification chain. A limited IF gain also helps
to avoid oscillations.

Considering the linearity, since the probing signal is
~—100 dBm, assuming the worst input return loss is ~—6 dB,
the average input signal power is ~—106 dBm. If then a
multi-tone received signal is taken into account, with a peak-
to-average power ratio (PAPR) of ~11 dB [32], then an
input-referred 1-dB compression point (P1dBj,) for strong
signals of —85 dBm is desired, allowing enough margin.
Considering a frequency-multiplexed readout of the qubits,
multi-tone reflected signals are seen at the input concurrently,
so the third-order intermodulation distortion signal power at
the output of the receiver should be lower than the noise floor.
For the input-referred third-order intercept point (IIP3), which
indicates the weakly nonlinear behavior of the receiver, it is
set to ~—70 dBm to satisfy the requirements.

4) LO Specifications: The frequency tuning range (FTR) of
the oscillator is planned to be around 10-16 GHz, thus, after
a divider by 2, 5-8-GHz quadrature signals can be obtained.
This is necessary to perform high-side down-conversion.
A wideband LO can be used to tune the LO in a sliding-IF
scheme to read out sequentially more qubit matrices tuned
at different frequency bands and with the same frequency
separation Byp. In addition, to generate wideband multi-carrier
qubit probing signals, a large FTR for the LO signal is also
required. To distinguish the ¢r variation (Ag) of the reflected
signals under different quantum states, the phase noise (PN)
L(Af) of the LO signal should satisfy [3]

18

0 Jo
o)~ 7/2/f LANAAf <Ap-7 @)

where 4 < 0.2 to prevent the phase demodulation error from
influencing the demodulation of the APSK signal. The lower
integration bound f, is set by the total readout time (f, =
1/2z - N - ) = 260 Hz here), and the higher limit f;, is
determined by the channel bandwidth (5 MHz, since the PN
integral is single-sided). The in-band PN close to the carrier
of a locked PLL is dominated by the CP, phase—frequency
detector (PFD), and the reference. For a well-designed PLL
under locked status, it can be considered almost constant with
small ripples versus offset frequency [3]. The out-of-band
noise is determined by the VCO, and it has a dependence
«1/Af?. By considering a PLL bandwidth of 0.2 MHz and
Agp = 5°, the in-band PN should be <—93.5 dBc/Hz, and the
1-MHz offset PN should be —113.9 dBc/Hz. So, the PN target
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for the VCO is set as — 115 dBc/Hz at 1-MHz offset frequency,
with enough margin. Note that, if the receiver and the multi-
carrier signal generator share the same LO, the PN should be
improved ~6 dB with respect to the above specifications.

5) Power: The circuit is designed to operate at cryogenic
temperatures, ~4 K, where cooling budgets are limited (e.g.,
a typical dilution refrigerator ~4 K stage has a 1.5-W power
budget). Consequently, the overall power consumption for
the receiver is set to a target of ~100 mW (<10% of total
power budget), in which the LNA will dissipate about 50 mW
alone due to the low NF requirement. This is considered as
a reasonable requirement for a proof-of-concept design, but
for larger highly-scaled systems, a stricter constraint should
be required.

IV. CRYOGENIC CMOS CIRCUIT DESIGN

The receiver needs to satisfy the described functionality
and specifications at cryogenic temperature. Standard process
design kits (PDKs) do not provide device models at 4 K,
so parameters need to be adapted for cryogenic operation.
Before proceeding with the design, we performed a first
rough characterization of the behavior of transistors [16] and
passives [17] at cryogenic temperature and we created simple
modified PDK models to guide the design. Such models can
capture the basic transistor behavior but are not yet complete
as they do not cover RF or noise performance.

As shown in Fig. 3(a), the reflected signals from the
quantum devices are amplified by an LNA and converted to
differential signals with a transformer-based balun to drive 1/Q
differential Gilbert cell mixers. Differential signaling is used
since the signal is very small and can, therefore, be easily
corrupted by interference and noise, even within the same chip.
With the help of an LPF and a three-stage RC poly-phase filter
(RC-PPF), the noise of the image signal is suppressed. Then,
five-stage IF amplifiers are used to boost the amplitude further.
The differential and quadrature LO signals are provided by a
current-mode logic frequency divider (CML-FD) following the
VCO. As discussed in Section II, the readout frequency of the
system is proposed to be around 6 GHz. Therefore, the LNA is
designed to operate in the 4.5-8.5-GHz band, and also the LO
frequencies (fior, fLog) are tunable between 5 and 8 GHz,
since the VCO FTR is 10-16 GHz (~46%). The IF is planned
to be between 0.1 and 1.5 GHz to avoid the effect of increased
flicker noise at cryogenic temperatures. The cutoff frequency
of the LPF and RC-PPF in this design is set to ~1.8 GHz,
which could be extended by adding more stages or using a
tunable g,-C PPF [33].

A. Low Noise Amplifier

The structure of the LNA, which has been discussed in detail
in [30], is shown in Fig. 4. Here, we adopted the inductively
degenerated common-source architecture with transformer-
based LC-tank as the input low noise stage, instead of the
resistive feedback or load structures, to achieve sub-1-dB NF
at room temperature such that a <0.5-dB NF at cryogenic
temperature (4 K) can be expected. The gain of the receiver
has been carefully distributed. The LNA needs to provide
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Fig. 4. Cryogenic CMOS LNA schematic and performance summary.

enough gain, which is set to ~40 dB, to lower the gain
requirement of the IF amplifiers since a too large gain of
IF stages can easily cause instability at low frequency (tens
of MHz) due to their low-pass property. Hence, in addition
to the first low-noise stage (lst stage) with ~10-dB gain,
two additional gain stages implemented by LC-tank loaded
cascode structures are included to provide an extra ~30-dB
gain. To achieve both input noise matching and impedance
matching, the capacitive load technique is applied to the design
of the 1st stage. The capacitive load is implemented by adding
an LC-tank (Lp and Cp are resonant at wq) at the drain
of M;. The optimum noise impedance Zp is first matched
by adjusting Lg, Lg, and the transistor parameters. Then, Sj;
is optimized by tuning Cp and Lp. The gate inductance of the
cascode stage is then added to decrease the noise contribution
of M, caused by the parasitic capacitance at the source of Mj.
The LNA has been designed using the PDK room temperature
models first; then, the parameters of the circuit were adjusted
according to the cryogenic models of the key devices extracted
by measurements, to make sure the LNA can operate well
at cryogenic temperatures. In general, the frequency will be
shifted up about 8% from room temperature to 4 K due to
the decrease of the transistor parasitic capacitance and the
decrease in the inductance of the LC-tanks. The measurement
results of the standalone LNA at 4.2 K show 40-dB gain
between 4.6 and 8.5 GHz and an NF as low as 0.3 dB with
39-mW power consumption, under a voltage supply of 1.4 V
(70% of the power is consumed by the Ist stage).

To convert the single-ended LNA output to differential,
to drive the differential inputs of the transconductance stage in
the Gilbert cell mixers, a transformer-based balun is designed
and an output source follower is used to match the low input
impedance of the balun. The measured S-parameters of the
balun at 4.2 K show ~1.3-dB insertion loss.

B. Quadrature Gilbert Cell Mixer

An active Gilbert cell mixer is used in this design to
downconvert the RF to IF. An active mixer is chosen to
have additional gain in the RF-to-IF down-conversion (at least
6-7 dB to cancel the loss of the subsequent PPF) and improved
LO-RF isolation (to mitigate LO kickback to the input) with
respect to a passive switching mixer, while providing enough
gain and RF-LO isolation. At cryogenic temperatures, the
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threshold voltage of MOS transistors increases by a difference
AVry of about 0.15 V [16]. Hence, the voltage headroom at
cryogenic temperature is reduced by N - AVry for structures
with N gate—source stacks and the employed biasing scheme.
As shown in Fig. 5, pseudo-differential input transconductance
(Gm) cells are used in this design to save voltage headroom
by a Vs compared to the fully-differential counterpart,
so the mixer power supply can be set to 1.2 V while still
achieving ~0.4-V peak-to-peak headroom at room temperature
to avoid compression. Static current bleeding resistors (R¢) are
applied to reduce the current flowing into the switching quad
(M3—Mgp), so as to decrease their flicker noise contribution [34]
while increasing the output voltage headroom further. The
current division and the mixer conversion gain can be, respec-
tively, expressed as

X1 = l.RL() = 1 £ 1 3)
lRC (t) RC + gy (1) + gM4(l)
Cg
Avix & ——2 o X(R,. 4
MIX Casat + Cs &M, ATLL “)

The mixer gain is designed as 6 dB with X7 ~ 0.5 under
a bias current of 1.5 mA in this design. The output LPF
is designed without using additional components or blocks
by co-designing the output stage of the mixer (with its load
resistance) and the frequency-dependent input impedance of
the subsequent PPF (set by the R; and C; component values
chosen by design) to create a loaded output RC LPF with a
3-dB cutoff frequency of 1.8 GHz.

C. PPF and If Amplifiers

The I/Q mixer is followed by a complex passive
RC-PPF, whose goal is to suppress the noise of the image
band falling into the gain band after down-conversion. Here,
the complex filter was designed in the analog domain (by PPF)
instead of the digital domain to save power. This also helps
to reduce the overall system noise when the IF band is further
downconverted in the digital domain. The PPF is designed
to achieve at the same time ~2-GHz bandwidth and at least
20-dB IRR.

The filter is designed as a type-I three-stage RC filter
for maximum bandwidth, as shown in Fig. 6, and following
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the design strategy in [27], the poles are chosen to be at
for = —1.607 GHz, f, = —803 MHz, and f,3 = —268 MHz.
By considering the filter input and output impedances, respec-
tively, the output impedance of the mixer output buffer (150 Q)
and the input impedance of the IF amplification chain (3 kQ),
the component values are determined to be C; = C; =
C; = 110 fF for capacitors, while R} = 900 Q, R, =
1800 Q, and R3; = 5400 Q for resistors. The components
are chosen to have the same capacitor value, while resistors
are designed to achieve increasing impedance levels along
the chain and balance wide relative bandwidth with sufficient
image rejection. In this design, polysilicon resistors and metal—
oxide—metal (MoM) capacitors are used to realize the PPF.
It has been verified by measurements that the polysilicon
resistors show good temperature stability (<10 % for 160-
and 40-nm CMOS processes) when temperature decreases
from 300 to 4.2 K [3], [35], while MoM capacitors increase
their value ~5% at 4.2 K [17], consequently the variation of
the three poles of the three-stage PPF at cryogenic temperature
will be small.

After the PPF, a chain of separate / and Q amplifiers is used
to magnify the IF signal. This is designed as a five-stage chain
to achieve ~30-dB gain with 1.5-GHz —3-dB bandwidth.
The stages, shown in Fig. 6, are pseudo-differential inverter-
based amplifiers with resistive feedback (~5 k), including
common mode resistors (~100 Q) to supply and ground to
improve the common-mode rejection ratio (>30 dB), thus
helping to reject the common-mode LO leakage from the
mixer. This structure is used to achieve a tradeoff between
bandwidth and gain, exploiting the feedback resistor to cre-
ate a distributed gain—bandwidth product, by choosing a
scaled-up gain in the subsequent stages, while the inter-
stage bandwidth is determined by a controlled output RC
time-constant. Since the transistor capacitances (Cgs and Cgq)
are expected to decrease by ~35% at cryogenic tempera-
tures [18], the RC time constant is decreased. Therefore,
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5-Stage IF Amplifier

D to S Buffer

IF signal chain of the receiver, showing the three-stage RC-PPF, the I/Q IF amplifiers, and the output buffers.

the bandwidth of the IF chain is expected to be improved
accordingly.

Finally, a buffer is included at the I/Q output, to achieve
both the function of differential to single-ended (D-to-S) signal
conversion and 50-Q-impedance matching for testing. The
D-to-S conversion is achieved by a five-transistor operational
transconductance amplifier (OTA), which is used to take the
difference of the + and — signal in current at the output
node (to avoid signal loss), while 50-Q output impedance
is achieved by means of a properly sized and biased source
follower (Fig. 6). Considering the —100-dBm input signals
and the average 65-dB gain in the receiver, the —35-dBm
output signal level is considered to be small enough for
the common drain to maintain its small-signal 50-Q output
impedance. Moreover, at cryogenic temperature, the designed
output impedance is ensured to be kept around the 50-Q design
value by controlling the bias of the current source transistor
Mg through the external bias voltage Vi, thus regulating the
transconductance of the common-drain transistor M.

D. Push—Pull Mode-Switching VCO

The proposed LC-tank VCO in the PLL is shown in
Fig. 7. The flicker noise of a transistor increases ~10x
when temperature decreases from room temperature (RT) to
cryogenic temperature (CT), i.e., 4.2 K [36], which may cause
considerable degradation of PN in the 1/f noise region of the
VCO. Thus, the PMOS-NMOS-complementary architecture
is adopted to lower the flicker noise thanks to the use of
the PMOS transistors [37], whose flicker noise is one or
two orders of magnitude lower than the NMOS counter-
part [38]. To achieve a wideband tuning range (10-16 GHz),
the mode-switching technique is applied to this design [39].
In general, a mode-switching VCO requires two indepen-
dent oscillating cores, which means the power consumption
will be doubled. To circumvent this issue, a dual-mode LC-
tank based on a switchable-inductor is inserted between the
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Fig. 7. Proposed mode-switching push—pull VCO: (a) circuit schematic and topology of the VCO; (b) configuration of common-mode switches; (c) switched-
capacitor bank and varactors for frequency tuning under different oscillation modes; (d) layout and footprint of the multiarm switchable inductor; and (e) input
impedance of the dual-mode LC-tank under different configurations of the common-mode switches.

NMOS cross-coupled transistors (M;/M;) and the PMOS
cross-coupled transistors (M3/My), as illustrated in Fig. 7(a),
so to reuse the static current. Each of the two cross-coupled
pairs is loaded by one of the two ports of the dual-mode
resonator, respectively. Four switches SW;—SW,, implemented
by PMOS transistors, are used for mode-selection between
Mode L and Mode H, to realize band switching of the
VCO [Fig. 7(b)]. This will not deteriorate the PN since the
voltage at the nodes connected by the switches in the ON-
state will always be in-phase. When SW|/SW, are ON and
SW3/SW, are OFF, the common-mode inductor Lt is involved
in the resonance, with a resonant frequency

1
"~ 272Ct (L1 + 0.5 L)

When SW3/SW, are ON and SW,/SW, are OFF, Lnt; is
located in the common-mode plane and will only serve as
the dc voltage supply line (M/N are virtual ground nodes).
Then, the resonant frequency increases to

1
B 27[«/ CTLT2 '

Lty is set as 0.13 nH, while Lty is set as 0.285 nH to
obtain fy — f = 2.75GHz. The coarse frequency tuning is
fulfilled by a symmetrical 5 bit (B(4:0)) switched capacitor
bank, as illustrated in Fig. 7(c), whose minimum capacitor
Cy is 18 fF. In our design, we set the large NMOS transistor
sizes (18-288 u m) of the switches in the capacitor banks to
achieve a higher Q-factor while relying on the mode-switching
operation of the VCO to widen the FTR (~48% with 25% for
each mode), which is necessary due to the low PN demands
of the quantum application. Small MOS varactors are used for
fine frequency tuning, with a control sensitivity of 175 MHz/V.

S

)

Ju (6)

The layout of the switchable inductor is shown in Fig. 7(d)
(modified from [40]), where the two adjacent Ly, inductor
arms are designed to be orthogonal to each other to decrease
the coupling between them, which will enhance the equivalent
Q-factors [41]. The simulation of the input impedance of the
dual-mode resonator under different switch configurations is
illustrated in Fig. 7(e), where the slight frequency discrepancy
is caused by the different SW;—SW, configurations.

Ideally, a 3-dB PN enhancement can be gained for the dual-
core mode-switching VCOs compared with the free-running
single core oscillators since the synchronous behavior between
the two cores makes the oscillation phase more stable [42].
The PN enhancement will decrease by a factor 30 - log(X) in
the presence of frequency mismatch Af of the two oscillating
cores [43], where

— . . 2 71
X:P+1_J1(QK70

(N
r r

r is the ratio of the switch ON resistance (Roy) of SW{—-SWy
and the tank equivalent resistance Rp (r = Ron/Rp), and K
is the ratio of the frequency mismatch Af and the central
oscillation frequency fy (K = Af/fy), while Q is the tank
Q-factor. In this design, Roy = 100 Q with r = 0.25, so using
Q = 16 and a maximum Af = 120 MHz (obtained by Monte
Carlo analysis), 30 - log(X) = 0.65 dB. At 4.2 K, the Q-factor
of the LC-tank increases by 2.5x and the mismatch of the
frequency increases by ~1.2x [19]; thus, the PN improvement
becomes 30 - log(X) ~ 0.5 dB.

The PN measurement results of the proposed standalone
VCO at a typical frequency (~12.7 GHz) are illustrated in
Fig. 8(a) at 295 and 3.5 K. As can be seen, the PN close to
the carrier is deteriorated by 3.5 dB at 3.5 K against 300 K
due to the increase of 1/f noise. This degradation is about
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Fig. 8. Measurement results of the VCO: (a) PN at 12.7 GHz; (b) FTR at 295 and 3.5 K; and (c) PN at 1-MHz offset frequency in the FTR.

5 dB smaller compared with the NMOS-based LC-tank VCO
in [3] thanks to the use of PMOS transistors. The FTR is
also measured at 295 and 3.5 K [Fig. 8(b)], and the VCO
achieves a 46.5% FTR from 10.8 to 17.3 GHz at 3.5 K.
The measured PN at 1-MHz offset in the FTR is plotted in
Fig. 8(c). We can also observe that deterioration of PN at
CT (~10 dB) with frequency is more severe. This is because
the flicker noise corner is larger than 1 MHz, which means
flicker noise up-conversion contributes more PN at CT. The
figure-of-merit (FoM) of the designed VCO is better than the
cryo-CMOS VCO in [3]. When compared to the state-of-the-
art room temperature VCOs [39], [44], [45], our VCO also
has competitive performance in terms of power consumption,
FTR, and PN.

E. Charge Pump Phase-Locked Loop

The frequency synthesizer provides the LO signals
(~6 GHz) to drive the two Gilbert cell mixers of the quadrature
demodulator. The output differential signals of the VCO
(~12 GHz) are first divided by a CML-FD [Fig. 9(a)]. The
minimum peak-to-peak voltage swing in the FTR of the VCO
is around 0.6 V, and when accounting for the insertion loss of
the routing connections, the minimum input amplitude (Ay)
for the CML-FD can be as low as 0.4 V. The CML-FD
locking-range is sensitive to the impedance of the output nodes
(RpL and Cpr), the transconductance of M; and My in the
VCO, and Aj,. Enough margin (~25%) for the locking range
needs to be considered for cryogenic operation due to the
increase of Vi, and mismatch at low temperature [19], which
inevitably increases power dissipation. Therefore, inductive
peaking (Lpy) is adopted as a technique to make the locking
range of the divider robust at cryogenic temperature at the
cost of increased area, but without current increase (Ip). The
locking range of the CML-FD is determined by [46]

) 1
Gn(14+X - — X)) (a + 1 =('a)C —i-i,)
N( )(] ) JoolpL Row +joLoL

®)

where X = GcAIN/4ID, o = GD/GN, and Gc, GD, and GN
are the transconductances of Mc, Mp, and My, respectively.
¢ is the phase shift between the input and output signals
(it can be any value). The simulated sensitivity curve of the
Ist CML-FD is shown in Fig. 9(b), thus showing that the

self-oscillation frequency is ~14 GHz, while the locking range
under Ay = 0.4 V is 6.2-20 GHz and the power consumption
is ~6 mW.

The pre-scaled signals are further divided by another two
CML-dividers obtaining ~1.5-GHz signals, which can be read-
ily handled by the digitally programmable frequency divider
(DPFD). As illustrated in Fig. 9(c), the DPFD is designed with
five stages of dual-modulus cell divider cells (2/3 cells) [47].
The DPFD can realize an integer division from 32 (Py—Ps
are “0”) to 63 (Py—Ps are “17). At cryogenic temperatures,
the transistor capacitances (Cg and Cgq) decrease, so the
frequency handling of the DPFD increases.

The PFD is implemented by resettable D flip-flops with their
D inputs set to logical high [Fig. 10(a)]. Proper delay cells
(~110 ps) have been designed for the PFD to reset the path to
mitigate the dead-zone problem. The output of the PFD drives
a differential CP, as shown in Fig. 10(b). The output spurs of
the PLL increase with the phase offset of the CP, which is
expressed by

Op = 27 ATox|Iup — IpN| ©)

TrerlIcp

where AT,y is the dead-zone time of the PFD, Trgr is the
period of the reference clock, Icp is the bias current of the CP,
and |Iyp — Ipn| is the mismatch of the “UP” and “DOWN”
currents. The current mismatch becomes worse at cryogenic
temperature. To mitigate the mismatch, first, a relatively high
Icp(~0.1 mA) is set. Second, double replica current mirrors
(M3/M7 and My/Mg) are adopted to reduce the mismatch
caused by the PMOS and NMOS [48]. Third, to eliminate the
mismatch caused by charge-sharing, a differential CP structure
is employed and a unity-gain buffer is connected between the
differential outputs of the CP (nodes A and B) to synchronize
their common-mode voltages [49]. However, the time delay
of the voltage follower reduces the effect of synchronization.
Moreover, the behavior of the self-biased operational amplifier
is hard to predict at cryogenic temperature, due to the threshold
voltage variation. To make the minimization of the charge
sharing effect at cryogenic temperature more robust, a dummy
LPF is proposed at node A, similar to node B, at the cost of
increased area.

As discussed previously, the close-in carrier PN increases
at cryogenic temperature, thus raising the flicker noise corner
of the VCO to a worst case feomer ~ 1.2 MHz. Therefore,



PENG et al.: CRYO-CMOS WIDEBAND QUADRATURE RECEIVER WITH FREQUENCY SYNTHESIZER

2383

0
ks ER o
o3 5 o Pl 213 23 [ 25—
|_DCK c_|(<Q 270 Dc C_Q S e T e P [
— : - LK-l Mod4
ck L5 P Lol o o : l T T
o \ I LOq+ b PO Foor  P1 P4
v 180° g
VDD (Mc:15 p/40 n 2
Mp,My:11 p/40 n) g- 0.01
Q < b 3 = Q_l
rrm—o° - :
é' E l_ CLK l'° CLK Qf F:)
2 =0.001 {——W/Lp; |- ci" o
@ —— WIO Ly .
Modou
|j My My = _ |
Q 0din
Mc |l—o_ 1E: 41 5 9 13 17 21 L{G cLKp- CLK o o
= CLK Output Frequency (GHz) on

(b)

(c)

Frequency dividers in the PLL: (a) CML-FD; (b) simulated sensitivity curve of the CML-FD; and (c) digitally programmable FD.

Fig. 9.
+ i
Ve Ve M;
L
-
ocp o VB.CP
Fref | RST 9
o
I ] ] ] j Q
o
3
Delay~110 ps 3
Fin| RST °
o—cP _
Vo~ Von
L e i
(1 ’ ==
(a)
Fig. 10. (a) PFD and (b) proposed low mismatch CP.

the selection of the bandwidth of the loop filter (e.) is
critical for cryogenic operation. In general, the loop band-
width of a type-II PLL is restricted by Gardner’s limitation
(frer/10) [50], to guarantee the loop stability. The natural
frequency w, and the damping factor ¢ for a type-II PLL

are
R.C IcpK
c = 141 CPAVCO (10)
2 2z N(C| + Cy)
IcpK
oy = | ——P2VCO (an
2z N(C; + Cy)

The measured Kvyco at 3.5 K is ~175 MHz/V at 12 GHz.
A frer of ~50 MHz is selected to lower the frequency division
ratio (N) and increase the CP feedback gain (f, = Icp/27 N),
so that the in-band noise contribution of the CP can be
reduced [51]. Usinge ~ 0.86 (to make the stability of the
loop robust at cryogenic temperature), w, ~ 1.88 Mrad/s, the
average N = (256 - 464)!'/2 ~ 345, one obtains R, ~ 45 kQ,
Cy~20pF and C; =0.1 - C; =2 pF.

V. MEASUREMENTS AND DISCUSSION
The proposed SoC is implemented in a standard 40-nm
CMOS process, and its micrograph is shown in Fig. 11.
The chip area is 2.8 mm?, including pads and decoupling
capacitors, which occupy large portions of the die, since this is
a pad-limited design, given the choice to have multiple external
voltages for testing purposes. The chip is mounted on a printed
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Micrograph of the cryogenic CMOS receiver with PLL.

circuit board (PCB) for performance evaluation. As shown in
Fig. 12, the bias voltages are provided via wire-bonding, and
the input—output RF signals are measured through ground-
signal-ground (GSG) probes, with preceding calibration. The
chip is measured at 296 and 3.5 K in a Lakeshore CRX-4K
cryogenic probe station.

First, the PLL is configured properly and tested. The serial
peripheral interface (SPI) block is used to set the SW;—SWy,
B <4:0>, and Py—P, bits to tune the output frequency
at ~12.8 and ~12.7 GHz at 296 and 3.5 K, respectively.
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Fig. 12. Photographs of: (a) chip-on-board; (b) on-wafer testing with GSG probes; and (c) cryogenic probe station measurement setup.

1st 2nd & 3rd
Temp.| VGO | oy pivider | SP*OP | DPCD | oyt pivider
206K | 52mwW | 168mw |o052mw | 015mw [ 13 mw
35K | 48mW | 1595mW | 0.48mW | 0.15mW | 11.15mW
(a)
.80 — 296 K
—3.5K
—— 3.5 K Smooth
F-100f
(3]
[e)
=
Z-120}
-140 . . . .
0.001 0.01 0.1 1 10 50
Offset frequency (MHz)
(b)

Fig. 13.

So, after the CML-FD, the quadrature output frequency ~6-
GHz LO signals can be obtained. The bias conditions are
slightly adjusted from room temperature to ensure that the
PLL works properly at cryogenic temperature [Fig. 13(a)].
Fig. 13(b) and (c) shows the measured output PN and reference
spur of the PLL using the Keysight signal analyzer N9030A,
where the reference signal is ~50.4 MHz provided by the
signal generator Keysight E§267D. At 296 K, the measured
in-band PN is —86 dBc/Hz at 10-kHz offset and the out-of-
band PN is —112 dBc/Hz at 1-MHz offset [Fig. 13(b)]. The
reference spurs are ~—54 dBc with respect to the carrier.
At 3.5 K, the in-band PN is —90 dBc/Hz at 10-kHz offset
(5-dB enhancement from 296 K) and the out-of-band PN is
~—114 dBc/Hz at 1-MHz offset. The reference spurs are
around —55.6 dBc.

Then, the small-signal transmission and port matching per-
formance are measured. At room temperature, the receiver
shows ~60-dB gain. At 3.5 K, the circuit exhibits a 68-dB
maximum conversion gain and a better than —10-dB input and
output match, as shown in Figs. 14 and 15. The bandwidth is
1.4 GHz, between 100 MHz and 1.5 GHz of IF due to the
chosen non-zero IF architecture.

To characterize the receiver linearity, the P1dB;, and IIP3
are tested. At a typical 670-MHz output frequency, P1dBj,
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(a) Power consumption; (b) PN; and (c) reference spurs measurements of the PLL at 296 and 3.5 K.

is —76.5 dBm at 3.5 K [Fig. 16(a)]. P1dB;, is in the range
—77.5 to —72.5 dBm in the operating frequency band at
3.5 K [Fig. 16(b)], which is much higher than the typical
~—100-dBm input signal reflected by the qubits. I[IP3 mea-
surement results at 670-MHz output frequency are shown
in Fig. 17(a), obtaining —68 dBm at 3.5 K. The measured
IIP3 is between —72 and —63 dBm in the operating band
at 3.5 K [Fig. 17(b)]. The degradation of the linearity at
cryogenic temperature is caused by the reduction of the bias
current of the IF gain stages and the output buffer at 3.5 K.
The SSB NF is measured with a cold attenuator wire-bonded
to the receiver input at 3.5 K, and Y-factor NF measurements
are performed using the Keysight noise source N4002A and
the Keysight signal analyzer N9030A. As shown in Fig. 18,
the minimum NF is 0.55 dB, with degradation at low and high
frequency, where the limited bandwidth of the PPF achieves
less efficient image noise rejection. If compared to the NF
of the LNA alone (0.3-0.7 dB in its bandwidth), the receiver
shows a degradation that can be explained by a weaker than
expected sideband rejection. Additional noise sources, external
or coming from the co-operation with other blocks such as
the PLL, could also result in additional noise. Given the
stringent noise requirements for the readout of spin qubits,
an additional cryogenic low noise preamplifier might still be
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TABLE I
PERFORMANCE SUMMARY AND COMPARISON TABLE WITH STATE-OF-THE-ART
This work ISSCC 21 [14] ISSCC 21[15] ISSCC 20 [12] MWCL 20 [52] RSI 14 [53]
Operating 35K 42K 4K 011K 300 K 100 K
temperature
. Spin qubits, . . . , Silicon quantum SilSiGe spin N.A. (Radio
Qubit platform fransmons Spin qubits Spin qubits dots qubits astronomy)
. . Intermediate IF
Architecture Intermedlgte IF Intermed@te IF 1/Q receiver DC TIA readout 1/Q down- Discrete receiver
1/Q receiver 1/Q receiver
converter
RF Frequency 5-6.5 GHz 6~8 GHz DC-600 MHz DC 240 GHz 0.4-3 GHz
Bandwidth 1.4 GHz 2 GHz 400 MHz 1.1 kHz 59 GHz 2.6 GHz
Gain 70dB 58 dB 40-90 dB a11.3MQ 23dB 34 dB
S <-10dB N.R. N.R. N.A. <-5dB N.R.
NF 0.55dB 0.6 dB 0.61dB 300 fA/VHz 245dB 0.5dB
>-72 dBm -50.8 dBm
lIP3 (Mf=1MHz) | (Af=50 MHz) NR. NR. NR. N-R.
P1dBin >-77.5dBm -58.4 dBm N.R. N.R. -27.3 dBm N.R.
PN at 1 MHz Af -115 dBc/Hz N.A. N.A. N.R. -82 dBc/Hz N.A.
On Chip IQLO Yes, PLL No No Yes, VCO Yes, VCO No
LOFTR 6.6 GHz (46.5%) N.A. N.A. 4 GHz 27 GHz N.A.
Technology 40-nmCMOS | 40-nm CMOS 22-nm FFL 28-nm FDSOI 55-nm SiGe GaAs HEMT,
FinFET discrete
Area 2.8 mm? 0.68 mm2 ©0.48 mm? ¢1.4 mm2 1.8 mm2 >1m?
Power 108 mW 66 mW 472 mW 295 yw 859 mW N.R.

a Transimpedance amplifier gain, ® Input referred noise, ¢ Estimated from chip micrograph, ¢ Includes the probing signal generator.
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required for direct readout. In this case, the use of an additional
amplifier would increase the gain in front of the receiver, thus
providing a larger input signal. In order for our receiver to keep
meeting the linearity specifications, its gain would have to be
reduced. This could be accomplished by reducing the gain
of the on-chip LNA thanks to the external voltages V;; and
Vb2 and the gain of the IF amplifiers by reducing the VDDyg.
This would also result in degraded noise performance but with
large power savings and assuming a high-gain external LNA
in front, this would not pose a problem.

Finally, the time-domain performance is evaluated by
acquiring the real-time //Q output signals at 3.5 K, obtaining
a phase imbalance of 6° [Fig. 19(a)]. The phase sensitiv-
ity is measured directly by sending a linear AM and PM
signals at the input at 3.5 K, sampling the output I/Q
waveforms and reconstructing the baseband signals off-chip
at 296 K. As shown in Fig. 19(b), the receiver is capable of

constellation plot for linear AM and PM input signals at 3.5 K.

downconverting the input signal, while the demodulated
waveforms track amplitude and phase of the input signal in
the I/Q plane at 3.5 K.

The overall circuit dissipates 108 mW with a 1.4-GHz
bandwidth, and the power consumption of different blocks at
3.5 K is illustrated in Fig. 20. Considering the planned hybrid
time- and frequency-multiplexed readout, with a 10-MHz
resonator bandwidth, which allows qubit readout in the time
domain faster than typical decoherence times, and 100-MHz
spacing for each qubit, the proposed system should allow to
read out up to N = 12 qubits in frequency-multiplexing in
a measurement time 7 = 50 us and N> = 144 qubits in
atime N -7 = 600 us, thanks to time-multiplexing, thus
improving scalability. Table I summarizes the performance of
the designed receiver and compares it with state-of-the-art.

As an application for the described receiver, the frequency
multiplexed gate-based RF reflectometry readout of quantum



PENG et al.: CRYO-CMOS WIDEBAND QUADRATURE RECEIVER WITH FREQUENCY SYNTHESIZER

15.4 4.8

16.25 15.95

042

I LNA
[ MIXER
[ IF
[_vco
[ DIVIDER
[ DIGITAL
[

11.15

44125

Fig. 20. Power consumption breakdown of the receiver at 3.5 K.

dots in the same 40-nm standard CMOS technology through
fully-integrated high-frequency lumped-element LC resonators
in the receiver band [24] is proposed. The combination
of such platforms, thanks to its scalability, integration, and
compactness, could form the basis for future silicon quan-
tum computing systems. Moreover, since the operation fre-
quency and the receiver analog/RF front-end for quadrature
demodulation proposed for semiconductor qubits is similar
to the architecture used for superconducting qubits, the chip
proposed in this work is compatible with the readout of
both spin and transmons. In the case of superconducting
qubits, the frequency range is typically similar (~6 GHz), but
quantum-limited amplifiers are used in front of the readout
chain, thus lowering the noise temperature considerably. More-
over, considering that high-quality superconducting microwave
resonators are typically used for dispersive readout of trans-
mons, this would allow smaller qubit channel bandwidths, thus
resulting potentially in a larger number of qubits addressed
in frequency-multiplexing from the mere frequency spectrum
perspective. In practice, however, the number of qubit channels
is limited by the non-linearity of the parametric amplifiers in
the front end.

VI. CONCLUSION

A qubit RF-reflectometry readout chip including a cryo-
CMOS 1/Q receiver and frequency synthesizer is proposed
in this work. The quantum information signals were modeled
as APSK signals. Accordingly, the receiver architecture was
presented and specifications were discussed. The receiver was
designed to operate at deep-cryogenic temperatures. A sub-
1-dB NF LNA, a current-bleeding quadrature mixer, and a
type-1I PLL with a proposed dual-mode VCO were designed
with strict noise, power, and bandwidth constraints. The circuit
parameters were set carefully for cryogenic application. The
receiver was characterized at 3.5 K, and it showed wideband
operation, thus allowing the multiplexed readout of tens of
qubits with 108-mW power consumption in total. Therefore,
this work represents a step toward a fully-integrated cryo-
CMOS SoC for qubit readout and control.

ACKNOWLEDGMENT

The authors would like to acknowledge the Europractice
MPW and design tool support and Adrien Toros from the
Ecole Polytechnique Fédérale de Lausanne (EPFL), Lausanne,
Switzerland, for his help with chip bonding and packaging.

[1]

[2]

[3]

[4]
[5]

[6]

[7]

[8]

[9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

2387

REFERENCES

S. R. Ekanayake, T. Lehmann, A. S. Dzurak, R. G. Clark, and
A. Brawley, “Characterization of SOS-CMOS FETs at low temperatures
for the design of integrated circuits for quantum bit control and readout,”
IEEE Trans. Electron Devices, vol. 57, no. 2, pp. 539-547, Feb. 2010,
doi: 10.1109/TED.2009.2037381.

T. M. Gurrieri, M. S. Carroll, M. P. Lilly, and J. E. Levy, “CMOS
integrated single electron transistor electrometry (CMOS-SET) circuit
design for nanosecond quantum-bit read-out,” in Proc. 8th IEEE Conf.
Nanotechnol., Aug. 2008, pp. 609-612, doi: 10.1109/NANO.2008.183.
B. Patra et al., “Cryo-CMOS circuits and systems for quantum com-
puting applications,” IEEE J. Solid-State Circuits, vol. 53, no. 1,
pp. 309-321, Jan. 2018, doi: 10.1109/JSSC.2017.2737549.

E. Charbon et al., “Cryo-CMOS for quantum computing,” in IEDM Tech.
Dig., Dec. 2016, p. 13, doi: 10.1109/IEDM.2016.7838410.

M. Veldhorst et al., “An addressable quantum dot qubit with fault-
tolerant control-fidelity,” Nature Nanotechnol., vol. 9, pp. 981-985,
Oct. 2014, doi: 10.1038/NNANO.2014.216.

J. Yoneda et al., “A quantum-dot spin qubit with coherence limited
by charge noise and fidelity higher than 99.9%,” Nature Nanotechnol.,
vol. 13, pp. 102-106, Dec. 2018, doi: 10.1038/s41565-017-0014-x.

C. H. Yang et al., “Operation of a silicon quantum processor unit cell
above one Kelvin,” Nature, vol. 580, no. 7803, pp. 350-354, Apr. 2020,
doi: 10.1038/s41586-020-2171-6.

L. Petit et al., “Universal quantum logic in hot silicon qubits,” Nature,
vol. 580, no. 7803, pp. 355-359, Apr. 2020, doi: 10.1038/s41586-020-
2170-7.

J. P. G. Van Dijk er al., “A scalable cryo-CMOS controller for the
wideband frequency-multiplexed control of spin qubits and transmons,”
IEEE J. Solid-State Circuits, vol. 55, no. 11, pp. 2930-2946, Nov. 2020,
doi: 10.1109/JSSC.2020.3024678.

J. C. Bardin ef al., “Design and characterization of a 28-nm bulk-CMOS
cryogenic quantum controller dissipating less than 2 mW at 3 K,” I[EEE
J. Solid-State Circuits, vol. 54, no. 11, pp. 3043-3060, Nov. 2019, doi:
10.1109/JSSC.2019.2937234.

I. Bashir et al., “A mixed-signal control core for a fully integrated
semiconductor quantum computer system-on-chip,” in Proc. IEEE 45th
Eur. Solid State Circuits Conf. (ESSCIRC), Sep. 2019, pp. 125-128, doi:
10.1109/ESSCIRC.2019.8902885.

L. L. Guevel et al, “A 110 mK 2954W 28 nm FDSOI CMOS
quantum integrated circuit with a 2.8 GHz excitation and nA current
sensing of an on-chip double quantum dot,” in [EEE Int. Solid-State
Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2020, pp. 306-308, doi:
10.1109/ISSCC19947.2020.9063090.

A. Ruffino, Y. Peng, T.-Y. Yang, J. Michniewicz, M. F. Gonzalez-Zalba,
and E. Charbon, “A fully-integrated 40-nm 5-6.5 GHz cryo-CMOS
system-on-chip with I/Q receiver and frequency synthesizer for scal-
able multiplexed readout of quantum dots,” in IEEE Int. Solid-State
Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2021, pp. 210-212, doi:
10.1109/ISSCC42613.2021.9365758.

B. Prabowo et al., “A 6-to-8 GHz 0.17 mW/qubit cryo-CMOS receiver
for multiple spin qubit readout in 40 nm CMOS technology,” in IEEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2021,
pp. 212-214, doi: 10.1109/ISSCC42613.2021.9365848.

J.-S. Park et al., “A fully integrated cryo-CMOS SoC for qubit control
in quantum computers capable of state manipulation, readout and high-
speed gate pulsing of spin qubits in Intel 22 nm FFL FinFET technol-
ogy,” in IEEE Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers,
Feb. 2021, pp. 208-210, doi: 10.1109/ISSCC42613.2021.9365762.

A. Beckers, F. Jazaeri, A. Ruffino, C. Bruschini, A. Baschirotto, and
C. Enz, “Cryogenic characterization of 28 nm bulk CMOS technol-
ogy for quantum computing,” in Proc. 47th Eur. Solid-State Device
Res. Conf. (ESSDERC), Sep. 2017, pp. 62—65, doi: 10.1109/ESS-
DERC.2017.8066592.

B. Patra, M. Mehrpoo, A. Ruffino, F. Sebastiano, E. Charbon, and
M. Babaie, “Characterization and analysis of on-chip microwave passive
components at cryogenic temperatures,” IEEE J. Electron Devices Soc.,
vol. 8, pp. 448-456, 2020, doi: 10.1109/JEDS.2020.2986722.

S.-H. Hong, G.-B. Choi, R.-H. Baek, H.-S. Kang, S.-W. Jung, and
Y.-H. Jeong, “Low-temperature performance of nanoscale MOSFET for
deep-space RF applications,” IEEE Electron Device Lett., vol. 29, no. 7,
pp. 775=777, Jul. 2008, doi: 10.1109/LED.2008.2000614.

J. P. G. Van Dijk, M. Babaie, E. Charbon, A. Vladimircscu, and
F. Sebastiano, “Characterization and model validation of mismatch in
nanometer CMOS at cryogenic temperatures,” in Proc. 48th Eur. Solid-
State Device Res. Conf. (ESSDERC), Sep. 2018, pp. 246-249, doi:
10.1109/ESSDERC.2018.8486859.


http://dx.doi.org/10.1109/TED.2009.2037381
http://dx.doi.org/10.1109/NANO.2008.183
http://dx.doi.org/10.1109/JSSC.2017.2737549
http://dx.doi.org/10.1109/IEDM.2016.7838410
http://dx.doi.org/10.1038/NNANO.2014.216
http://dx.doi.org/10.1038/s41565-017-0014-x
http://dx.doi.org/10.1038/s41586-020-2171-6
http://dx.doi.org/10.1038/s41586-020-2170-7
http://dx.doi.org/10.1038/s41586-020-2170-7
http://dx.doi.org/10.1109/JSSC.2020.3024678
http://dx.doi.org/10.1109/JSSC.2019.2937234
http://dx.doi.org/10.1109/ESSCIRC.2019.8902885
http://dx.doi.org/10.1109/ISSCC19947.2020.9063090
http://dx.doi.org/10.1109/ISSCC42613.2021.9365758
http://dx.doi.org/10.1109/ISSCC42613.2021.9365848
http://dx.doi.org/10.1109/ISSCC42613.2021.9365762
http://dx.doi.org/10.1109/JEDS.2020.2986722
http://dx.doi.org/10.1109/LED.2008.2000614
http://dx.doi.org/10.1109/ESSDERC.2018.8486859

2388

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

(38]

[39]

[40]

R. Maurand et al., “A CMOS silicon spin qubit,” Nature Commun.,
vol. 7, no. 1, pp. 1-6, Nov. 2016, doi: 10.1038/ncomms13575.

T.-Y. Yang, A. Ruffino, J. Michniewicz, Y. Peng, E. Charbon, and
M. F. Gonzalez-Zalba, “Quantum transport in 40-nm MOSFETS at deep-
cryogenic temperatures,” IEEE Electron Device Lett., vol. 41, no. 7,
pp. 981-984, Jul. 2020, doi: 10.1109/LED.2020.2995645.

J. I. Colless et al., “Dispersive readout of a few-electron double quantum
dot with fast RF gate sensors,” Phys. Rev. Lett., vol. 110, no. 4, Jan. 2013,
Art. no. 046805, doi: 10.1103/PhysRevLett.110.046805.

I. Ahmed et al., “Radio-frequency capacitive gate-based sensing,” Phys.
Rev. Appl., vol. 10, no. 1, Jul. 2018, Art. no. 014018, doi: 10.1103/Phys-
RevApplied.10.014018.

A. Ruffino, T.-Y. Yang, J. Michniewicz, Y. Peng, E. Charbon, and
M. F. Gonzalez-Zalba, “A cryo-CMOS chip that integrates silicon
quantum dots and multiplexed dispersive readout electronics,” Nature
Electron., vol. 5, no. 1, pp. 53-59, Jan. 2022, doi: 10.1038/s41928-021-
00687-6.

A. Ruffino, Y. Peng, F. Sebastiano, M. Babaie, and E. Charbon, “A wide-
band low-power cryogenic CMOS circulator for quantum applications,”
IEEE J. Solid-State Circuits, vol. 55, no. 5, pp. 1224-1238, May 2020,
doi: 10.1109/JSSC.2020.2978020.

I. Ahmed, “Radio-frequency capacitive gate-based sensing for silicon
CMOS quantum electronics,” Ph.D. dissertation, Dept. Phys., Univ.
Cambridge, MA, USA, 2019, doi: 10.17863/CAM.32304.

J. Kaukovuori, K. Stadius, J. Ryyninen, and K. A. I. Halonen, “Analysis
and design of passive polyphase filters,” IEEE Trans. Circuits Syst.
I, Reg. Papers, vol. 55, no. 10, pp. 3023-3037, Nov. 2008, doi:
10.1109/TCSI.2008.917990.

J. Ko, J. Kim, S. Cho, and K. Lee, “A 19-mW 2.6-mm? L1/L2 dual-
band CMOS GPS receiver,” IEEE J. Solid-State Circuits, vol. 40, no. 7,
pp. 1414-1424, 2005, doi: 10.1109/JSSC.2005.847326.

A. M. A. Ali et al., “A 14 bit 1 GS/s RF sampling pipelined ADC with
background calibration,” IEEE J. Solid-State Circuits, vol. 49, no. 12,
pp. 2857-2867, Dec. 2014, doi: 10.1109/JSSC.2014.2361339.

Y. Peng, A. Ruffino, and E. Charbon, “A cryogenic broadband sub-
1-dB NF CMOS low noise amplifier for quantum applications,” IEEE
J. Solid-State Circuits, vol. 56, no. 7, pp. 2040-2053, Jul. 2021, doi:
10.1109/JSSC.2021.3073068.

G. Zheng et al., “Rapid gate-based spin read-out in silicon using an
on-chip resonator,” Nature Nanotechnol., vol. 14, no. 8, pp. 742-746,
Aug. 2019, doi: 10.1038/s41565-019-0488-9.

S. Hussain and Y. Louet, “Peak to average power ratio analysis of multi-
carrier and multi-standard signals in software radio context,” in Proc.
3rd Int. Conf. Inf. Commun. Technol., Theory Appl., Apr. 2008, pp. 1-5,
doi: 10.1109/ICTTA.2008.4530240.

A. Hirai, T. Fujiwara, M. Tsuru, K. Mori, and M. Shimozawa, “Vector-
sum phase shifter using a tunable active g,-C polyphase filter,”
IEEE Trans. Microw. Theory Techn., vol. 68, no. 10, pp. 40914102,
Oct. 2020, doi: 10.1109/TMTT.2020.2991738.

J. Park, C.-H. Lee, B.-S. Kim, and J. Laskar, “Design and analysis of low
flicker-noise CMOS mixers for direct-conversion receivers,” IEEE Trans.
Microw. Theory Techn., vol. 54, no. 12, pp. 43724380, Dec. 2006, doi:
10.1109/TMTT.2006.885582.

H. Homulle, F. Sebastiano, and E. Charbon, “Deep-cryogenic voltage
references in 40-nm CMOS,” IEEE Solid-State Circuits Lett., vol. 1,
no. 5, pp. 110-113, May 2018, doi: 10.1109/LSSC.2018.2875821.

B. C. Paz et al., “Performance and low-frequency noise of 22-nm
FDSOI down to 4.2 K for cryogenic applications,” IEEE Trans.
Electron Devices, vol. 67, no. 11, pp. 4563-4567, Nov. 2020, doi:
10.1109/TED.2020.3021999.

C. C. Lim, H. Ramiah, J. Yin, P.-I. Mak, and R. P. Martins, “An inverse-
class-F CMOS oscillator with intrinsic-high-Q first harmonic and second
harmonic resonances,” IEEE J. Solid-State Circuits, vol. 53, no. 12,
pp. 3528-3539, Dec. 2018, doi: 10.1109/JSSC.2018.2875099.

Y. Nemirovsky, I. Brouk, and C. G. Jakobson, “1/f noise in CMOS
transistors for analog applications,” IEEE Trans. Electron Devices,
vol. 48, no. 5, pp. 921-927, May 2001, doi: 10.1109/16.918240.

J. Baylon, P. Agarwal, L. Renaud, S. N. Ali, and D. Heo, “A Ka-band
dual-band digitally controlled oscillator with —195.1-dBc/Hz FoMr
based on a compact high-Q dual-path phase-switched inductor,” IEEE
Trans. Microw. Theory Techn., vol. 67, no. 7, pp. 2748-2758, 2019, doi:
10.1109/TMTT.2019.2917671.

Y. Peng, J. Yin, P.-I. Mak, and R. P. Martins, “Low-phase-noise wide-
band mode-switching quad-core-coupled mm-wave VCO using a single-
center-tapped switched inductor,” IEEE J. Solid-State Circuits, vol. 53,
no. 11, pp. 3232-3242, Nov. 2018, doi: 10.1109/JSSC.2018.2867269.

IEEE JOURNAL OF SOLID-STATE CIRCUITS, VOL. 57, NO. 8, AUGUST 2022

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

J. Gong, Y. Chen, F. Sebastiano, E. Charbon, and M. Babaie, “A 200 dB
FoM 4-to-5 GHz cryogenic oscillator with an automatic common-mode
resonance calibration for quantum computing applications,” in /EEE
Int. Solid-State Circuits Conf. (ISSCC) Dig. Tech. Papers, Feb. 2020,
pp- 308-310, doi: 10.1109/ISSCC19947.2020.9062913.

H.-C. Chang, “Phase noise in self-injection-locked oscillators—Theory
and experiment,” [EEE Trans. Microw. Theory Techn., vol. 51, no. 9,
pp- 1994-1999, Sep. 2003, doi: 10.1109/TMTT.2003.815872.

L. Iotti, A. Mazzanti, and F. Svelto, “Insights into phase-noise scaling
in switch-coupled multi-core LC VCOs for E-band adaptive modulation
links,” IEEE J. Solid-State Circuits, vol. 52, no. 7, pp. 1703-1718,
Jul. 2017, doi: 10.1109/JSSC.2017.2697442.

S. Oh and J. Oh, “A novel miniaturized tri-band VCO utiliz-
ing a three-mode reconfigurable inductor,” in Proc. IEEE Radio
Freq. Integr. Circuits Symp. (RFIC), Jun. 2021, pp. 187-190, doi:
10.1109/RFIC51843.2021.9490477.

Y. Shu, H. J. Qian, and X. Luo, “A 2-D mode-switching quad-core
oscillator using E-M mixed-coupling resonance boosting,” IEEE J.
Solid-State Circuits, vol. 56, no. 6, pp. 1711-1721, Jun. 2021, doi:
10.1109/JSSC.2020.3028382.

J. Luo, L. Zhang, L. Zhang, Y. Wang, and Z. Yu, “Behavioral analysis
and optimization of CMOS CML dividers for millimeter-wave appli-
cations,” IEEE Trans. Circuits Syst. II, Exp. Briefs, vol. 62, no. 3,
pp- 256-260, Mar. 2015, doi: 10.1109/TCSI1.2014.2369071.

C. S. Vaucher, I. Ferencic, M. Locher, S. Sedvallson, U. Voegeli,
and Z. Wang, “A family of low-power truly modular programmable
dividers in standard 0.35 xm CMOS technology,” Phase-Locking High-
Perform. Syst. Devices Archit., vol. 35, no. 7, pp. 346-352, 2003, doi:
10.1109/9780470545492.ch40.

T.-C. Lee and K.-J. Hsiao, “The design and analysis of a DLL-
based frequency synthesizer for UWB application,” [EEE J. Solid-
State  Circuits, vol. 41, no. 6, pp. 1245-1252, Jun. 2006, doi:
10.1109/JSSC.2006.874353.

B. Razavi, Design of CMOS Phase-Locked Loops. Cambridge, U.K.:
Cambridge Univ. Press, 2020.

J. Yin, P. I. Mak, F. Maloberti, and R. P. Martins, “A time-interleaved
ring-VCO with reduced 1/f> phase noise corner, extended tuning range
and inherent divided output,” IEEE J. Solid-State Circuits, vol. 51,
no. 12, pp. 2979-2991, Dec. 2016, doi: 10.1109/JSSC.2016.2597847.
X. Gao, E. A. M. Klumperink, M. Bohsali, and B. Nauta, “A low noise
sub-sampling PLL in which divider noise is eliminated and PD/CP noise
is not multiplied by N2 IEEE J. Solid-State Circuits, vol. 44, no. 12,
pp. 3253-3263, Dec. 2009, doi: 10.1109/JSSC.2009.2032723.

U. Alakusu, M. S. Dadash, S. Shopov, P. Chevalier, A. Cathelin, and
S. P. Voinigescu, “A 210-284-GHz I-Q receiver with on-chip VCO and
divider chain,” IEEE Microw. Wireless Compon. Lett., vol. 30, no. 1,
pp- 50-53, Jan. 2020, doi: 10.1109/LMWC.2019.2954036.

R. Gawande, R. Bradley, and G. Langston, “Low noise, 0.4-3 GHz
cryogenic receiver for radio astronomy,” Rev. Sci. Instrum., vol. 85,
no. 10, Oct. 2014, Art. no. 104710, doi: 10.1063/1.4900446.

Yatao Peng (Member, IEEE) received the B.Eng.
degree in information engineering from Tianjin
Normal University, Tianjin, China, in 2010, and
the Ph.D. degree in electronics engineering from
the University of Chinese Academy of Sciences,
Beijing, China, in 2015, with a focus on multi-
band/wideband RF front-end circuits for wireless
communication.

From 2012 to 2015, he was a Visiting Ph.D. Stu-
dent with the Institute of Microelectronics, Tsinghua
University, Beijing. From 2016 to 2017, he was

a Post-Doctoral Researcher with the University of Macau, Macau, China,
where he was involved in CMOS millimeter-wave integrated circuit design.
From 2017 to 2018, he was with the National University of Singapore, Singa-
pore, where he served as a Research Fellow to develop CMOS phase-shifter
modules for hybrid integrated flexible electronic systems. He is currently a
Scientist with the Advanced Quantum Architecture Laboratory, Ecole Poly-
technique Fédérale de Lausanne (EPFL), Lausanne, Switzerland. His current
research interest includes CMOS/BiCMOS cryogenic circuits for quantum
applications.


http://dx.doi.org/10.1038/ncomms13575
http://dx.doi.org/10.1109/LED.2020.2995645
http://dx.doi.org/10.1103/PhysRevLett.110.046805
http://dx.doi.org/10.1038/s41928-021-00687-6
http://dx.doi.org/10.1038/s41928-021-00687-6
http://dx.doi.org/10.1109/JSSC.2020.2978020
http://dx.doi.org/10.17863/CAM.32304
http://dx.doi.org/10.1109/TCSI.2008.917990
http://dx.doi.org/10.1109/JSSC.2005.847326
http://dx.doi.org/10.1109/JSSC.2014.2361339
http://dx.doi.org/10.1109/JSSC.2021.3073068
http://dx.doi.org/10.1038/s41565-019-0488-9
http://dx.doi.org/10.1109/ICTTA.2008.4530240
http://dx.doi.org/10.1109/TMTT.2020.2991738
http://dx.doi.org/10.1109/TMTT.2006.885582
http://dx.doi.org/10.1109/LSSC.2018.2875821
http://dx.doi.org/10.1109/TED.2020.3021999
http://dx.doi.org/10.1109/JSSC.2018.2875099
http://dx.doi.org/10.1109/16.918240
http://dx.doi.org/10.1109/TMTT.2019.2917671
http://dx.doi.org/10.1109/JSSC.2018.2867269
http://dx.doi.org/10.1109/ISSCC19947.2020.9062913
http://dx.doi.org/10.1109/TMTT.2003.815872
http://dx.doi.org/10.1109/JSSC.2017.2697442
http://dx.doi.org/10.1109/RFIC51843.2021.9490477
http://dx.doi.org/10.1109/JSSC.2020.3028382
http://dx.doi.org/10.1109/TCSII.2014.2369071
http://dx.doi.org/10.1109/9780470545492.ch40
http://dx.doi.org/10.1109/JSSC.2006.874353
http://dx.doi.org/10.1109/JSSC.2016.2597847
http://dx.doi.org/10.1109/JSSC.2009.2032723
http://dx.doi.org/10.1109/LMWC.2019.2954036
http://dx.doi.org/10.1063/1.4900446

PENG et al.: CRYO-CMOS WIDEBAND QUADRATURE RECEIVER WITH FREQUENCY SYNTHESIZER

Andrea Ruffino (Member, IEEE) received the B.Sc.
degree (cum laude) in engineering physics from
the Politecnico di Torino, Turin, Italy, in 2013, the
triple joint M.Sc. degree (cum laude) in micro- and
nano-technologies for integrated systems from the
Politecnico di Torino, the Institut National Poly-
technique de Grenoble (INPG), Grenoble, France,
and the Ecole Polytechnique Fédérale de Lausanne
(EPFL), Lausanne, Switzerland, in 2015, and the
Ph.D. degree in microsystems and microelectronics
from EPFL, in 2021.

From 2015 to 2016, he was with Hypres, Inc., Elmsford, NY, USA,
working on the design of superconducting integrated circuits in rapid single
flux quantum (RSFQ) technology. From 2016 to 2021, he was a Research
Assistant with EPFL, working on cryogenic CMOS electronics for qubit
readout and control and focusing on single-chip cryo-CMOS transceivers
for scalable silicon quantum computers. From 2017 to 2018, he was a
Visiting Research Assistant with the Delft University of Technology, Delft,
The Netherlands. Since 2022, he has been with IBM Research Zurich,
Riischlikon, Switzerland, working as a Researcher on cryogenic electronics
for quantum computers. His main research interests include analog and RF
integrated circuit design, cryogenic CMOS electronics for quantum computing
applications, superconducting electronics, and sensors.

Dr. Ruffino serves as a reviewer for the IEEE JOURNAL OF SOLID-STATE
CIRCUITS and IEEE TRANSACTIONS ON VERY LARGE SCALE INTEGRA-
TION (VLSI) SYSTEMS. He was also among the best student paper finalists at
the IEEE Radio-Frequency Integrated Circuits (RFIC) Symposium 2019 and
he was a recipient of the IEEE Solid-State Circuits Society (SSCS) Predoctoral
Achievement Award for 2020-2021.

Tsung-Yeh Yang received the B.Sc. and M.S.
degrees in materials science and engineering from
National Tsing Hua University, Hsinchu, Taiwan, in
2004 and 2006, respectively, and the Ph.D. degree
in physics from Rheinisch—Westfilische Technische
Hochschule (RWTH) Aachen University, Aachen,
Germany, in 2011.

From 2011 to 2012, he was a Post-Doctoral
Researcher with Academia Sinica, Taipei, Taiwan,
where his research interests included charge and
spin transport in graphene-based transistors and
graphene-based device fabrication. From 2012 to 2022, he worked as a
Research Scientist with the Hitachi Cambridge Laboratory, Cambridge, U.K.,
where he is involved in the research and development of silicon-based CMOS
devices for quantum information processing and reflectometry technology for
quantum bit readout.

John Michniewicz received the B.Sc. degree in
physics from King’s College London, London, U.K.,
in 2018, and the M.Phil. and Ph.D. degrees in quan-
tum computing from the University of Cambridge,
Cambridge, U.K., in 2019 and 2022, respectively.

His research involves isolated electron spins in
silicon and quantum dot formation in commercial
transistors. He designed and worked with printed
circuit boards (PCBs), radio frequency readout cir-
cuits, and nano-scale devices. During his Ph.D.,
he evaluated solutions for large-scale prospects in
quantum computing.

2389

Miguel Fernando Gonzalez-Zalba received the
M.Phys. degree in physics from the University of
Zaragoza, Zaragoza, Spain, in 2008, and the Ph.D.
degree in physics from the University of Cambridge,
Cambridge, U.K., in 2013.

From 2013 to 2020, he was with Hitachi Europe
Ltd., Hitachi Cambridge Laboratory, Cambridge,
where he was the Head of Quantum Computing
from 2018 to 2020. Since 2020, he has been a Lead
Quantum Hardware Engineer with Quantum Motion

- Technologies, London, U.K., where he works toward
the development of silicon-based quantum processors. He is also an Asso-
ciate Lecturer and a Visiting Scholar with the University of Cambridge,
an Honorary Research Fellow with University College London, London, and
a Quondam Fellow with Hughes Hall, Cambridge. He is one of the driving
forces on the development of fast, compact, and accurate readout methods for
spins in solid-state systems. He has coauthored over 50 scientific articles
and three books, and holds five granted patents. His interests span from
silicon-based quantum computing (hardware development), quantum charge
sensing, circuit quantum electrodynamics, quantum-classical hybrid circuits,
cryogenic CMOS, single-electron devices and circuits, fermionic thermometry,
and quantum-limited amplification.

Dr. Gonzalez-Zalba received the Research and Development Technology
Award from the Hitachi’s Center for Social Innovation for the development
of silicon-based quantum computing technology. He was awarded the Young
Scientist Award by the Spanish Royal Society of Physics in 2017. In 2019,
he became a Royal Society Industry Fellow and received Hitachi’s Center for
Exploratory Research Award for substantial developments in quantum sensing.
Since 2021, he has been a UKRI Future Leader Fellow.

Edoardo Charbon (Fellow, IEEE) received
the Diploma degree from ETH Ziirich, Ziirich,
Switzerland, in 1988, the M.S. degree from the
University of California at San Diego, San Diego,
CA, USA, in 1991, and the Ph.D. degree from the
University of California at Berkeley, Berkeley, CA,
in 1995, all in electrical engineering and EECS.

He was with Cadence Design Systems, San Jose,
CA, from 1995 to 2000, where he was an Architect
of the company’s initiative on information hiding
for intellectual property protection. In 2000,
he joined Canesta Inc., Santa Clara, CA, USA, as the Chief Architect, where
he led the development of wireless 3-D CMOS image sensors. Since 2002,
he has been a Faculty Member with the Ecole Polytechnique Fédérale de
Lausanne (EPFL), Lausanne, Switzerland, where he is Full Professor, since
2015. From 2008 to 2016, he was the Chair of VLSI design with the Delft
University of Technology, Delft, The Netherlands. He is a Distinguished
Visiting Scholar with the W. M. Keck Institute for Space, Caltech, Pasadena,
CA, and a fellow of the Kavli Institute of Nanoscience Delft, Delft. He has
been the driving force behind the creation of deep-sub-micrometer CMOS
SPAD technology, which is mass-produced since 2015 and is present in
telemeters, proximity sensors, and medical diagnostics tools. He has authored
or coauthored over 400 articles and two books. He holds 24 patents. His
interests span from 3-D vision, FLIM, FCS, and NIROT to super-resolution
microscopy, time-resolved Raman spectroscopy, and cryo-CMOS circuits
and systems for quantum computing.




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Black & White)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /AdobeArabic-Bold
    /AdobeArabic-BoldItalic
    /AdobeArabic-Italic
    /AdobeArabic-Regular
    /AdobeHebrew-Bold
    /AdobeHebrew-BoldItalic
    /AdobeHebrew-Italic
    /AdobeHebrew-Regular
    /AdobeHeitiStd-Regular
    /AdobeMingStd-Light
    /AdobeMyungjoStd-Medium
    /AdobePiStd
    /AdobeSansMM
    /AdobeSerifMM
    /AdobeSongStd-Light
    /AdobeThai-Bold
    /AdobeThai-BoldItalic
    /AdobeThai-Italic
    /AdobeThai-Regular
    /ArborText
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /BellGothicStd-Black
    /BellGothicStd-Bold
    /BellGothicStd-Light
    /ComicSansMS
    /ComicSansMS-Bold
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /Courier-Oblique
    /CourierStd
    /CourierStd-Bold
    /CourierStd-BoldOblique
    /CourierStd-Oblique
    /EstrangeloEdessa
    /EuroSig
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Impact
    /KozGoPr6N-Medium
    /KozGoProVI-Medium
    /KozMinPr6N-Regular
    /KozMinProVI-Regular
    /Latha
    /LetterGothicStd
    /LetterGothicStd-Bold
    /LetterGothicStd-BoldSlanted
    /LetterGothicStd-Slanted
    /LucidaConsole
    /LucidaSans-Typewriter
    /LucidaSans-TypewriterBold
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MinionPro-Bold
    /MinionPro-BoldIt
    /MinionPro-It
    /MinionPro-Regular
    /MinionPro-Semibold
    /MinionPro-SemiboldIt
    /MVBoli
    /MyriadPro-Black
    /MyriadPro-BlackIt
    /MyriadPro-Bold
    /MyriadPro-BoldIt
    /MyriadPro-It
    /MyriadPro-Light
    /MyriadPro-LightIt
    /MyriadPro-Regular
    /MyriadPro-Semibold
    /MyriadPro-SemiboldIt
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /Symbol
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Webdings
    /Wingdings-Regular
    /ZapfDingbats
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 600
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 300
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.33333
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /Unknown

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


