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Qubit control electronics composed of CMOS circuits are of critical interest for next-generation quan-
tum computing systems. A CMOS-based application-specific integrated circuit (ASIC) fabricated in
14-nm fin field-effect transistor (FinFET) technology was used to generate and sequence qubit control
wave forms and demonstrate a two-qubit cross-resonance gate between fixed-frequency transmons. The
controller was thermally anchored to the T = 4 K stage of a dilution refrigerator and the measured power
was 23 mW per qubit under active control. The chip generated single-side banded output frequencies
between 4.5 and 5.5 GHz, with a maximum power output of −18 dBm. Randomized-benchmarking (RB)
experiments revealed an average number of 1.71 instructions per Clifford (IPC) for single-qubit gates and
17.51 IPC for two-qubit gates. A single-qubit error per gate of ε1Q = 8 × 10−4 and a two-qubit error per
gate of ε2Q = 1.4 × 10−2 were shown. A drive-induced Z rotation was observed by way of a rotary-echo
experiment; this observation is consistent with the expected qubit behavior given the measured excess
local-oscillator (LO) leakage from the CMOS chip. The effect of spurious drive-induced Z errors was
numerically evaluated with a two-qubit model Hamiltonian and shown to be in good agreement with the
measured RB data. The modeling results suggest that the Z error varies linearly with the pulse amplitude.
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I. INTRODUCTION

Next-generation quantum computers will undergo a
paradigm shift whereupon multiqubit devices will predom-
inantly perform fault-tolerant quantum circuits. This new
era of quantum computing will require orders of magni-
tude more qubits than are currently being integrated in
today’s systems [1]. For large quantum computing systems
comprised of solid-state quantum processors (supercon-
ducting qubits or quantum dots), cryogenic control elec-
tronics is considered a key enabling technology [2–4].
There has been significant development in CMOS elec-
tronics for quantum dot processors [5–8], primarily due to
the increased input-output demands and the potential for
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integrating CMOS electronics with qubits at temperatures
> 100 mK. More recently, cryogenic CMOS electronics
for superconducting qubits have been developed and have
been used for single-qubit-gate demonstrations [9–11].

Research in cryogenic CMOS control electronics has
primarily focused on achieving the low-power analog
requirements to operate within the thermal-load limitations
of a dilution refrigerator (DR). While power dissipation is
an important specification for cryogenic control technolo-
gies, minimalistic controllers are not sufficient for practical
qubit control. For a fully cryogenic control architecture
to be useful, a classical processor capable of producing
relevant pulse sequences will be required. This classical
processor presents an additional source of power dissipa-
tion and specialized digital architectures will be needed for
cryogenic integration to achieve the required performance
within the limited available power budget.

Another important consideration for cryogenic control
technologies is the maximum thermal load of the different
stages in a dilution refrigerator. For thermalization of the
CMOS chip at the T = 4 K plate, the power limitation of a
cryogen-free DR is set by the second stage of a cryocooler
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and the maximum thermal load will be determined by the
number of cryocoolers in the DR. Notably, the maximum
load of cryocoolers is temperature dependent; they yield
more cooling power at higher temperatures [12]. If the sec-
ond stage were allowed to operate at higher temperatures,
then the DR would be able to support more cryogenic con-
trol channels. Assuming that higher operating temperatures
of the second stage do not impact the cooling of other tem-
perature stages, then this strategy will make the integration
of cryogenic control technologies more feasible.

Cryocontrolled architectures such as the one shown in
Fig. 1(a) may also yield systematic scaling advantages that
would warrant using low-power CMOS ASICs. Examples
of such advantages include lower communication latency
[14], a lower thermal noise floor [15], reduced dispersion
of base-band signals [16], reduction in rf loss due to signal
delivery [17], wire-count reduction from room temperature

to the T = 4 K stage, a reduction in power per channel,
a reduction in cost per channel, and a reduction in total
system size.

In this paper, we present measurement results on a
transmon-based quantum processor (QP) [18,19] con-
trolled via a custom cryo-CMOS application-specific
integrated circuit (ASIC). The ASIC was designed for
cryogenic operation and is capable of generating pulse
sequences for qubit characterization, verification, and vali-
dation (QCVV) experiments common for use with trans-
mon qubits. Here, the CMOS chip is a dual-channel
semiautonomous qubit state controller fabricated in 14-nm
fin field-effect transistor (FinFET) technology [10,11]. A
single-channel block diagram is shown in Fig. 1(b). The
on-chip processor facilitates autonomy through its ability
to play predefined sequences of qubit control wave forms,
a necessary requirement for both quantum error-correction
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FIG. 1. (a) A block diagram for a fault-tolerant quantum computing architecture in which control signals for the quantum processor
(QP) are digitally synthesized at the 4-K stage of the dilution refrigerator. Here, the QP is composed of fixed-frequency transmon qubits
coupled together through a fixed-frequency quantum bus and arranged in a heavy hexagonal lattice. The cryogenic control unit (CCU)
is composed of a cryogenic central processing unit (CCPU), qubit wave-form generators, readout wave-form generators, and quantum
state discriminators. A CCU containing these key elements would be capable of autonomous operation, yielding a shorter-latency
loop when running deterministic quantum circuits. A room-temperature processor performs classical computations, orchestrates high-
level quantum operations, and interprets the results of quantum algorithms [1]. Room-temperature support electronics are necessary to
power, clock, and program active cryogenic electronics. The support electronics interface with a room-temperature server that performs
classical computations necessary to run quantum algorithms. (b) An expanded block diagram of the qubit wave-form generator [blue
box in (a)], used for this paper. (c) The X and Z stabilizer circuits for performing error-correcting protocols on a heavy hexagonal
lattice. Stabilizers represent the primary protocol for logical qubit maintenance and the CCU oversees these protocols, which include
monitoring physical qubits, decoding errors on physical qubits [13], and generating conditional sequences of pulses.
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(QEC) [20–23] and quantum error-mitigation (QEM)
workloads [24–26]. In the experiments described in this
work, emphasis was placed on understanding the demands
of the classical processor (CP), which represents a near-
term development challenge for cryogenic control tech-
nologies. For example, present-day QPs are primarily
used for physics-learning and qubit-characterization exper-
iments [27–29], which can be difficult to support in a
low-power processor.

An important qubit-gate-characterization experiment
that presents challenges to limited-memory control hard-
ware is randomized benchmarking (RB) [30]. For RB
experiments, a random sequence of Clifford gates followed
by an inversion pulse are required to be stored in mem-
ory. Individual Cliffords correspond to wave forms with
independent amplitudes, phases, and durations, while the
sequence of Cliffords corresponds to a set of instructions.
For complex experiments such as RB, compressing large
instruction sets into limited memory is challenging; how-
ever, not all experiments are as demanding. In a quantum
computing system that primarily performs QEC protocols
[Figs. 1(a) and 1(c)], the set of required pulse sequences
is simple and repetitive, especially when compared to
those needed for QCVV experiments [31]. Understanding
the complexity and characteristics of the pulse sequences
demanded by these experiments is important for develop-
ing optimal qubit control technologies and could lead to
special-purpose instruction set architectures (ISAs).

Here, we report the use of cryo-CMOS to generate qubit
control wave forms for a suite of characterization exper-
iments including T1, T2, T∗

2, Carr-Purcell-Meiboom-Gill
sequences (CPMG), rotary echo, Hamiltonian tomography,
and RB of single-qubit and two-qubit gates. The classical
processor was characterized during qubit measurements,
highlighting the efficiency of the ISA. Transmon calibra-
tion routines were performed in order to realize the afore-
mentioned characterization experiments. These measure-
ments serve as a promising demonstration of cryo-CMOS
based control technology, with single-qubit and two-qubit
error per gate (EPG) observed to be ε1Q = 8 × 10−4

and ε2Q = 1.4 × 10−2, respectively. We show through
Lindblad-master-equation simulations that the observed
error is set by control noise. The primary error source is a
pulse-induced qubit Z-axis rotation that arises due to spuri-
ous spectral content observed in the CMOS controller out-
put. Additionally, a Gaussian-distributed pulse-amplitude
noise was observed on the rf pulses but simulations showed
that this noise did not significantly impact gate errors.

II. CRYO-CMOS CONTROL ELECTRONICS

An ideal quantum control architecture will have the
capability to autonomously generate wave-form sequences
conditioned on the measurement of physical qubits [32]. A

control unit able to satisfy this requirement will be com-
posed of circuit blocks for qubit wave-form generation,
entanglement wave-form generation, readout wave-form
generation, and qubit state discrimination. Furthermore,
the unit will require a central processor that manages
these blocks and conditionally asserts logic for running
the appropriate quantum circuits [Fig. 1(a)]. CMOS is an
ideal technology for realizing such a control unit because
of existing industrial fabrication capabilities and ease of
integration of the different circuit blocks required.

In a quantum computing system optimized to execute
specific quantum algorithms, the fault-tolerant operations
are in principle deterministic, based on the decoding of
physical qubit measurements [13,33,34], implying that full
autonomy is achievable. If the above-mentioned capabili-
ties are performed autonomously and within the dilution
refrigerator, this approach will yield a reduced-latency
control configuration [Fig. 1(a)], thereby increasing the
achievable number of circuit layer operations per second
(CLOPS) [35]. The primary latency concerns addressed
here are a reduction in the round-trip transient time and
the response time for conditional wave-form generation.

The proposed autonomous control unit is composed of
distinguishable circuit blocks, which can be developed
either as stand-alone chips in a multichip configuration
or as a single larger integrated circuit. The work detailed
in this paper focuses on a demonstration with a stand-
alone circuit block consisting of two distinct rf channels
for qubit wave-form generation. Here, the same rf gener-
ator is used for both single-qubit control and generating
entanglement between qubit pairs; this approach leverages
the inherent wiring advantage associated with the cross-
resonance-based architecture [19]. As shown in Fig. 1(b),
this semiautonomous qubit state controller consists of
an analog block with a low-power digital-to-analog con-
verter (DAC), a special-purpose classical processor, and a
serial interface for communicating with room-temperature
electronics [10,11].

A. Analog block

The qubit state controller was designed and fabricated
in 14-nm FinFET technology, a technology choice that
was desirable due to its high switching efficiency, large
transistor on-off ratio, and lower threshold voltages that
lead to reduced power dissipation [36]. The choice of a
highly scaled transistor technology also reduces the cost of
adding a high degree of digital programmability. For exam-
ple, the qubit controller is capable of being configured to
the following modes of conversion operation: double side-
band with suppressed carrier (DSB SC), single-sideband
direct-conversion lower sideband (SSB LSB), and single-
sideband direct-conversion upper sideband (SSB USB).
The reported experiments utilized SSB LSB as a mode of
operation. In this configuration, the in-line low-pass filters
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provided additional attenuation of the LO when it was
placed higher in frequency than the transmon qubits.

For experimental versatility, the analog control block of
the qubit state controller was made configurable, utilizing
over 200 bits of digital control. The analog control block
was composed of two 10-bit DACs (in-phase and quadra-
ture, or IQ), two base-band filters (IQ), a complex mixer
to provide, e.g., SSB-LSB output, and a tunable output
stage. The complex mixer received quadrature clock sig-
nals for up-conversion of the base-band signal of the DAC
to the |0〉-to-|1〉 transition frequency ω01 of the qubit. The
SSB mode was chosen as the primary mode of operation
in order to reduce circuit complexity, while also reducing
analog power consumption. In order to maximize dynamic
range while simultaneously minimizing noise generation,
a fully differential-current-mode design was implemented.
Notable advantages of the design include current reuse
among multiple functional blocks, high-bandwidth inter-
faces between circuit elements, convenient implementa-
tion of the variable gain stages (using current scaling
and current steering [37]), and low switching noise at the
output [10,11].

The differential wiring extended from the DAC output
to the output stage of the chip. The output stage con-
sisted of a balun, which converted the differential signal
to a single-ended one; the balun resonance frequency was
tunable to support the range of desired SSB frequencies.
The balun resonance and shape tuning were controlled
using 4 bits of center frequency adjustment and 2 bits
of quality-factor adjustment. The output impedance was
adjustable to match the fridge wiring, which was con-
nected to the balun output. A variable attenuator provided
20 dB of programmable attenuation for noise reduction,
plus an additional 25 dB to be switched in for blanking the
AWG during readout. To satisfy dynamic range require-
ments, two variable gain stages were used in the analog
control path. The first gain stage was placed between the
base-band filter (BBF) and the SSB up-converter, while
the second gain stage was placed at the output of the SSB
up-converter. Both gain stages were unidirectional (to pro-
vide reverse isolation) and yielded a total of 34 dB of gain
control, with an average step size close to 2 dB. The BBF
bandwidth (as reflected in the 3 dB cutoff frequency) was
configurable over a range of 100–800 MHz using a 5-bit
bandwidth-control configuration.

The DAC could be programmed to produce an IF offset
within approximately 400 MHz of the LO and the in-band
spurious tones at the output were suppressed to a spurious-
free dynamic range of 40 dB out to 500 MHz [10,11]. A
microwave source with a frequency between 8 and 12 GHz
was delivered from room temperature to the cryo-CMOS
chip, on which LO signals in a range of 4–6 GHz were
generated with a 2:1 frequency divider. Leveraging the
differential-current-mode architecture of the analog control
path, programmable dc currents were added to the output

currents of the DACs in order to compensate differential
offsets, which helped to reduce LO leakage in the rf output.

B. Digital block

The digital architecture featured a processor imple-
menting 32 bit fixed-point instructions for programming
flexibility, including special instructions for wave-form
generation and phase rotations and was designed to mini-
mize power consumption for cryogenic operation. The ISA
of the processor ISA defined 32 general-purpose instruc-
tions (eight branch or flow control, ten data movement, and
14 arithmetic) to enable trigger-controlled loops, subrou-
tines, and computation, as well as five special instructions
for the generation of wave forms and digital output sig-
nals. The processor core used three SRAM banks, with
32 kbyte dedicated for instructions, 20 kbyte dedicated
for wave forms, and 32 kbyte dedicated for data, respec-
tively. To minimize power consumption, the processor had
a fast clock domain operating at the sampling frequency
fs of the DACs for providing wave-form data to the DACs
and a slow clock domain operating at fCLK = fs/16 for pro-
gram control. The microarchitecture implemented fetch,
decode, branch resolution, and scalar arithmetic execution
instructions within one slow clock cycle.

Wave-form data were stored as an envelope modulated
by intermediate frequency IQ sinusoids with an initial
phase of zero. This approach reduced the wave-form mem-
ory footprint and avoided the power overhead associated
with the sine or cosine evaluations of a numerically con-
trolled oscillator (NCO) [38,39]. The compute waveform
coefficients (CWC) instruction prepared the IQ coefficients
used by the play waveform (PW) instruction to set the
phase and amplitude of the output wave form. These coef-
ficients were calculated relative to the frame phase, which
could be modified by special instructions such as add frame
phase (ADDFP) to effect a virtual Z rotation of the qubit
phase [40]. The coefficients were applied to the stored
wave-form data through 16-way single-instruction mul-
tidata vector arithmetic logic in the slow clock domain.
One PW instruction could play up to 4096 wave-form
samples. The samples were serialized into the fast clock
domain and sent to the IQ DACs in the analog section. The
wave-form retrieval and processing functions progressed
independently of the program flow and control facilities of
the processor.

TABLE I. The cryo-CMOS parameters used during the qubit
control experiments.

Channel LO (GHz) IF (MHz) Digital clock (GHz)

CHCTRL 5.6 261.77 2.25
CHTRGT 5.6 348.81 2.25
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TABLE II. The average qubit parameters measured using the
cryo-CMOS chip. The reported coherence measurements were
interleaved between 2Q RB measurements shown in Fig. 8(f).

Qubit T1 (µs) T2 (µs) T2 ∗ (µs) ZZ (kHz)

QCTRL 57.57 ± 4.46 68.99 ± 2.04 23.13 ± 1.91 103.0 ± 67
QTRGT 61.58 ± 5.99 69.16 ± 4.80 24.21 ± 3.22 103.0 ± 67

III. CMOS PROCESSOR FOR QUBIT CONTROL

Even with a specialized ISA, some experiments were
challenging to accommodate with this low-power proces-
sor, primarily due to its limited memory. Note that all
experiments performed with the cryo-CMOS processor
were originally developed using room-temperature elec-
tronics that offer significantly more memory and higher
performance as compared to the custom processor design.
This discrepancy created issues for the porting of exper-
iments to the low-power processor. Details regarding
issues encountered are illustrated in Fig. 2 and are fur-
ther discussed in Sec. IV. Here, Fig. 2 shows the mem-
ory usage of the processor for the different experiments
performed. Many experiments required no change from
routines developed with room-temperature electronics but
in some cases additional effort was required in order to
fit pulse sequences into processor memory. The default
approach to reducing memory demands was to decrease the
point density by customizing parameters, while ensuring
that enough data points were collected to extract accurate
fit results. In cases when the default approach was not suf-
ficient, it was necessary to rewrite experiment routines or
substitute new pulse types. One experiment for which new
pulse definitions were required was Hamiltonian tomogra-
phy [41] and details for how this experiment was made to
work are reviewed in Sec. IV.

With respect to how they were operated using room-
temperature control electronics, most experiments fell into
the category of not requiring change or only needing cus-
tom parameters to achieve successful execution. RB is an
example of an experiment made to work through param-
eter adjustment: in this case, the instruction memory was
the limitation to be overcome. The strategy used to address
this challenge was first to reduce the number of Clifford
sequences and then to use logarithmic spacing between the
different sequence lengths, both of which helped to reduce
the number of instructions required. However, as shown in
Figs. 6(a) and 7(a), the last data point in an RB experiment
consumes the most memory, implying that simple point-
reduction methods will not scale as error rates improve.
Lower error rates will require more Clifford gates for the
exponential decay to converge, which will require more
instruction memory. As shown in Fig. 2, the instruction-
memory requirements for an RB experiment are predicted
to increase from approximately 32 kbyte to approximately
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FIG. 2. The instruction and wave-form memory requirements
for each of the calibration sequences, QCVV experiments, and
RB experiments, using nominal pulse widths of 42.67 ns for
single-qubit gates, 71.1 ns for the shortest cross-resonance (CR)
pulse width, and 711.1 ns for longest CR pulse width (marked
“Slow” in the data labels). The unit on the X - and Y-axes is
the memory size in bytes, in logarithmic scale. The cryo-CMOS
memory limits of 32 kbyte for instructions and 20 kbyte for wave
forms are denoted by the dotted square. “1Q” in the data labels
identifies single-qubit calibrations and RB experiments, “2Q”
or “2Q Slow” identifies two-qubit calibrations and RB experi-
ments, and “QCVV” identifies the characterization experiments
(T1, T2, T2∗, and CPMG). For calibrations, the last string iden-
tifies the type of calibration, encoded as follows: R, rough; F,
fine; A, amplitude; F, frequency, D drag, P, phase. For RBs, the
last string specifies the errors per Clifford and the correspond-
ing marker identifies the memory size needed to extract an error
rate from an exponential decay converging to P(1) = 0.49. WS,
wideband spectroscopy; SRF, super-rough frequency calibration;
HTE, Hamiltonian tomography with echoed CR. Vast differences
in the memory requirements are evident for these different exper-
iments. For instance, CR amplitude, CR phase, spectroscopy, and
HTE require large wave-form memory, while RB, CPMG, spec-
troscopy, and HTE require very large instruction memory. The
colors indicate the degree of difficulty to accommodate the cryo-
CMOS memory limitations. Experiments that fall in the “No
Change” zone (white) run without any modifications. “Param-
eter Change” requires reducing and/or carefully recalculating
the parameters of the experiment, such as reducing the number
of steps and/or reducing the sweep range. “Rewrite/Substitute”
requires rewriting the experiment itself and/or substituting pulse
types, to devise an equivalent experiment that fits better in mem-
ory by exploiting cryo-CMOS core features. 2Q HTE is in this
category. “Hardware Assist” (purple) identifies experiments that
may require changes to the current cryo-CMOS hardware and/or
instruction set. 1Q and 2Q RB with lower error rates fall in this
category, requiring further innovation going forward.

256 kbyte when the 1Q error and 2Q error are reduced from
0.1% to 0.01% and 1% to 0.1%, respectively.

To accommodate longer sequences, ASICs may require
more effective instruction memory, a more specialized
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ISA, or a custom compiler designed to specifically for the
ISA [42]. Alternatively, new measurement techniques with
lower memory overhead could also be adapted to extract
error rates; e.g., using simple characterization measure-
ments along with error models to infer errors [43–46],
interpreting the error through an under-sampled RB exper-
iment [47], or performing experiments such as quantum
process tomography [48,49] that place lesser demands on
memory. It is also worth noting that longer sequences
may not be needed in future quantum computers. Exper-
iments such as RB are useful for performance evaluation
during hardware and software development but are not
the intended use case for quantum computers. Experi-
ments such as QEC [20–23] and QEM [24–26] will be
the primary use cases for useful applications of quantum
computers.

IV. MEMORY REDUCTION IN A LOW-POWER
PROCESSOR

The on-chip processor supported 32 kbyte of SRAM for
instructions and 20 kbyte of SRAM for wave forms. For
simplicity, these memory banks had a single-purpose des-
ignation: wave-form memory was used store wave-form
data and instruction memory was used to store programs
that played sequences of qubit control pulses. Resource
bottlenecks were observed when the wave forms became
too long, and/or sequences became too long. When this
happened, memory-reduction techniques were necessary.
One example technique was to reduce wave-form memory
by partitioning wave forms.

A key example is the Hamiltonian-tomography exper-
iment from Fig. 5(d), which required many long square-
Gaussian wave forms of different lengths that did not fit
in wave-form memory. To overcome this problem, the
flat section of the square-Gaussian wave form was parti-
tioned into small equal-sized segments and the wave form
was constructed by stepping through instruction mem-
ory to add segments together, as shown in Fig. 3. This
technique made a fundamental physics experiment fea-
sible with limited wave-form memory but at the cost
of more instruction memory. The width of the segment
was used as a sweep parameter in order to optimize the
trade space between wave-form size and the number of
instructions.

This wave-form memory-reduction technique was also
applied to other 2Q calibrations for consistency. In these
cases, the width of the smallest segment was chosen to
align with the fastest 2Q cross-resonance (CR) pulse.
To increase the pulse width, the number of instructions
increased linearly with the number of segments, as was
observed in Fig. 2 for 2Q calibrations marked with the
“Slow” prefix. In this specific case, the smallest segment
was chosen to be 71.1 ns and the slowest CR pulse used

(a)

(b) S 1 S 2 S N

FIG. 3. (a) The standard wave form used for cross-resonance
Hamiltonian-tomography experiments. (b) An illustration of the
wave-form partitioning used for memory reduction of pulses that
were too long to be stored in wave-form memory.

was 711.1 ns; resulting in an approximately 10× increase
in instruction-memory usage. It is conceivable that the
arithmetic and branch facilities of the processor could be
exploited to reduce the 10× increase but this is not trivial
because of phase-alignment requirements between adja-
cent segments. As mentioned in Sec. II B, the processor
supports phase-manipulation instructions, so in theory this
can be overcome, but in practice it is difficult to implement
correctly and accurately.

Another challenge associated with this simplistic ISA
model is resource starvation, because there are often no
free clock cycles to allow execution of arithmetic or branch
instructions. For example, in these experiments the short-
est 1Q gate instrumented in Fig. 8(e) is just 28.44 ns
wide, which corresponds to two processor clock cycles.
In order to generate the shortest pulse, two instructions
are required: one to compute the wave-form coefficients
(CWCs) and another to play a wave form (PW). Shorter
gates are desirable because they are shown to reduce
errors but a dependency exists between the processor clock
frequency and the 1Q gate length. The processor clock fre-
quency sets a lower bound on the 1Q gate speed. Increasing
the processor clock frequency would speed up the execu-
tion of the CWC and PW instructions but would result in
more power dissipation.

The difficulty in optimizing instruction sequences on
the ISA was compounded by the layered structure of the
existing software stack, in which high-level pulse defini-
tions were generated in a manner that supported a variety
of room-temperature control hardware. Since off-the-shelf
AWGs do not provide quantum specific instructions, such
as frame phase adjustments or parametric looping; the
existing pulse-generation software did not support the effi-
ciency yielded by a quantum specific processor. Ideally, a
special-purpose compiler would be used to take in high-
level pulse definitions and convert them into instructions
for special-purpose processors such as the one presented
in this paper [42].
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V. EXPERIMENTAL SETUP

The experimental setup in a closed-cycle dilution refrig-
erator, detailed in Fig. 4(a), consisted primarily of a cryo-
CMOS AWG payload (labeled CP) mounted to the 4-K
plate and a qubit payload (labeled QP) mounted to the
mixing-chamber (MXC) plate at 10 mK. The CP was com-
posed of an Au-plated Cu-machined mount that mechani-
cally and thermally anchored a printed circuit board (PCB).
The PCB housed the cryo-CMOS AWG chip, decoupling
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FIG. 4. (a) A block diagram of the experimental setup. The
cryo-CMOS payload (CP) is mounted to the T = 4 K plate of a
dilution refrigerator and drives control signals down to a pair of
transmons in the qubit payload (QP) on mixing chamber (MXC)
plate at 10 mK to perform single-qubit and two-qubit cross-
resonance gates. Between the CP and the QP, there is 22 dB of
cold attenuation, a Mini Circuits VLF 5500 low-pass filter, a fer-
rite isolator, and a directional coupler that combines the control
and the readout signals together. The dc bias supplies, reference
currents, clock frequencies, local oscillator (LO), readout elec-
tronics, and the field-programmable gate array (FPGA) are all
located at room temperature. (b) A micrograph of the CMOS
chip, highlighting the digital and analog sections of the two AWG
channels. (c) The CMOS chip, bonded to a laminate with NPO
ceramic decoupling caps, that sits inside in a pogo-pin socket.
The chip is thermally anchored to T = 4 K through a Cu back-
ing plate on the lid of the socket. (d) The power dissipation of
the cryo-CMOS chip measured while under active control, for
each subcomponent of the chip, and the passive heat load due
to wiring from 50 K to 4 K. Including wiring, the total power
dissipation per control channel is 27.27 mW. The reported pow-
ers were extracted from the on-chip supply voltage measured
by a sense line and the current sourced by the power supply.
The power dissipation due to fridge wiring was calculated using
cryogenic material models [50].

capacitors, and routed traces that connected the various
pins of the chip to the wiring connectors. The cryo-CMOS
AWG chip, shown in Fig. 4(b), was bump bonded to a lam-
inate with NPO ceramic decoupling capacitors and was
inserted into a pogo-pin socket on the PCB, shown in
Fig. 4(c). The cryo-CMOS chip was thermally anchored
to the 4 K stage via a Cu block on the lid of the socket
and a Cu strap that was connected directly to the Cu
back plane of the mount. The dc power supplies, refer-
ence currents, clock and local-oscillator (LO) sources, and
a field-programmable gate array (FPGA), all used to power
and control the chip, were located at room temperature
near the cryostat. The output of the two cryo-CMOS AWG
channels, set to the resonant frequencies of the qubits
(approximately 5 GHz), was sent via coaxial cables down
to the MXC plate. At the MXC plate, the signals passed
through a total of −22 dB of cold attenuation, a Mini
Circuits VLF 5500 low-pass filter, and a ferrite cryogenic
isolator before connecting to the qubits.

The QP consisted of a pair of transmon qubits that were
connected by an LC cancellation bus that helped to reduce
the effect of constant ZZ-type errors. The transmons were
operated and measured in transmission, each with their
own designated Purcell filters and readout resonators. The
readout pulses, supplied by room-temperature mixer-based
signal generators, were set to the frequency of the respec-
tive qubit readout resonators (approximately 7 GHz) and
driven into the fridge. The readout control signals were
combined at the MXC plate with the cryo-CMOS AWG
signals into a single line using a directional coupler. After
passing through the QP, the output signals from each of
the two qubits were sent through another cryogenic isola-
tor, a HEMT amplifier, and a room-temperature amplifier,
before being sent to an ADC to be digitized. The maximum
power level of the control signals from the cryo-CMOS
AWG that could be delivered to the qubits (after passing
through the −22 dB of cold attenuation between them) was
approximately −40 dBm. The net gain in the readout path
was approximately 16 dB, defined to be the total amplifica-
tion of the HEMT and room-temperature amplifiers, minus
the losses associated with the coaxial cables. The readout
chain did not include use of a quantum limited ampli-
fier (such as a Josephson-based traveling-wave parametric
amplifier) but if desired one could be added to improve
the signal-to-noise ratio (SNR) of the output signal. Even
without the use of such amplifiers, state-discrimination
measurements showed that fidelities of approximately 97%
could be achieved.

Proper synchronization, timing, and triggering between
the cryo-CMOS AWGs and the readout control electron-
ics is critical to performing all of the qubit calibrations
and measurements. All the supplies (clock, LO, and those
for the readout electronics) were connected to a com-
mon 10-MHz clock reference. When an experiment was
to be performed, the wave-form data and the instruction
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sequences were first loaded onto the cryo-CMOS AWG via
the FGPA and the serial communication interface; then,
a signal was relayed back to the FPGA to confirm that
the program was successfully loaded into memory. At the
beginning of each cryo-CMOS AWG program, there was
a WAIT instruction. A trigger signal, marking the start of
the experiment, was sent from the readout electronics at
room temperature to the cryo-CMOS AWG, satisfying the
WAIT condition and commencing the programmed pulse
sequence. At the end of a sequence, when a readout pulse
was being played, the cryo-CMOS AWG used its on-chip
programmable attenuation to blank the output of the AWG
signal by approximately 45 dB. By adjusting the pulse
timing within the sequence itself and by using a buffer
delay on the room-temperature readout electronics, it was
ensured that the readout pulses began soon after the con-
trol pulses ended, approximately 10 ns after the blanker
feature on the cryo-CMOS AWG was engaged. The coordi-
nation and timing between the control pulses, the blanking
window, and the readout pulses was confirmed using a
high-speed oscilloscope. If necessary for a given exper-
iment, the cryo-CMOS AWGs could output their own
marker pulses to trigger one another or to indicate that a
sequence was complete. At the end of a sequence, the pro-
cessor then looped back to the beginning of the program
and waited for another trigger. Through this procedure,
the cryo-CMOS AWG could initialize the qubits into any
desired Clifford state, kick off a pulse sequence—such
as for calibration, QEC, or to perform a specific qubit
experiment—and ensure that at the end, they were fol-
lowed up by well-aligned readout pulses to complete the
measurement.

VI. QUBIT CALIBRATIONS

Performing calibration routines with room-temperature
control electronics is common practice for transmon-based
devices and detailed discussions can be found in Refs. [51,
52]. Executing these routines using a novel low-power
cryo-CMOS ASIC represents an important demonstration
of functionality. As shown in Fig. 5, experiments to opti-
mize the amplitude, frequency, phase, and width of the
control pulses were performed, from which a set of opti-
mized parameters were found and stored in wave-form
memory. The successful execution of these calibrations is

necessary to facilitate the high-fidelity two-qubit echoed
CR gate demonstrated in this paper.

A. Single-qubit wave forms

The DACs produced in-phase and quadrature signals
of the form VI (t) = �(t) cos (ωSSBt − φ) and VQ(t) =
�(t) sin (ωSSBt − φ), respectively, where ωSSB is the
single-sideband frequency and φ is the phase. For single-
qubit gates, the signals were shaped with a Gaussian
envelope of the form

�G(t)) =

⎧
⎪⎨

⎪⎩

�0
et2/2σ 2 − et2g/2σ 2

1 − et2g/2σ 2
, t ≤ tg ,

0, else,
(1)

where �0 is the amplitude, the width of the pulse is defined
by tg , and σ is the standard deviation. The functional form
of �G was chosen to enforce that the pulse started and
ends with zero amplitude [40,53]. The pulse amplitudes
for X(π ) and X(π/2) were calibrated by driving the qubit
at the |0〉 to |1〉 transition frequency. During the Gaussian
pulse, the higher-energy levels of the transmon experi-
enced a Stark shift, resulting in a drive-induced phase shift
about the Z axis of the Bloch sphere. This phase shift was
amplitude dependent and was mitigated with a derivative
removal via adiabatic gate (DRAG) calibration [40,53–
55]. The DRAG pulse was implemented by applying �G(t)
and the derivative β�̇G(t) to the in-phase and quadrature
channels, respectively. As shown in Fig. 5(c), the DRAG
pulse was repeated N times while sweeping the DRAG
scale parameter β; the collective minima corresponded to
the optimal parameter value. Subsequent single-qubit cali-
brations consisted of error-amplification measurements for
fine tuning all pulse parameters [56,57].

B. Two-qubit wave forms

In order to drive the cross-resonance interaction, a
square-Gaussian wave form was applied to the control
qubit at the resonant frequency of the target qubit [58].
The pulse shape was defined by a Gaussian rise and fall of
length τr and standard deviation σr, had a flat top of length
τp − 2τr and amplitude �0, and had a total pulse length of
τp . The expression describing the pulse shape is given by

�GS(t) =

⎧
⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎩

�0

(

e
(t−τr)2

2σ2
r − e

τ2
r

2σ2
r

)/(

1 − e
τ2
r

2σ2
r

)

, 0 < t < τr,

�0, τr < t < τp − τr,

�0

(

e
[t−(τp −τr)]2

2σ2
r − e

τ2
r

2σ2
r

)/(

1 − e
τ2
r

2σ2
r

)

, τp − τr < t < τp .

(2)
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(a)

(b)

(c)

(d)

(e) (f)

FIG. 5. Calibration data for single-qubit (1Q) and two-qubit (2Q) wave forms and the corresponding pulse sequences. Where rel-
evant, dashed vertical lines indicate optimal values extracted from calibration. (a) The 1Q Rabi measurement to tune the π -pulse
amplitude, optimally at the maxima in the curve. (b) The 1Q Ramsey measurement to tune the qubit frequency. Playing either a
X (π/2) (blue) or Y(π/2) (purple) pulse as the second pulse in the sequence yields two curves with a relative phase of π/2. The period
of the curve(s) determines how offset the driven frequency is from the transition frequency of the qubit. (c) Derivative removal by adi-
abatic gate (DRAG) calibration to add a derivative of the Gaussian quadrature component to the pulse shape. The π pulses are repeated
N times within a pulse sequence for different sizes of the DRAG parameter. Each sequence yields a curve with a different period. The
optimal DRAG parameter is the collective minima of the different curves. (d) Hamiltonian tomography measured as a function of the
CR pulse width. The |Z| state of the target qubit is measured after projecting into 〈X 〉, 〈Y〉, and 〈Z〉. These measurements are performed
with the control qubit prepared in either the |0〉 or the |1〉 state. The oscillations on the target are fitted to a Hamiltonian, which can
be used to extract device parameters and/or provide information about the optimal pulse width and the extent of errors such as IY.
By computing the Bloch vector |�R|, one can extract the optimal CR pulse length at the first minima of the curve. The qubit-to-qubit
coupling was extracted to be J = 2.7 MHz. (e) CR amplitude calibration, optimally at the first maxima. (f) CR phase calibration,
optimally at the first maxima.

The interactions between control and target qubits could
be driven by sweeping the pulse width for a fixed ampli-
tude or, conversely, by sweeping the amplitude for a fixed
pulse width. In Fig. 5(d), full-state Hamiltonian tomogra-
phy is performed on the target qubit. This calibration is a
method to identify the coherent error terms relevant to the
microwave drive [41].

The calibration is performed by sweeping the width
of the CR wave form applied to the control and then
applying a Xπ , Yπ , or Zπ pulse in order to project the
state of the target onto the X , Y, or Z axes of the Bloch
sphere. This process is carried out for the control in
|0〉 and |1〉. The data are then fitted to a block-diagonal
Hamiltonian and the six interaction terms IX , IY, IZ,
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(a)

(b)

FIG. 6. The RB data for the single-qubit experiments. (a) The
number of instructions increases linearly with the Clifford count,
with 36.94% of the instructions coming from the last RB data
point. A single-qubit RB experiment requires 1.71 IPC, which is
extracted from the slope of the plotted line. (b) The single-qubit
RB data for Gaussian widths of 28.4 ns and 113.8 ns, respec-
tively. The longer gate has more error ε1Q = 0.0032 but con-
verges more quickly, requiring fewer instructions. The shorter
gate has less error ε1Q = 0.0008 but requires longer Clifford
sequences to measure and thus more instructions. The observed
decay does not converge to 0.5, indicating leakage outside of the
computational basis [40]. For example, leakage into the |2〉 state
gives rise to IQ counts that are different from |0〉 and |1〉. This
yields a measurement result of the form V0p0 + V1p1 + V2p2,
which converges above 0.5, without proper binning of the higher
excited states. We believe this effect to be caused by spurious
spectral content such as LO leakage.

ZX , ZY and ZZ are parametrized. The quantity ‖R‖ =√
(〈X0〉 + 〈X1〉)2 + (〈Y0〉 + 〈Y1〉)2 + (〈Z0〉 + 〈Z1〉)2 in

Fig. 5(d) is the two-norm distance between Bloch vec-
tors of the target for the two states of the control. When
‖R‖ = 0, the two qubits are maximally entangled and this
indicates an optimal pulse width τp .

VII. BENCHMARKING A CROSS-RESONANCE
GATE

The cryo-CMOS chip was specially designed to gener-
ate wave forms for transmon qubits in a CR-based archi-
tecture, as shown in Fig. 1(a). A detailed description of
the experimental setup with the CMOS chip thermalized
to the T = 4 K stage in a dilution refrigerator is pro-
vided in Sec. V. In a cross-resonance-based qubit device,
entanglement between neighboring qubits was generated
via the CR interaction [19,41,56,59–62]. The CR interac-
tion gives rise to a ZX term in the Hamiltonian, which
describes a state-dependent Rabi oscillation on the target

(a)

(b)

FIG. 7. The RB data for the two-qubit experiments. (a) Two-
qubit RB is more demanding on the processor, requiring 17.51
IPC, with 18.41% of the instructions coming from the last
data point. For both RB experiments, a small fraction of the
total number of instructions come from presequence calibra-
tion, buffering, and pulse idle times, and contribute to the IPC.
(b) Two-qubit RB measurements for CR pulse widths of 71.1
ns and 213.3 ns, respectively. The shorter gate lengths have
less error—ε2Q = 0.014 compared to ε2Q = 0.037—but require
more computational overhead in order to measure with precision
using traditional RB. The error bars for the RB experiments are
averaged over ten rounds of the same random seed.

qubit, which in turn depends on the state of the control
qubit. The entanglement is generated by applying an rf
drive to the control qubit at the |0〉-to-|1〉 transition fre-
quency of the target qubit. The always-on coupling in CR
devices gives rise to parasitic terms in the Hamiltonian,
such as ZZ, ZI , and IZ. These undesirable terms can be
mitigated in hardware through cancellation buses [62] and
digitally through echoed gate sequences [41,61]. Here, an
echoed gate was realized on a device with a cancellation
bus. This gate sequence used Gaussian wave forms for
single-qubit rotations and square-Gaussian wave forms for
generating entanglement.

A. Single-qubit randomized benchmarking

Single-qubit RB experiments were performed both indi-
vidually and simultaneously on the control and target
qubits and characterized as a function of the gate length
tg . For each tg , the wave forms were calibrated and mea-
surements of T1 and T2 were interleaved between RB
experiments. The results for individual RB experiments are
displayed in Fig. 8(e). The data show an error reduction
as a function of the gate length tg . However, the observed
errors are not solely explained by decoherence. For exam-
ple, the errors do not track with the first-order single-qubit
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(a) (b)

(c) (d)

(e) (f)

FIG. 8. Two-qubit RB data for different single-qubit and two-qubit gate lengths. All data and error bars are averaged over three
different RB experiments performed at each gate length. The random Clifford-gate sequences are stored in instruction memory and
played out sequentially during and experiment. The amount of instruction memory used is plotted as a percentage of fullness for (a)
single qubit gate pulse widths, and (b) two qubit gate pulse widths. The number of instructions is independent of gate width, and the
usage fluctuates because the number of gates in a random sequence varies. The amount of waveform memory used increases linearly
with (c) single qubit gate pulse widths, and (d) two qubit gate pulse widths. (e) Single-qubit RB measured on each qubit individually
and both qubits simultaneously, while sweeping the Gaussian pulse width. The individual RB error is modeled with a Hamiltonian
simulation assuming 83.1 kHz of Z rotation, consistent with oscillations observed in the rotary-echo experiment. For simultaneous
RB, each qubit is measured and the average error is reported. The simultaneous error is believed to be due to an increase in quantum
crosstalk from ZZ and classical crosstalk from the CMOS chip. (f) Two-qubit RB of an echoed cross-resonance gate as a function of the
width of the cross-resonance pulse. Faster gates are observed to have reduced error, consistent with a reduction in decoherence errors;
however, simulations reveal that qubit coherence is not the leading source of error. Using a parametrized two-qubit Hamiltonian, the
additional error was modeled by assuming an amplitude-dependent Z error on the target qubit and a constant Z error on the control
qubit.

error model ε1Q [46,63]. This discrepancy implies that the
control electronics are contributing to the excess error mea-
sured in the RB experiments. Potential control-related error
sources include the spectral content, as shown in Fig. 10,
and pulse-amplitude noise, detailed in Sec. VIII. The spu-
rious spectral content and quasistatic amplitude noise give
rise to over- or under-rotation errors that vary quadratically
with the noise source amplitude.

During simultaneous operation, each control channel
plays unique random Clifford sequences, which gives
rise to coherent quantum crosstalk errors of the form
εZZ

1Q = 1/6
(
2πZZ tg

)2 that contribute to the total observed
error [44]. The increase in simultaneous error observed
in Fig. 8(e) is not explained by an error analysis that
assumes only coherent quantum crosstalk, a result that
implies an external noise source. It is suspected that classi-
cal crosstalk on the CMOS chip arises during simultaneous
wave-form generation, which gives rise to the observed
error.

B. Two-qubit randomized benchmarking

Two-qubit gates are more difficult in practice than
single-qubit gates. When compared to single-qubit gates,
two-qubit gates are longer and there are more ways in
which errors can arise; furthermore, the coupled qubits
are more sensitive than single qubits to error sources.
For example, in the decoherence error model ε2Q [46,63],
the error coefficients are larger and there are more terms
that factor into the error (see Sec. X). In addition to
decoherence, there are other potential sources of error,
including phase noise [64], amplitude noise, pulse-induced
decay [65,66], spurious spectral tones, coherent quantum
crosstalk [67], microwave crosstalk [68,69], and leakage
outside of the computational basis [40,70]. Additionally,
the two-qubit wave-form generation is more complex,
requiring on average 17.51 IPC (Fig. 7), compared to 1.71
IPC for single-qubit gates (Fig. 6).

The echoed two-qubit cross-resonance gate was cal-
ibrated and benchmarked for different two-qubit-gate
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(a)

(d)

(e)

(f)

(b)

(c)

FIG. 9. (a) The measurement sequence performed to extract quasistatic amplitude noise. The pulse-amplitude calibrations were
repeated consecutively and the X π

2
and Xπ calibrations were interleaved. The tg value was the same for X π

2
and Xπ and the amplitude

was varied. For each calibration, the amplitude coefficient was observed to fluctuate, consistent with a normal noise distribution. (b),(c)
The percent difference of the pulse-amplitude coefficients plotted for (b) X π

2
and (c) Xπ , respectively. The time series pulse-amplitude

coefficient data are binned, fitted to a normal distribution, and are projected to the panel to the right. The noise was measured for three
different experimental configurations: run 1 was the standard experiment, run 2 had additional filtering on the room-temperature supply
lines and a shorter tg , and run 3 had increased on-chip attenuation and a longer tg . The pulse amplitude varied with tg . (d) The widths of
the normal distributions plotted as a function of the amplitude coefficient. The relationship between the quasistatic noise and the pulse
amplitude is shown to follow a 1/x dependence of the form f (x) = 0.00041/x + 0.0007. This result indicates that the SNR improves
for larger DAC amplitudes. (e) The simulated gate error as a function of the quasistatic amplitude noise σ and for different CR pulse
widths. The error is fitted to a quadratic heuristic model of the form c0 + c1
amp + c2


2
amp . The coefficients are listed in Table III. (f)

The measured 2Q gate error as a function of the CR pulse width, along with the simulated error due to observed amplitude noise. The
modeling implies that amplitude noise is not the leading source of error.

lengths, as shown in Fig. 8(d). The pulses driving the
single-qubit rotations were held constant and measure-
ments of T1 and T2 were interleaved with RB experi-
ments. The error rates were simulated using a two-qubit
model Hamiltonian parametrized with experimental data
and the measured RB data do not track with decoherence
or coherent quantum crosstalk.

The simulations suggest that the error is due to
an always-on Z rotation combined with an amplitude-
dependent Z error on the target qubit. The simulated

Z error is consistent with rotary-echo experiments per-
formed on the target qubit, which are observed to have
an average Z rotation of 83.1 kHz, and modeled using
Linblad master equations [Fig. 10(a)]. The target Z rota-
tion is further consistent with spectrum-analyzer mea-
surements of the CMOS-chip output that reveal excess
LO leakage when measured T = 5 K in a closed-cycle
4He cryostat. The presence of off-resonance spectral con-
tent will give rise to an ac Stark effect [71] that shifts
the qubit frequency, resulting in a Z rotation. As shown
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TABLE III. The fit parameters for the heuristic gate-error model that assumes quasistatic amplitude noise. The fitting routines were
applied to numerical results from Hamiltonian simulations using measured device parameters. The quadratic behavior is consistent
with “theta squared” errors that arise from over- or under-angle rotations.

Coefficient 71 ns 106.7 ns 142.2 ns 177.8 ns 213.3 ns Mean

c2 0.593127 0.353895 0.471876 0.523495 0.548932 0.498265
c1 0.003120 0.001647 −0.001617 −0.002103 −0.004213 −0.000633
c0 0.002252 0.001001 0.002150 0.003619 0.005373 0.002879

in Fig. 10(c) the spurious content was observed to be
channel dependent, with the LO leakage on the control-
qubit channel being the worst of the two. This random

(a)

(b)

(c)

FIG. 10. (a) A pulse sequence for a rotary-echo experiment.
(b) A rotary-echo measurement on the control qubit shows oscil-
latory behavior rather than the expected exponential decay. The
data are fitted to a master-equation simulation that includes T1,
T2, and a constant Z. (c) The measured amplitudes of the most
prominent spurious peaks observed in a spectrum analyzer. The
LO was set to 5 GHz, with a sideband frequency of 250 MHz.
The cryogenic measurements were performed at 5 K in a 4He
closed-cycle cryostat prior to loading into a dilution refrigera-
tor for qubit testing. The same bias conditions as for the CMOS
chip were used for the qubit measurements. Channel 1 was con-
nected to the control qubit and channel 2 was connected to the
target qubit. Here, channel 2 is observed to have more spurious
content, which is consistent with observed behavior on the con-
trol qubit. The additional spurious content Stark shifts the qubit,
which shifts the energy levels and gives rise to an always-on Z
error on the target qubit.

variation is in excess of what was expected in the chip
design phase, so the designed tuning range did not cover
the distribution observed in hardware samples; the data
show an example where there was sufficient range for one
channel and insufficient for the second.

VIII. AMPLITUDE NOISE

In Fig. 9, a measurement was performed to observe
quasistatic amplitude noise. The measurement sequence
consisted of repeated amplitude calibrations for Xπ fol-
lowed by Xπ/2. For each calibration, the DAC amplitude
coefficient was stored and the percent difference was plot-
ted as a function of the laboratory time. The data were
binned and then fitted to a normal distribution. Three dif-
ferent measurements were performed, each with slightly
different experimental configurations: run 1 was performed
with the nominal device configuration and gate length, run
2 was performed with a shorter gate length after adding
additional low-pass filtering to the supply voltages, and
for run 3 the on-chip attenuation was set to the maximum
value of 20 dB, requiring a long low-amplitude Gaussian
pulse to generate a π rotation.

For each experimental run, the amplitude required to
drive a Xπ and a Xπ/2 changed due to different amounts
of in-line attenuation. The relative fluctuations in the pulse
amplitude were evaluated and shown to increase for larger
pulse amplitudes. In Fig. 9, the distribution width σ is
plotted versus the pulse amplitude, which yields a 1/x

TABLE IV. The fit parameters extracted from the master-
equation simulation. A Nelder-Mead optimization routine was
performed on the data set from Fig. 10 to determine the best fit.
The Z rate was a free parameter in each fit. The X rate, T1, and
T2∗ were allowed small bounds in order to achieve an optimal fit.
We note that the optimal T1, and T2∗ fit parameters are different
from the observed values reported in Tables II. The deviations
in T1 are attributed to two-level system (TLS) fluctuations that
occurred before the rotary echo rotary-echo data was collected
[74,75].

Buffer (ns) X rate (MHz) Z rate (kHz) T1 (µs) T2∗ (µs)

14.2 1.897 94.3 82.2 33.5
28.4 1.927 72.5 82.2 32.6
42.7 1.927 82.6 79.9 33.1
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dependency. Since the different experimental configura-
tions did not deviate from the 1/x dependency, these
results imply that the source of the noise is on-chip and
could be related to an increase in low-frequency noise at
cryogenic temperatures [72].

Error analysis was performed using the 1/x fit of the
noise as an input into the error model. We have found that
the amplitude noise is larger than the decoherence errors
but is not significant enough to explain the observed 2Q
gate error. For small low-frequency fluctuations, the ampli-
tude noise will result in either an over- or under-rotation
during the gate. The error per gate from an over- or under-
rotation can be fitted to the form c0 + c1
amp + c2


2
amp .

The error due to quasistatic amplitude noise was simulated
using modeling techniques described in Sec. X. The sim-
ulated error was fitted to the quadratic error model and
the coefficients for different sample lengths as shown in
Table III, resulting in a simple heuristic error model.

IX. ROTARY-ECHO EXPERIMENT

A rotary-echo experiment [73] was performed to mea-
sure driven decay, as shown in Fig. 10(b). The qubit was
pulsed in the +X direction, followed by an idle gate, and
then pulsed in the −X direction. The pulse width was
200 ns and the sequence was repeated for N = 31 times.
Perfectly symmetric and noiseless pulses will yield an
exponential decay consistent with the qubit lifetime. Here,
a time-dependent oscillation is observed and it is believed
to be due to an ac Stark shift that arises during the pulse.
The oscillations are fitted using a two-level qubit model
where an additional Z rotation occurs during the +X and
−X rotations. This Z rotation arises from spurious peaks
that Stark shift the qubit while it is being driven, which is
consistent with the spurious peaks shown in Fig. 10(c).

An average Z-rotation strength of 83.1 kHz was
extracted from fitting to the data with the three different
buffer lengths: 14.2 ns, 28.4 ns, and 42.7 ns. The simu-
lation consisted of solving the Lindblad master equation
for a single qubit with a time-dependent X pulse with an
additional time-dependent Z pulse. All pulses were square-
Gaussian [58] shaped with a 16-ns sigma. The X -rotation
rate, Z-rotation rate, T1, and T2* were all input variables
used in the master-equation simulations to fit the experi-
mental rotary-echo data. The best fit parameters are listed
in Table IV. The time dependent oscillations were most
sensitive to variations the Z-rotation strength.

X. MODELING CROSS-RESONANCE GATE
ERRORS

To model the effect of spurious Z errors on our qubits,
we numerically calibrated the CR gate using a two-qubit

model Hamiltonian,

H =
∑

c∈{a,b}

[

ωcc†c + δc

2
c†c(c†c − I)

]

+ J (a + a†)(b + b†)

+ �x(t) cos(ωbt)(a + a†), (3)

which describes two transmon qubits with lowering oper-
ators a and b within a Duffing model with anharmonic-
ity δa/b and coupling strength J . The results from this
modeling are shown in Fig. 11 and indicate that error-
inducing Z noise is not constant with the pulse ampli-
tude and that the Z noise varies linearly with the pulse
amplitude.

To generate the cross-resonance entangling interaction,
the control-qubit term (a + a†) was driven at the frequency
(ωb) of the target qubit. �x(t) describes the pulse envelope,

(a)

(b)

FIG. 11. (a) The measured and simulated two-qubit EPG as a
function of the CR pulse width. The simulated error is shown for
different amounts of Z noise on the target qubit, while the Z noise
on the control qubit is held constant at the measured 85 kHz. The
difference in slopes between the measured error and the simu-
lated error implies that a constant-Z-noise model is not sufficient
for describing the observed errors. A best fit is obtained by intro-
ducing an amplitude-dependent Z noise on the control qubit, with
the Z noise on the target qubit fixed to 145 kHz. We note that the
amplitude-dependent Z noise on the control and the constant Z
noise on the target are not explained by the experimental data
that were collected. (b) The simulated Z noise as a function of
the CR pulse amplitude. The observed EPG was best captured by
assuming Z noise that varies linearly with the pulse amplitude.
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where for CR gates we used the Gaussian-square shape
�GS(t) described in Eq. 2. The pulse was allowed to rise
(and fall) over twice σGS, the Gaussian width, before (and
after) a square pulse of duration τp − 4σGS. As shown in
Fig. 11(c), for each pulse width considered, the amplitude
of the pulse in Eq. (3) was calibrated to minimize the total
error of a Uideal = e−iπZX /4 rotation (the native entangler
produced by the CR drive). This was done by perform-
ing time-domain simulations of the Hamitonian [Eq. (3)]
to estimate Usim and then minimizing the two-qubit-gate
error, as defined by

ε2Q = 1 −
(∣
∣
∣Tr[U†

simUideal]
∣
∣
∣
2
/4 + 1

)

/5, (4)

which yielded a linear dependence of the pulse amplitude
and the error.

XI. CONCLUSIONS

We have developed a low-power CMOS ASIC designed
to operate at T = 4 K that is able to generate sequences
of rf wave forms for controlling, calibrating, and bench-
marking a universal set of quantum gates between a pair
of transmon qubits. The cryogenic control electronics
were used to demonstrate high-fidelity two-qubit cross-
resonance gates. A two-qubit Hamiltonian model has pro-
vided an insight into the behavior of spurious Z errors,
which indicates that the control-electronics noise has an
amplitude dependence. The modeling and analysis suggest
that the observed drive-dependent Z rotation during rotary-
echo experiments and of LO leakage in the output of the
ASIC are connected, implying that spurious content from
the CMOS chip is the primary source of gate error.

The CMOS processor was characterized across a wide
variety of qubit experiments, demonstrating its viability
for providing control pulses to next-generation quantum
computers. Furthermore, these results highlight challenges
with low-power cryogenic control electronics related to the
instruction and memory requirements for standard qubit
experiments. These results underscore the need for fur-
ther innovation of digital architectures as gate error rates
approach fault-tolerant thresholds.

XII. OUTLOOK

The primary concern with realizing cryo-CMOS elec-
tronics for controlling qubits is the cooling limitation set
by the dilution refrigerator. The CMOS ASIC used in
these experiments was comprised of two low-power rf
analog front ends that dissipated approximately 8.92 mW
of power per channel and a quantum specific processor
that dissipated approximately 10.42 mW per channel (see
Fig. 4). Assuming the cooling powers in a standard dilu-
tion refrigerator, it is believed that up to 100 cryo-CMOS
channels could be integrated into a quantum computing

system. The outlook becomes more optimistic when taking
into account circuit innovations and advances in cooling
infrastructure.

A key insight from this work is that the processor
requirements for common calibrations and quantum infor-
mation experiments will need to increase as the per-
formance of the quantum processor improves but that
increasing the processor capabilities will lead to more
power dissipation from the CMOS chip. To mitigate the
demand for more processing power, new ISAs may be
required or new low-overhead experiments for calibrating
and characterizing qubits will be needed.

The operation of CMOS control electronics within the
dilution refrigerator has the potential for improved gate
performance due to lower noise, reduced loss, and less dis-
persion; however, the technical nuances of cryogenic oper-
ation and system integration make it challenging to achieve
this potential. For example, most foundry circuit models
are not reliable below 50 K, surface-mount components do
not meet the necessary specification at cryogenic temper-
atures, and the electrical path length between the support
electronics and ASICs is long and lossy when compared to
CMOS-based servers. Consequently, this technology will
take time to achieve its full potential.

This paper has described the first demonstration of two-
qubit RB with a cryogenic CMOS controller, with an
observed error per gate of ε2Q = 1.4 × 10−2. The lead-
ing source of error has been shown to arise from the
electronics; however, an advantage of custom CMOS elec-
tronics is that new circuits can be designed to mitigate
error sources after they have been identified. The primary
engineering challenge arises from being able to distinguish
errors arising from devices physics versus errors arising
from control electronics. The identification of error sources
is a nontrivial task but these efforts are becoming simpler
due to innovative approaches being developed in the field
of QCVV.
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