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ABSTRACT Quantum computers with thousands or millions of qubits will require a scalable solution for
qubit control and readout electronics. Colocating these electronics at millikelvin temperatures has been
proposed and demonstrated, but there exist significant challenges with power dissipation, reproducibility,
fidelity, and scalability. In this article, we experimentally demonstrate the use of a Josephson arbitrary wave-
form synthesizer (JAWS) to generate control signals at 4 K and perform spectroscopy of two components of
a typical superconducting quantum information system: a linear resonator and a (nonlinear) transmon qubit.
By locating the JAWS chip at 4 K and a qubit at 0.1 K, the direct path for quasi-particle poisoning from
the JAWS chip to the qubit is broken. We demonstrate the stable, self-calibrated, and reproducible output
signal of the JAWSwhen operated in its quantum locking range, a feature that allows these synthesizers to be
replicated and scaled in the cryostat, all with identical on-chip, quantized, outputs. This is a proof-of-concept
demonstration to generate signals at 4 K using driven superconducting electronics to control qubits at lower
temperatures.

INDEX TERMS Arbitrary waveform, Josephson junction (JJ), quantum computing, spectroscopy, super-
conductor, transmon.

I. INTRODUCTION
Superconducting circuit quantum electrodynamics experi-
ments form the basis for many quantum computing technolo-
gies [1]–[3]. Superconducting qubit systems are controlled
using a mix of continuous-wave (CW) ac, pulse-shaped ac,
and dc signals. These signals are generated at room temper-
ature and are then routed into a dilution refrigerator where
they are attenuated and thermalized to appropriate levels for
the qubit(s). Experiments involve manipulating the state of a
qubit with microwave-frequency waveforms and monitoring
the phase or amplitude of a linear resonator to which the qubit
is coupled. Rather than using only room temperature elec-
tronics, here we demonstrate the use of a superconducting
Josephson arbitrary waveform synthesizer (JAWS) circuit to
directly generate reproducible, quantum-based microwave
signals at 4 K. Voltage sources based on Josephson junc-
tions (JJs) provide reproducible and metrologically accurate
reference signals when operated in their quantum locking
range [4]. This range is roughly defined as the range the
JAWS’s output voltage is based on fundamental physics and
is immune to changes in input and environmental parameters.

JJ-based digital logic elements—generally referred to here
as single flux quantum (SFQ) electronics—have been pro-
posed and initial demonstrations have shown them to be a po-
tential solution to scaling quantum computing technologies
to larger numbers of qubits [5]–[7]. These logic elements,
when operated at ∼10 mK in close proximity to qubits,
create fast pulses with quantized voltage-time area that can
be used for high-fidelity qubit state preparation. One draw-
back to colocating the qubit and SFQ circuits is unwanted
quasi-particles that are generated by the SFQ circuits be-
cause the generation of an SFQ pulse requires that the JJ
briefly switch to the normal (resistive) state. These quasi-
particles, in turn, reduce the coherence of the qubit(s) [8].
Physical separation of the SFQ electronics chip from the
qubit chip is desirable for mitigation of this quasi-particle-
induced decoherence. One configuration is to create a multi-
chip module with the qubit chip and SFQ chip bump-bonded
together using superconducting interconnects, thus avoiding
substrate-to-substrate transmission of most quasi-particles
via phonons [9]. Another option, explored here, is to locate
the SFQ electronics at 4 K. This requires the generation of
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larger amplitude signals at 4 K and then attenuation of those
signals (for thermalization of noise and reduction of signal
amplitude) as they are routed to the qubit(s) at ∼10 mK. Be-
cause the SFQ circuits are located far from the qubits, excess
quasi-particles from the SFQ generation will not reach the
qubit circuit. This approach also does not require multichip
processing steps.
Another advantage of moving qubit control signal gen-

eration to 4 K may be in terms of performing low-latency
feedback for future, large-scale, quantum computing sys-
tems [10]. Proposals for these types of systems indicate that
feedback and digital signal processing circuitry (often de-
scribed as a quantum-classical interface) cannot be located
at the base temperature stage of the dilution refrigerator due
to limited cooling power available [5]. Thus, in this article,
we demonstrate a method for generating two potentially use-
ful feedback signals, CW and SFQ-pulse voltage signals, at
4 K, where there is ample cooling power in modern dilution
refrigerators (typically >1 W).
More practically, locating SFQ circuits at 4K can be useful

if the SFQ-generating circuit traps stray vortices near a JJ or
inductor. Experimentally, the solution to de-flux a circuit is
to warm it above the superconducting transition temperature
of the metal, then recool it in the absence of a magnetic
field. To heat a niobium circuit above the niobium critical
temperature of ∼9 K from the 4 K stage of a dilution refrig-
erator is commonly done, doing so with a circuit anchored to
the millikelvin stage of a dilution refrigerator would require
heating the whole stage above the transition temperature of
the qubits (commonly aluminum, Tc = 1.2K) and the boiling
point of the circulating heliummixture. In this case, recovery
time to achieve base temperature and possibly recalibrate
the qubit would be long. As discussed below, and shown in
Fig. 1, our JAWS circuit does not include flux-quantizing
inductors, such as SFQ-based logic elements do and, thus,
are more tolerant to stray trapped flux as well [11]. This will
become an important experimental concern when scaling to
larger numbers of SFQ-based or JAWS-based qubit control.

II. JAWS DECRIPTION
The JAWS circuit used in this article is a thin-film niobium
coplanar waveguide (CPW) transmission line with character-
istic impedance of 50� that has a series array of 102 uniform
JJs shunting two 50 − � normal-metal resistors to ground.
The resistors interrupt the center conductor of the CPW,
and the JJ array forms a tee geometry with them, as shown
schematically in Fig. 1(a) and a drawing is shown in Fig. 1(b).
Input drive current pulses, with peak amplitude above the
critical current (Ic = 8 mA) of the JJs, cause each junction
to briefly switch to the voltage state (more accurately, the su-
perconducting phase rotates by 2π ) and releases a quantized
voltage pulse before returning back to the superconducting
state. The time-integrated area of each SFQ pulse is

∫
Vdt = �o ≡ h/2e (1)

FIGURE 1. (a) Electrical schematic and (b) computer-aided design
drawing of the JAWS circuit: grey indicates the base metal layer
(niobium), red denotes self-shunted Nb/Nb-Si/Nb JJs in stacks of three,
and yellow are vias between the base metal layer and blue wiring layer
(niobium) or to make contact with the tops of the JJ stacks. Not shown in
(b) are the 50 � on-chip resistors. The input dc bias and microwave
pulses enter from the left side of the drawing and are shorted to ground
on the far right side. If the input exceeds the critical current of the JJ
array, a voltage is produced at the voltage tap (blue wire) and is sent to
the quantum circuits.

where h is Plank’s constant, e is the electron charge, and �o

is the magnetic flux quantum. To ensure that each junction
in the array switches synchronously, we designed and fabri-
cated self-shunted Nb/Nb-Si/Nb JJs (the JJ barrier material is
niobium-doped silicon) with an IcR product of Vc = 43μV,
where R is the self-shunting resistance of 5.4 m�. This re-
sults in overdamped junction dynamics with characteristic
time τ = �o/IcR = 48 ps; this time is much shorter than
other relevant timescales of our experiment. Since the time
duration of the SFQ pulse is set by ∼ 4τ , and area set by
�o (≈ 2.07 mV· ps), each pulse from the array has a maxi-
mum voltage of about 0.04 mV. When delivered to the 50 �

load, the JAWS array produces approximately −68 dBm of
microwave power when driven with the delta-sigma code
described below [12].
We note that the JAWS circuit used in this article departs

from typical designs used for voltage metrology in two im-
portant ways: our circuit has fewer junctions in the series
array, and we use 50 � resistors to impedance match the
transmission lines and measurement electronics [13]. Fewer
junctions are required because only low power microwave
signals of < −100 dBm are needed for qubit applications
at ∼10 mK. Smaller arrays also have the benefit of reduced
time-of-flight pulse broadening of the combined pulse sig-
nal [12], [14]. In the experiments described below, we used
an array of 102 JJs consisting of 34 three-JJ stacks dis-
tributed evenly along an extent of about 200μm to generate
a −68 dBm JAWS signal. This signal was then attenuated
by 30 dB to thermalize and attenuate the 4 K noise on the
way to 10 mK to generate signal amplitudes appropriate for
qubit control. The next section describes how qubit-relevant
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signals are correctly synthesized at frequencies fsyn �
4–8 GHz using this modified JAWS circuit design.
As described earlier, the JJs in the array need to be driven

above Ic to produce SFQ pulses. For this experiment, a
room-temperature pulse generator provides a delta-sigma en-
coded pulse stream with the pulse density modulated in time
and with a maximum pulse density of fclock ≈ 14–16 giga-
pulses/s. This pulse density can be varied to produce different
output powers and phases (if producing multiple tones), and
the clock frequency can be varied to produce different output
frequencies [12], [15]. The room temperature pulse gener-
ator produces pulses with rise/fall times of around 18 ps,
and all connections to the input side of the JAWS array are
high-bandwidth microwave components, i.e., 2.4 mm con-
nectors rather than SMA, so as to minimize distortion of
the input pulses at the JAWS chip. When measured at the
intended synthesis frequency ( fsyn � fclock), this technique
of microwave synthesis with JJs produces pure signals with
large spurious-free dynamic range in a frequency bandwidth
of � fsyn [16], [17]. An additional dc bias offset current is
supplied through room temperature bias tees to ensure the JJs
are operating in the quantum-locked range.
A (14–16) GHz pulse rate does not have a high enough

oversampling ratio (we typically want fclock/ fsyn � 10) to
synthesize frequencies above about 1 GHz with a good
signal-to-noise ratio. To overcome this, we add extra zeros to
the delta-sigma encoding. Here, a zero indicates no pulse and
a one indicates a pulse. This zero-padding technique reduces
the overall pulse density by a factor of three, and there-
fore reduces the synthesis frequency and generated ampli-
tude proportionally, but creates aliased frequencies in upper
Nyquist zones at frequencies of interest [18]. However, the
key attributes of the JAWS output are preserved: the quantum
locking range remains unchanged, the quantum-based output
stability and accuracy are preserved, and, as described below,
the noise shaping resulting from the delta-sigma encoding is
also manifest in the upper Nyquist zones. A pedagogical ex-
ample is shown in Fig. 2, showing the effect of zero-padding
a 1 GHz tone and the aliasing to higher Nyquist zones [18].
A single one actually consists of two negative half-

amplitude pulses around a central full-amplitude pulse such
that the average level is zero over the full pulse sequence.
Importantly, the negative pulses do not have enough am-
plitude to switch the junctions so do not contribute to the
signal generated [16], [17]. In the end, this zero-padded and
zero-compensated pulse sequence was designed to output
5.14 GHz (570-MHz tone aliased above a 4.57 GHz Nyquist
frequency) when driven at an effective fclock = 16 GHz.
Our room temperature electronics’ clock, fclock, can then be
changed to sweep fsyn over (5.14−4.33) GHz, which covers
the frequency range needed to detect resonances in our qubit.
The delta-sigma code used for the qubit measurements below
is 131 072 b long after zero padding. The pulse sequence is
generated at room temperature using a fourth-order delta-
sigma algorithm in software. A similar technique was used
for the resonator. Fig. 3(a) and (b) shows a sketch of these two

FIGURE 2. Example showing how a delta-sigma encoded waveform (the
code sent to the JAWS from room temperature) is padded with zeros.
This reduces the synthesized frequency by a factor of three, but aliases
that signal to higher Nyquist zones around fclock/3 and 2fclock/3. The
sidebands around 5 GHz were used to drive the linear cavity and qubits
in this article. Changing fclock allows for those tones to be swept through
the resonance of the device under test.

measurements. Our pulse density was chosen to produce an
output power of −68 dBm.
To improve spectral purity in the waveform spectrum

around the frequencies of interest, the delta-sigma algo-
rithm’s loop filter is a six-pole bandpass filter that reduces
the digitization noise in a bandwidth of 60 MHz centered on
the baseband frequency of interest. This region of improved
spectral purity is also present in the higher Nyquist zones.
Fig. 3(d) and (e) shows that the noise around the aliased cen-
tral tone is, as expected, also reduced and pushed to higher
and lower frequencies. The out-of-band noise was not filtered
nor did it affect the linear resonator experiment shown in
Fig. 3(a). However, later experiments with (nonlinear) qubits
[see Fig. 3(b)] required careful filtering of this noise. The
noise reduction around the synthesized tone is maintained
only in the quantum locking range for the JAWS, where one
input pulse corresponds to one and only one output pulse.
This was confirmed by measuring the output spectrum while
sweeping the dc bias current to the JAWS circuit across the
full quantum locking range and to zero. This also serves to
quantify the amount of feedthrough, i.e., room-temperature-
generated input signal reaching the output [12]. When biased
and filtered correctly, this on/off ratio is greater than 60 dB.
This ratio is adequate for quantum information applications.

III. RESONATOR MEASUREMENT
In the first experiment described here, we connect the JAWS
output to a circuit consisting of a niobium CPW feedline
with a λ/4 resonator capacitively coupled to it [see Fig. 4(a)].
The two chips were thermally anchored to copper packages
with indium solder, bolted to the 4 K stage of a closed-cycle
cryostat, and connected to one another via wirebonds and
semirigid coaxial line. The resonator was designed to have
a resonant frequency of 5.5 GHz. To perform spectroscopy
of this circuit, we swept the synthesized frequency from 5.5
to 5.65 GHz. At each synthesized frequency, a spectrum
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FIGURE 3. Schematics of the first two experiments: the use of a room temperature pulse source to create SFQ pulses from a JAWS circuit to drive (a) a
linear resonator and (b) a transmon qubit. (c) Alternative scheme, also demonstrated, where the JAWS array is excited with a CW drive and results in
equally time-spaced SFQ pulses used to excite the same transmon. (d)–(f) Amplified spectra taken near the resonator and qubit frequency of all three
techniques. (g) Compares the resulting spectroscopy between a room temperature (black, offset) and JAWS (blue) excitation of the linear resonator. (h)
Compares spectroscopy of the transmon driven with a room temperature microwave source (black, offset) and with JAWS (blue). (i) Qubit spectroscopy
using a CW drive to the JAWS at ωq/n, where n = 2 (blue) and n = 3 (orange) resulting in different power being delivered to the qubit. Note that the
difference in qubit frequency in (h) and (i) is due to the fact that they were taken during different cooldown cycles of the ADR.

analyzer was used to measure the microwave power that was
transmitted through the resonator chip to room temperature.
The results of this measurement are plotted in Fig. 3(g) in
blue. There was approximately 2 dB of loss (from cabling,
connectors, etc.) between the resonator and spectrum
analyzer; thus, the off-resonant transmission of about
−70 dBm is consistent with our estimates above. To confirm
our JAWS measurement, we also set up a 10 dB directional
coupler so that we could use a room-temperature microwave
source to perform the same experiment, i.e., comparing
results between ports one and three versus ports two and
three in Fig. 4(a). The black trace (offset by +30 dB)
in Fig. 3(g) shows those room temperature microwave
source data. The off-resonant data show more ripple from
the room temperature source, most likely from additional
connectors, cabling, and slight impedance mismatches.
Generation of the probe signal at 4 K avoids those effects.
Our delta-sigma encoding allows waveform synthesis with
precise programming of the phases of single and multiple,
closely spaced tones [12]. These attributes make possible
traditional homodyne or heterodyne measurements, as well
as more complex microwave network analysis.

IV. QUBIT MEASUREMENT I
To demonstrate the JAWS’s applicability for quantum com-
puting applications, we next moved the JAWS package to
the 4 K stage of an adiabatic demagnetization refrigerator

(ADR) and connected the output to a typical qubit measure-
ment chain (attenuation, magnetic shielding, and filtering),
as shown in Fig. 4(b). By mounting the qubit at 100 mK,
higher level energy states of the qubit are thermally occupied
and, thus, can be excited easily with our JAWS circuit and
do not require two tones as needed at lower temperatures.
Unfortunately, measurements of coherence (e.g., T1, T2) are
not possible at these higher temperatures and limited hold
times but will be performed when the experiment is moved
to a dilution refrigerator.
The transmon qubit used for this experiment is capaci-

tively coupled to a λ/2 CPW readout resonator (fundamental
frequency ωr/2π = 7.016 GHz) with a coupling strength
g/2π = 59 MHz. The capacitor of the transmon qubit is
comprised of a circular pad and concentric ring with a gap to
avoid flux trapping. The qubit capacitor is shunted with two
nominally identical Al/AlO x/Al JJs each with Ic = 30 nA
in a SQUID geometry. The JJs are fabricated using an over-
lap technique [19]. The area of the SQUID loop is about
200μm2 and an on-chip flux bias line is used to tune the qubit
frequency. In this experiment, the transmon qubit is tuned to
ωq/2π = 5 GHz with the anharmonicity α/2π = 250 MHz
(α = |ω12 − ω01|, where ωnm refers to the nth and mth en-
ergy levels of the qubit). The circuit, except for the JJs, is
made of thin film NbTiN.
By including directional couplers in our measurement

setup [see Fig. 4(b)], we are able to separately perform qubit
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FIGURE 4. Measurement schematics for two experiments. (a) JAWS
driving a linear resonator. (b) JAWS driving a qubit coupled to a
resonator. In each case, directional couplers are used to enable
comparison between signals generated at room temperature versus
signals generated at 4 K.

spectroscopy with room temperature microwave sources
(through ports three and four) or with the JAWS source
(through ports one and four). By connecting a spectrum an-
alyzer to the output of the amplifier chain (high-electron-
mobility transistor (HEMT) and room temperature amplifiers
with a total gain of about 70 dB), we first compared both
the JAWS and room temperature sources at slightly differ-
ent frequencies and confirmed that the amplitudes of both
signal sources were equal over the full range of interest.
This accounts for unknown insertion losses in the measure-
ment chain and confirms again that the JAWS remains in
its quantum locked mode throughout the full spectroscopy
range. The microwave power delivered to the qubit is about
−100 dBm in both cases after accounting for insertion losses
and attenuation.
We then performed CW qubit spectroscopy with each of

the microwave sources individually. We swept the JAWS
frequency (port 1) while monitoring the resonator’s response
in transmission with a vector network analyzer through ports
3 and 4 [20]. Port 2 acts as a return path for the dc bias, and
as a way to monitor the delta-sigma input, if needed. The

results of these measurements are plotted in Fig. 3(h)—the
blue trace while being driven by the JAWS, and black trace
being driven by the room temperature microwave source
(black, offset by +10 dB for clarity). Both closely agree
with one another and show the ω01 and ω12 qubit transition
frequencies. The difference in these frequencies alsomatches
the qubit’s designed anharmonicity of 250 MHz. We note
that in order to avoid directly stimulating the higher qubit
transitions, our delta-sigma code was also carefully designed
and checked to not have spurious signals at frequencies those
unwanted transition frequencies and only one transition was
being excited at any one time.
As discussed earlier, using delta-sigma encoded signals to

produce spectroscopy tones also produces signals in the third
Nyquist zone around 7.2 GHz in our case. For example, filter-
ingwas needed to attenuate the signals at those frequencies to
minimize their interaction with the resonator (and harmonics
of the resonator), qubit, or HEMT. These filters could easily
be co-fabricated on chip to mitigate these spurious tones in
future designs. This change could also produce pure, accu-
rate, and reproducible tones that may be useful as a stable
local oscillator signal for heterodyne readout, for example.

V. QUBIT MEASUREMENT II
An alternative qubit drive method can, instead, produce pulse
trains at 4 K with enough amplitude to perform qubit spec-
troscopy with the same array [5]. If one drives the JAWS
circuit with a CW microwave signal, Shapiro steps (the CW
analog of the quantum locking range) are obtained [21]. The
width of these steps indicate the range over which the bias
current can be swept where one, and only one, quantized
voltage pulse per junction is generated per CW period [see
Fig. 3(c)]. Similar to work presented in [5], to avoid directly
driving the qubit with the input CW tone, we drive with an
integer fraction of the qubit frequency, in this case, ωq/2 or
ωq/3. The SFQ pulses generated in this manner have spectral
content at the qubit frequency and can again be swept to
perform qubit spectroscopy.
In Fig. 3(i), we show the response of the qubit by sweeping

the JAWS through ωq/2 (blue) and ωq/3 (orange). The ωq/2
sweep (2π×(2.55–2.35) GHz) shows the ω02/2 transition as
well as theω01 andω12, whereas theωq/3 signal (2π×(1.70–
1.57) GHz) shows only the ω01 and ω12 transitions, as ex-
pected from a lower average power drive. The difference in
power delivered to the qubit is due to the difference in time
density of pulses, i.e., the period between pulses is longer for
lower frequency signals.
Fig. 3(f) shows the resulting spectrum of the JAWS output.

When compared to the (sharp) input pulse driven technique
of Fig. 3(e), this CW input drive technique has much slower
rise time that results in increased random timing jitter/phase
noise in the generated pulses. In other words, this noise is a
result of the characteristic time of the JAWS JJs being much
smaller than the CW period, τ � 1/2.5 GHz. The junctions
respond quickly to the drive tone and, therefore, any dc cur-
rent noise in the drive is efficiently converted to phase noise
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of the JAWS output. A simple design change, reducing IcR
by fabricating a new JAWS device, will significantly reduce
the phase noise. Different amplitude signals would also be
possible by fabricating arrays with more or fewer JJs.

VI. CONCLUSION
As 4 K signal generation and processing matures, we ex-
pect that the generation of quantized pulse sequenceswithout
room temperature electronics will be realized. In this article,
we used a simple JJ array to demonstrate two techniques for
generating qubit control signals. High-speed SFQ electronics
also show promise to synthesize more complex waveforms.
To that end, we have demonstrated an SFQ-based voltage
multiplier circuit that can produce 40GHz SFQpulse streams
when driven by a room temperature source [15], [22] without
needing to use the second Nyquist zone. With room tem-
perature electronics providing the input pulse streams, this
circuit was used to digitally synthesize a shaped microwave
pulse with a 4 GHz tone and 200 ns Gaussian amplitude
envelope. To produce such pulse-shaped microwave signals
required a significant depth of room-temperature memory to
store the complex delta-sigma code, which currently limits
the feasibility of deploying at 4 K a combined SFQ syn-
thesizer chip with sufficient memory. However, adding an
SFQ-based circular shift register with a depth of �100 b
to store simpler pulse trains or separately integrating SFQ
circuits with cryogenic-capable CMOS memories are areas
of active research [5], [10], [23], [24].
Locating control and readout electronics inside the cryo-

stat at 4 K and closer to the qubits is a first step toward build-
ing a more compact, scalable cryogenic quantum computer.
This path offers reduced latency and dramatically reduced
heat load from the number of microwave cables required
from room temperature. Dissipation at the 4 K stage can be
further reduced by driving the JAWS control circuits via an
optical link [25] and using energy-efficient superconducting
SFQ electronics [26] and interconnects. Superconducting ca-
ble counts and heat loads from 4 K to millikelvin may be
improved by channelizing 4 K waveforms into a broadband
coaxial line, then dechannelizing again at a lower tempera-
ture stage. These techniques are commonly used in RF com-
munications at room temperature. SFQ-based electronics,
with their high clock speeds, are ideally suited for such signal
processing and for low-latency error detection and feedback
schemes.
In conclusion, we have demonstrated that a 4 K JAWS cir-

cuit with minor modifications from designs that have proven
metrological accuracy can be used to control devices use-
ful for quantum information systems. These circuits can be
used to drive resonators and qubits, and perform as stable,
reproducible local oscillators. We compared the 4 K signal
generation with room temperature signal generation, seeing
no deleterious effects and indications that fewer impedance
mismatches are in fact beneficial. In the near future, we plan
to continue these experiments in a dilution refrigerator to
demonstrate coherent pulse control and state initialization

of transmon qubits using JAWS. We plan to use a JAWS
circuit with ten times the number of JJs to produce 20 dBm
higher output power to overcome the additional attenuation
required for thermalization of the signal at the base tempera-
ture stage.With this setup, wewill confirm that quasi-particle
poisoning of the qubit is minimized by moving the SFQ
electronics for qubit control from the qubit chip to the 4 K
stage. Additionally, measurements of qubit coherence and
gate fidelities will be performed to prove that programmable
Josephson microwave sources are a viable path forward for
scaling quantum computing systems.

ACKNOWLEDGMENT
The authors would like to thankD. Pappas and J. Long for use
of their ADR and initial design, characterization, and testing
of the qubit. The data that support the findings of this study
are available from the corresponding author upon reasonable
request.

REFERENCES
[1] M. H. Devoret and R. J. Schoelkopf, “Superconducting circuits for quan-

tum information: An outlook,” Science, vol. 339, no. 6124, pp. 1169–1174,
2013, doi: 10.1126/science.1231930.

[2] P. Krantz, M. Kjaergaard, F. Yan, T. P. Orlando, S. Gustavsson, and W.
D. Oliver, “A quantum engineer’s guide to superconducting qubits,” Appl.
Phys. Rev., vol. 6, no. 2, 2019, Art. no. 021318, doi: 10.1063/1.5089550.

[3] F. Arute et al., “Quantum supremacy using a programmable superconduct-
ing processor,”Nature, vol. 574, pp. 505–510, 2019, doi: 10.1038/s41586-
019-1666-5.

[4] N. E. Flowers-Jacobs, S. B. Waltman, A. E. Fox, P. D. Dressel-
haus, and S. P. Benz, “Josephson arbitrary waveform synthesizer with
two layers of Wilkinson dividers and an FIR filter,” IEEE Trans.
Appl. Supercond., vol. 26, no. 6, Sep. 2016, Art. no. 1400307,
doi: 10.1109/TASC.2016.2582800.

[5] R. McDermott et al., “Quantum–classical interface based on single flux
quantum digital logic,” Quantum Sci. Technol., vol. 3, no. 2, Jan. 2018,
Art. no. 024004, doi: 10.1088/2058-9565/aaa3a0.

[6] E. Leonard et al., “Digital coherent control of a superconduct-
ing qubit,” Phys. Rev. Appl., vol. 11, Jan. 2019, Art. no. 014009,
doi: 10.1103/PhysRevApplied.11.014009.

[7] M. Beck, “Hybrid superconducting quantum computing architecture,”
Ph.D. dissertation, Dept. Physics, Univ. Wisconsin–Madison, Madison,
WI, USA, 2018.

[8] G. Catelani, R. J. Schoelkopf, M. H. Devoret, and L. I. Glazman, “Re-
laxation and frequency shifts induced by quasiparticles in supercon-
ducting qubits,” Phys. Rev. B, vol. 84, Aug. 2011, Art. no. 064517,
doi: 10.1103/PhysRevB.84.064517.

[9] E. M. Leonard Jr., “Digital control of superconducting quantum bits,”
Ph.D. dissertation, Dept. Physics, Univ. Wisconsin–Madison, Madison,
WI, USA, 2018.

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

[11] S. Narayana, Y. A. Polyakov, and V. K. Semenov, “Evaluation of flux trap-
ping in superconducting circuits,” IEEE Trans. Appl. Supercond., vol. 19,
no. 3, pp. 640–643, Jun. 2009, doi: 10.1109/TASC.2009.2018248.

[12] C. A. Donnelly et al., “1 GHz waveform synthesis with Josephson junc-
tion arrays,” IEEE Trans. Appl. Supercond., vol. 30, no. 3, Apr. 2020,
Art. no. 1400111, doi: 10.1109/TASC.2019.2932342.

[13] A. Rüfenacht, N. E Flowers-Jacobs, and S. P Benz, “Impact of the latest
generation of Josephson voltage standards in ac and dc electricmetrology,”
Metrologia, vol. 55, no. 5, pp. S152–S173, Aug. 2018, doi: 10.1088/1681-
7575/aad41a.

6002807 VOLUME 1, 2020

https://dx.doi.org/10.1126/science.1231930
https://dx.doi.org/10.1063/1.5089550
https://dx.doi.org/10.1038/s41586-019-1666-5
https://dx.doi.org/10.1109/TASC.2016.2582800
https://dx.doi.org/10.1088/2058-9565/aaa3a0
https://dx.doi.org/10.1103/PhysRevApplied.11.014009
https://dx.doi.org/10.1103/PhysRevB.84.064517
https://dx.doi.org/10.1109/JSSC.2019.2937234
https://dx.doi.org/10.1109/TASC.2009.2018248
https://dx.doi.org/10.1109/TASC.2019.2932342
https://dx.doi.org/10.1088/1681-7575/aad41a


J. Sirois et al.: JOSEPHSON MICROWAVE SOURCES APPLIED TO QUANTUM INFORMATION SYSTEMS Engineeringuantum
Transactions onIEEE

[14] C. A. Donnelly et al., “Quantized pulse propagation in Josephson junc-
tion arrays,” IEEE Trans. Appl. Supercond., vol. 30, no. 3, Apr. 2020,
Art. no. 1400208, doi: 10.1109/TASC.2019.2929481.

[15] M. A. Castellanos-Beltran, D. Olaya, A. J. Sirois, P. D. Dresselhaus, P.
F. Hopkins, and S. P. Benz, “SFQ multiplier circuits for synthesizing
gigahertz waveforms with quantum-based accuracy,” IEEE Trans. Appl.
Supercond., submitted for publication.

[16] J. A. Brevik et al., “Radio-frequency waveform synthesis with the Joseph-
son arbitrary waveform synthesizer” in Proc. Conf. Precis. Electromagn.
Meas., Jul. 2018, pp. 1–2, doi: 10.1109/CPEM.2018.8501023.

[17] J. A. Brevik, N. E. Flowers-Jacobs, A. E. Fox, E. B. Golden, P. D. Dres-
selhaus, and S. P. Benz, “Josephson arbitrary waveform synthesis with
multilevel pulse biasing,” IEEE Trans. Appl. Supercond., vol. 27, no. 3,
Apr. 2017, Art. no. 1301707, doi: 10.1109/TASC.2017.2662708.

[18] Analog Devices, “A technical tutorial on digital signal synthesis,” Analog
Devices, Norwood, MA, USA, Tech. Rep., 1999.

[19] X.Wu, J. L. Long, H. S. Ku, R. E. Lake,M. Bal, andD. P. Pappas, “Overlap
junctions for high coherence superconducting qubits,” Appl. Phys. Lett.,
vol. 111, no. 3, 2017, Art. no. 032602, doi: 10.1063/1.4993937.

[20] J. A. Schreier et al., “Suppressing charge noise decoherence in supercon-
ducting charge qubits,” Phys. Rev. B, vol. 77, May 2008, Art. no. 180502,
doi: 10.1103/PhysRevB.77.180502.

[21] S. Shapiro, “Josephson currents in superconducting tunneling: The effect
ofmicrowaves and other observations,”Phys. Rev. Lett., vol. 11, pp. 80–82,
Jul. 1963, doi: 10.1103/PhysRevLett.11.80.

[22] P. F. Hopkins et al., “RF waveform synthesizers with quantum-
based voltage accuracy for communications metrology,” IEEE Trans.
Appl. Supercond., vol. 29, no. 5, Aug. 2019, Art. no. 1301105,
doi: 10.1109/TASC.2019.2898407.

[23] F. Motzoi, J. M. Gambetta, S. T. Merkel, and F. K. Wilhelm, “Optimal
control methods for rapidly time-varying Hamiltonians,” Phys. Rev. A,
vol. 84, Aug. 2011, Art. no. 022307, doi: 10.1103/PhysRevA.84.022307.

[24] Y. Hironaka, Y. Yamanashi, and N. Yoshikawa, “Demonstration of a
single-flux-quantum microprocessor operating with Josephson-CMOS
hybrid memory,” IEEE Trans. Appl. Supercond., vol. 30, no. 7, Oct. 2020,
Art. no. 1301206, doi: 10.1109/TASC.2020.2994208.

[25] F. Lecocq, F. Quinlan, K. Cicak, J. Aumentado, S. A. Diddams, and J.
D. Teufel, “Control and readout of a superconducting qubit using a pho-
tonic link,” in Proc. OSA Quantum 2.0 Conf., 2020, Art. no. QM6A.3,
doi: 10.1364/QUANTUM.2020.QM6A.3.

[26] O. A. Mukhanov, “Energy-efficient single flux quantum technology,”
IEEE Trans. Appl. Supercond., vol. 21, no. 3, pp. 760–769, Jun. 2011,
doi: 10.1109/TASC.2010.2096792.

VOLUME 1, 2020 6002807

https://dx.doi.org/10.1109/TASC.2019.2929481
https://dx.doi.org/10.1109/CPEM.2018.8501023
https://dx.doi.org/10.1109/TASC.2017.2662708
https://dx.doi.org/10.1063/1.4993937
https://dx.doi.org/10.1103/PhysRevB.77.180502
https://dx.doi.org/10.1103/PhysRevLett.11.80
https://dx.doi.org/10.1109/TASC.2019.2898407
https://dx.doi.org/10.1103/PhysRevA.84.022307
https://dx.doi.org/10.1109/TASC.2020.2994208
https://dx.doi.org/10.1364/QUANTUM.2020.QM6A.3
https://dx.doi.org/10.1109/TASC.2010.2096792


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /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 false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /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 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /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 /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


