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Reducing the control error is vital for high-fidelity digital and analog quantum operations. In superconducting circuits,
one disagreeable error arises from the reflection of microwave signals due to impedance mismatch in the control chain. Here,
we demonstrate a reflection cancelation method when considering that there are two reflection nodes on the control line.
We propose to generate the pre-distortion pulse by passing the envelopes of the microwave signal through digital filters,
which enables real-time reflection correction when integrated into the field-programmable gate array (FPGA). We achieve a
reduction of single-qubit gate infidelity from 0.67% to 0.11% after eliminating microwave reflection. Real-time correction
of microwave reflection paves the way for precise control and manipulation of the qubit state and would ultimately enhance
the performance of algorithms and simulations executed on quantum processors.

Keywords: reflection cancelation, digital filter, single-qubit gate, superconducting circuit

PACS: 03.67.Lx, 03.67.–a DOI: 10.1088/1674-1056/ad5d98

1. Introduction

Superconducting quantum circuit is one of the most
promising platforms to achieve a quantum advantage with
practical hardware.[1–3] In superconducting quantum compu-
tation, microwave pulses are often used to implement single-
qubit gate[4,5] and two-qubit cross-resonance gate for fixed-
frequency qubits.[6–8] Device fabrication and package pro-
cesses have become more complex because of the increase
in the qubit number and quantum processor size, which has
led to a growing problem with the integrity of microwave
signals.[9,10] For example, new multilayer interconnection
techniques, such as through-silicon vias,[11–14] will increase
the possibility of impedance mismatch, which causes the mi-
crowave reflection problem and decreases the fidelity of the
quantum gates.[15,16] Therefore, it is crucial to characterize
and compensate for the reflection by pre-distorting the desired
pulses.

Pulse distortions have been well studied for supercon-
ducting qubits, but are mostly aimed at the baseband pulse
transmitted on the fast flux line.[17–19] Because not only the
amplitude but also the phase need to be considered, there
is still a lack of a compatible reflection calibration method
for microwave pulses on the drive line. An earlier work

has determined a way to reduce quadrature (Q) distortions
but leave the in-phase (I) response of the microwave signal
uncompensated.[15] In that work, the conventional deconvo-
lution method was employed to correct the pulse distortion,
which requires determination of the complete pulse sequences
in advance and is therefore incompatible with feedback-based
control.

In this paper, we focus on eliminating unwanted mi-
crowave reflection using digital filters. This is because
quantum instruction set architecture[20] and feedback-based
control[21,22] require real-time correction of distortion, which
can be achieved by integrating digital filters into the field-
programmable gate array (FPGA). The real-time correction
characteristic of the digital filter is a significant improvement
over offline processing nature of deconvolution method. We
pass the envelopes of the I–Q components of a microwave sig-
nal through digital filters to make the microwave signal ap-
pended with its modulated delay copy (MDC). This pulse can
be used as a pre-distorted input to cancel out the reflection. We
use the differential evolution optimization algorithm to deter-
mine the optimal digital filter coefficients and finally reduce
the single-qubit gate error by about 80% to reach an average
fidelity approaching 0.999. The reflection cancelation tech-
nique is not restricted to microwave-driven superconducting
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qubits and is in principle applicable to any quantum comput-
ing platform manipulated at other frequency ranges.

2. Generation of the modulated delay copy of a
microwave signal based on FIR filters
A digital filter in general can be represented by a linear

constant coefficient difference equation of the form[23]

y(n) =
M

∑
m=0

bmx(n−m)−
N

∑
k=1

aky(n− k), (1)

where y(n) is the output in time and x(n) is the input. The
variable n is integer-valued and represents discrete instances
in time. n can be transformed into the continuous-time vari-
able t using the relationship t = nTs, where Ts is the sampling
interval. Equation (1) describes a recursive approach for com-
puting the current output, given the input values and previ-
ously computed output values. m going from 0 to M refers to
the indexes of present and past inputs, while k going from 1 to
N refers to the indexes of past outputs. bm and ak are called
the filter tap coefficients.

If the second term on the right-hand side of Eq. (1) is not
zero, then we are talking about infinite impulse response (IIR)
filters. Otherwise, Eq. (1) becomes a finite impulse response
(FIR) filter

y(n) =
M

∑
m=0

bmx(n−m). (2)

FIR filters delay and correct a sequence using only the
input signal without considering the output. In other words,
they perform a feed-forward operation. On the other hand, an
IIR filter modifies the signal with dependence on both the input
and output, meaning that it also performs feedback. Therefore,
M and N in Eq. (1) are called the feedforward and feedback fil-
ter orders, respectively. In Fig. 1(a), we illustrate how an FIR
filter works. The signal values x(n) are delayed by a single
time step at each z−1 block, multiplied by the tap coefficients
bm, and summed together to produce the filtered signal output
values y(n).

If we set the filter tap coefficients other than bnd to zero,
we have y(n) = bndx(n−nd) and nd is a positive integer. This
FIR filter delays a signal by an integer number of time steps.
In the continuous-time domain, the input and output of the FIR
filter satisfy y(t) = bndx(t− td), where td = ndTs.

Microwave signals are always used to excite qubits in
solid state quantum computation.[9] Here, we intend to adjust
the amplitude and phase of a microwave signal while creat-
ing a delay. We design a digital module to generate such a
modulated delay copy of the microwave signal, which can be
seen in Fig. 1(b). An arbitrary microwave signal s(t) with an
angular frequency of ω can be decomposed into in-phase and

quadrature-phase components as

s(t) = vI(t)cos(ωt)+ vQ(t)sin(ωt), (3)

where vI(t) and vQ(t) are envelopes of the I–Q components.
There are four FIR filters in the digital module, which are
shown as green blocks in Fig. 1(b). The envelopes are digitally
mixed with a continuously running numerically controlled os-
cillator (NCO)[24,25] after passing through the FIR filters to
generate the output O(t). We denote the tap coefficients of
each FIR filter as bi

m and i = 1, 2, 3, 4. If we set all the tap
coefficients to zero except for

b1
nd
= Acosϕ, b2

nd
= Asinϕ,

b3
nd
=−Asinϕ, b4

nd
= Acosϕ, (4)

the output of the digital module is

O(t) = [b1
nd

vI(t− td)+b2
nd

vQ(t− td)]cos(ωt)

+[b3
nd

vI(t− td)+b4
nd

vQ(t− td)]sin(ωt)

= vI(t− td)[cos(ωt)b1
nd
+ sin(ωt)b3

nd
]

+vQ(t− td)[cos(ωt)b2
nd
+ sin(ωt)b4

nd
]

= AvI(t− td)cos(ωt +ϕ)+AvQ(t− td)sin(ωt +ϕ). (5)

Therefore, the FIR-filter-based digital module delays s(t)
by a time td and adds a relative amplitude A and phase ϕ to
that pulse. If we want to keep the output O(t) to be s(t), we
can set all the tap coefficients to zero other than

b1
0 = 1, b4

0 = 1. (6)

(a)

(b)(b)

Adder Mixer

Fig. 1. (a) Schematic diagram of the FIR filter. The input signal x(n)
is delayed by a time step at each z−1 block and summed together after
multiplying the tap coefficient bm to obtain the output signal y(n). (b) A
digital module we designed to generate a modulated delay copy of the
microwave signal. The green blocks represent FIR filters with tap coef-
ficients bi

m and the NCO is used to generate sine and cosine signals that
are orthogonal to each other. This module takes the envelopes of the I–Q
components of a microwave signal as input and introduces a delay time
td, relative amplitude A and phase ϕ to the microwave signal when the
filter coefficients satisfy Eq. (4).
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3. Microwave pulse reflection in superconduct-
ing quantum circuits
Experiments are carried out on the frequency-tunable

transmon qubit,[26,27] for which microwave pulses are usu-
ally used to implement single-qubit gates. As illustrated in
Fig. 2(a), microwave pulses are generated based on the double-
frequency conversion scheme in our setup, which includes two
separate mixing stages fed by two different local oscillator
(LO) signals.[28] Modulated intermediate-frequency (IF) sig-
nals at approximately 1 GHz, digitally defined using a digital-
to-analog converter (DAC), are mixed twice sequentially to be
upconverted to the frequency range of 3.75 GHz–8.25 GHz
(see Appendix A for more details of the mixing module).
Quantum device parameters and experimental wiring setup
can be found in Appendix B.

DAC
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Fig. 2. Frequency up-conversion scheme and Rabi oscillations of the
qubit as a function of drive time and drive detuning. (a) Diagram of
the double-frequency conversion scheme used to upconvert the IF signals
with a frequency of fIF to radio frequency (RF) signals at 3.75 GHz–
8.25 GHz. We can simply regard the mixing process as a frequency trans-
lation operation, and the output frequency fRF of the mixing module is
fIF +( fLO2− fLO1), where fLO1 and fLO2 are the frequencies of the two
LO signals. The sampling rate of the DAC is 3.2 GSa/s, and the band-
pass filter (BPF) at each stage is used to eliminate spurious signals and
unwanted sideband. [(b) and (c)] Rabi oscillation without and with reflec-
tion cancelation. The Rabi pulse is shaped with a raised-cosine envelope
and is driven at an amplitude corresponding to the 25-MHz oscillation
when no drive detuning. When we use FIR filters to compensate for the
reflection, the Rabi oscillation of the qubit recovers to the regular Chevron
pattern.

When the generated microwave signals are resonant with
the qubit transition, Rabi oscillations occur. Figure 2(b) shows
the change in the probability P0 that the qubit is in the ground
state as we scan the drive time and the detuning between the
drive frequency and qubit frequency. The strongly distorted
Chevron pattern indicates that the microwave pulses are dis-
torted when transmitting through the drive line. Specifically,
we can reproduce a similar pattern in numerical simulation,
which can be seen in Appendix C, by considering only drive
pulse distortion due to reflections.

In Fig. 3(a), we illustrate the reflection and transmission
of a microwave pulse when two reflection nodes are present in
the signal transmission chain. The input pulse bounces back
and forth between these two nodes and hits the qubit multiple

times at a time interval ti, as shown in Fig. 3(b). We denote
the successive pulses that arrive at the qubit as the s-th-order
reflection of the input signal. The premier pulse that reaches
the qubit first is represented by s = 0. The reflected pulse of
each order experiences one additional round trip between the
two nodes compared with the previously reached pulse, thus
accumulating an extra complex reflection coefficient Γ e j∆ϕ .
If ti is shorter than the width of the input pulse, the reflected
pulse will overlap with the premier pulse, resulting in complex
dynamics such as a distorted Rabi pattern.

We can eliminate the reflection by setting the intended
pulse appended with its MDC as the input signal, as illustrated
in Fig. 3(c). This pre-distortion pulse can be achieved by inte-
grating the digital module in Fig. 1(b) into the DAC and setting
the FIR filters coefficients combining Eqs. (4) and (6). In this
way, the output of the DAC is a modulated IF signal appended
with its MDC. Because the double-frequency conversion only
shifts the frequency of the IF signal while preserving every
other characteristic, the final output of the mixing module in
Fig. 2(a) is our wanted pre-distortion pulse at frequency fRF.

When the parameters for generating the FIR filters match
td = ti, A = Γ , ϕ = ∆ϕ + π , the 0-th-order reflection of the
MDC can cancel out the first-order reflection of the intended
pulse. Furthermore, the first-order reflection of the MDC is
multiplied by Γ e j∆ϕ relative to the 0-th-order reflection of
the MDC, while the second-order reflection of the intended
pulse is identically scaled relative to its first-order reflection.
Therefore, the first-order reflection of the MDC counteracts
the second-order reflection of the intended pulse. In general,
the s-th-order reflection of the MDC cancels out the (s+ 1)-
th-order reflection of the intended pulse. Consequently, as de-
picted in Fig. 3(c), when we use the ideal pulse appended with
its MDC with appropriate parameters for the pre-distortion
input, the qubit receives the desired signal without reflected
pulses.

4. Experimental results
Next, we experimentally determine the three parameters

of the appended MDC to mitigate the reflections. First, we use
the pulse sequence shown in Fig. 3(d) to identify each order of
reflection and extract the reflection delay ti. On the XY con-
trol line, we play a Xπ gate with a fixed delay of 100 ns. The
Xπ gate corresponds to a rotation of 180◦ around the x-axis on
the Bloch sphere and is shaped with a raised-cosine envelope.
To avoid overlap between the reflections, we should choose as
fast a single-qubit gate as possible in this experiment, which
we use here is 10 ns. On the Z control line, we apply a square
pulse with a width of 60 ns and amplitude to shift the qubit
frequency by approximately 100 MHz from the working point.
We scan the delay ∆t of the square pulse and measure the prob-
ability P1 when the qubit is in the excited state. As ∆t exceeds
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40 ns, the square wave successively shifts the qubit frequency
at each reflection away, causing the reflected pulse of the cor-
responding order to no longer excite the qubit. Furthermore,
when the square pulse covers all orders of reflection, the qubit
cannot be excited at all.

Node1 Node2 Qubit
Input

Input

Seen by
qubit

Input

Seen by
qubit

Reflections

MDC

Reflection cancellation

(a)

(c)

(b)

0 40 80 120 160

0

P
1

(d) (e)

100 ns

XY

XY

Z

Z
22.5 ns

T
im

e

Dt

ti

ti

Dt

Dt

Dt

0.8

0.4

Dt (ns)

Fig. 3. (a) Schematic diagram of signal transmission and reflection when
there are two reflection nodes on the control line. An input microwave
pulse can hit the qubit multiple times at a time interval ti. Suspicions re-
garding the potential locations of these two reflection nodes are detailed
in Appendix B. (b) Illustration of intended pulse we play into the input
of the control line and the resulting pulse seen by qubit due to reflection.
(c) We set intended pulse appended with its modulated delay copy as the
pre-distortion input, and the qubit receives the desired pulse because the
s-th-order reflection of the MDC cancels the (s+1)-th-order reflection of
the intended pulse. (d) We scan the delay of the square pulse with a width
of 60 ns on the Z control line to identify each order of reflection of the π

pulse applied on the XY line. The change in the qubit excitation is shown
in panel (e). We plot two special locations of the square pulse in panel (d)
that correspond to the delays denoted as ∆t1 and ∆t2 in panel (e).

If there was no microwave reflection problem, the qubit
would not be excited when ∆t is within the range of 50 ns–
100 ns. However, in the experimental results shown in
Fig. 3(e), an additional excitation peak appears around ∆t =
55 ns, which arises from the first-order reflection of the π

pulse. The absence of more excitation peaks is likely because
the amplitude of the reflection coefficient Γ is relatively small,
which makes higher-order reflections very weak. We mark
two values of ∆t in Fig. 3(e), denoted as ∆t1 and ∆t2, which
correspond to the different positions of the square pulse, as il-
lustrated in Fig. 3(d). The difference between ∆t1 and ∆t2 is
22.5 ns, which is equal to the sum of ti and the width of the
single-qubit gate. Therefore, we can estimate that ti is approx-
imately 12.5 ns.

As ∆t increases beyond 100 ns, the qubit frequency at
each reflection is successively no longer influenced by the
square pulse applied on the Z line, and the qubit can be re-
excited. We can also extract ti from the change in the popu-
lation of qubit around ∆t = 100 ns, which is also marked in
Fig. 3(e).

Microwave reflection increases the control error of single-
qubit operations.[15,16,29] We then optimize the three param-
eters of the appended MDC using the differential evolution
(DE) algorithm after we obtain ti,[30] so that the reflection
can be canceled out and the single-qubit gate fidelity can
be improved. Here, the single-qubit gate is implemented by
the derivative removal by adiabatic gate (DRAG) method[4,31]

with a 20 ns raised cosine envelope and a 2.5 ns pad. We
use randomized benchmarking (RB) to characterize the per-
formance of the single-qubit gates without reflection cancela-
tion, and the result is shown in Fig. 4(b). The RB sequence
is a sequence of randomly chosen Clifford gates with length
m, appended by a recovery Clifford that makes the ideal op-
eration the identity.[32,33] The qubit is prepared in |0〉 and we
measure the survival probability of state |0〉 (the sequence fi-
delity) as m increases. For each fixed length m, we measure
k = 30 different sequences. The error bar in Fig. 4(b) is the
standard deviation of the fidelity of the k sequences. Due to
the influence of reflection, the error rate of the single-qubit
gates is relatively high, which is 0.67%, and the error bar is
also large.
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Fig. 4. (a) Evolution process of the DE algorithm as the generation num-
ber increases. The blue diamonds represent the values of the individual
at each iteration of the population, and the red diamonds highlight the
best individual of the population at each generation. (b) Comparison of
single-qubit gate error with and without pre-distortion compensation for
microwave reflection. The gate infidelity is extracted by a randomized
benchmarking measurement. At each m, we measure k = 30 random se-
quences and fit the average value over the fidelity of these sequences by
fave,m =Apm+B, where state preparation and measurement errors are ab-
sorbed in parameters A and B. The average gate error is then calculated by
(1− p)/2/1.875, where 1.875 is derived from the average physical gates
contained in a Clifford gate.[34] The standard deviation of the fidelity of
k random sequences is displayed as the error bar.

We denote the average value and standard deviation of the
fidelity of the k different sequences as fave,m and fstd,m when
the number of Cliffords is m. We want to improve the fave,m

and decrease the fstd,m by DE optimization algorithm, so we
define the cost function as f (td,A,ϕ) = − fave,m + fstd,m + 1
and set m = 50 here.[35] According to the results in Fig. 3(e), ti
is estimated to be approximately 12.5 ns and is set as the initial
value of td. The population size of the DE algorithm is set to

090303-4



Chin. Phys. B 33, 090303 (2024)

20. For the initial values of A and ϕ , we take A = 0.05, 0.15,
0.25, and 0.35, and ϕ takes five values evenly within the range
of 0 to 2π . The 20 parameter groups formed are taken as the
initial population of the DE algorithm.

The iterative process of the DE algorithm is shown in
Fig. 4(a). During each function evaluation, we automate
the execution of a series of experiments,[36] including cal-
ibrating the parameters of single-qubit gates using routine
experiments[4] and then calculating the cost function through
the RB experiment. In some iterations, the generated pre-
distorted waveforms actually make the pulses received by the
qubit even worse, which causes the automated calibration of
the single-qubit gates to fail. In such cases, we directly record
the cost function as 1, which is not shown in Fig. 4(a), and
proceed to the next function evaluation.

As can be seen from Fig. 4(a), after 20 generations of
evolution, the DE algorithm converges to the optimal value,
that is, td = 13.750 ns, A = 0.205, ϕ = 3.746 rad. After ob-
taining the above parameters, we verify the effect of using
FIR filters to implement the pre-distortion scheme shown in
Fig. 3(c) to compensate for the microwave reflection. We re-
calibrate the parameters of the single-qubit gates and charac-
terize their fidelity after reflection cancelation. The result is
shown in Fig. 4(b) and the error of the single-qubit gates is
reduced to 0.11%, which is an 80% reduction compared with
the error of the single-qubit gates without reflection cancela-
tion. In addition, the standard deviation of the fidelity of 30
random sequences is also significantly reduced. We also mea-
sure the Rabi oscillation after pre-distortion compensation for
reflection, and the results are shown in Fig. 2(c). The Chevron
pattern does not exhibit the obvious distortion, indicating that
the use of FIR filters for microwave reflection cancelation is
effective. Additional data from another qubit experiencing a
similar reflection problem can be seen in Appendix D.

5. Conclusion
In conclusion, we have presented an approach for the

characterization and cancelation of microwave reflection in
qubit drives, which allowed us to reduce the average error
per gate by about 80%. Starting from illustrating the result-
ing pulse seen by qubit when there are two reflection nodes on
the drive line, we propose to mitigate the reflection problem by
setting the intended pulse appended with its modulated delay
copy as the pre-distortion input. We achieve the pre-distortion
correction by passing the envelopes of I–Q components of the
intended pulse through FIR filters. The digital pre-distortion
module is now implemented and verified in software, and in-
tegrating the FIR filters and NCO into the FPGA to achieve
real-time distortion correction is an ongoing work. We are
still locating the two reflection nodes, and placing an isolator

between the two nodes can also suppress the reflection prob-
lem. Our reflection mitigation technique improves the fidelity
of quantum gates and may play a crucial role in quantum com-
putation as the interconnection of control lines for qubits be-
comes increasingly complex.

Appendix A: Frequency up-conversion scheme
based on double-frequency conversion

The conventional method for up-converting an intermedi-
ate frequency (IF) signal generated by a digital-to-analog con-
verter (DAC) to a microwave signal resonant with the qubit is
the IQ-mixing scheme. However, practical IQ mixers exhibit
non-idealities, necessitating calibration of DC-offsets, rela-
tive amplitude and phase to mitigate unwanted local oscillator
(LO) and image leakage. Moreover, the calibration parameters
of the IQ mixer tend to drift over time and with temperature,
thus requiring periodic recalibration, which significantly in-
creases the complexity of the experimental procedures. In our
experimental system, we employ an alternative frequency up-
conversion technique based on double-frequency conversion,
which obviates the need for IQ-calibration.

As can be seen in Fig. A1, we first generate an IF signal
S0( f ) with a frequency fIF ranging from 0.8 GHz to 1.3 GHz
using a DAC operating at a sampling rate of 3.2 GSa/s. This
signal is then passed through a bandpass filter with an identical
passband range to eliminate spurious signals.

DAC

3.2 GSa/s

0.8 GHz-1.3 GHz

LO1

LO2

fL01=8.1 GHz

fLO1=5.9 GHz

RF OUT

= Switch

= Mixer

= Oscillator

= Band pass filter

6.8 GHz-7.3 GHz

3.75 GHz-6.25 GHz

4.6 GHz-5.1 GHz

5.75 GHz-8.25 GHz

S

S S

Fig. A1. Diagram of the mixing module used to generate microwave sig-
nals in the frequency range of 3.75 GHz–8.25 GHz. Switches can be
switched to the corresponding path where the frequency of the LO1 is
equal to 8.1 GHz or 5.9 GHz to produce output signals within the fre-
quency range of 3.75 GHz–6.25 GHz or 5.75 GHz–8.25 GHz.

Next, S0( f ) undergoes a first-stage frequency mixing
with a fixed-frequency LO signal, LO1, which is continuously
running at fLO1 = 5.9 GHz or 8.1 GHz. Depending on whether
fLO1 equals 5.9 GHz or 8.1 GHz, our mixing module bifur-
cates into two paths to produce output signals in different fre-
quency bands.

We first illustrate the signal mixing and filtering process
for the path where fLO1 = 8.1 GHz. Upon mixing S0( f ) with
LO1, we obtain signals at frequencies fLO1 ± fIF. We em-
ploy an analog bandpass filter with a passband frequency of
6.8 GHz to 7.3 GHz to retain the sideband signal at frequency
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fLO1− fIF, denoted as S1( f ), while rejecting the emerging im-
age component at the frequency fLO1 + fIF. Subsequently,
S1( f ) undergoes a second-stage mixing with a frequency-
tunable LO signal, LO2, whose frequency fLO2 spans from
10.85 GHz to 13.05 GHz. The resulting mixed signal con-
tains both sum and difference frequency sidebands, which are
filtered by a bandpass filter with a passband of 3.75 GHz to
6.25 GHz to retain the sideband signal at fLO2− ( fLO1− fIF),
denoted as S2( f ). S2( f ) is the ultimate microwave signal out-
put from the path with fLO1 = 8.1 GHz, which has a frequency
range of 3.75 GHz to 6.25 GHz.

For the alternative path with fLO1 = 5.9 GHz, the cor-
responding bandpass filter frequency ranges are marked in
Fig. A1. Through this path, we obtain output signals within
the frequency range of 5.75 GHz to 8.25 GHz. Based on the
desired output frequency values and the IF frequency we set,
the mixing module automatically switches to the appropriate
path and sets fLO2 to generate microwave signals at the re-
quired frequencies.

Appendix B: Device information and experimen-
tal wiring setup

Our qubit is a frequency-tunable transmon structure, each
equipped with two control lines. A microwave drive line is
used to excite the qubits to execute single-qubit gates, and a
flux control line is used to tune the qubit frequency to facilitate
the implementation of two-qubit gates. The qubit is disper-
sively coupled to a resonator for state readout. Table B1 lists
the key performance metrics of our superconducting quantum
device, and Fig. B1 illustrates the experimental wiring setup.

The Z-control signal for the qubit is generated by an ar-
bitrary waveform generator (AWG), which is capable of su-
perimposing any arbitrary waveform onto a voltage bias. The
methodology for generating the XY -control signals for the
qubit is described in Appendix A. The readout signal is ampli-
fied at the mixing chamber (MC) stage using a near-quantum-
limited impedance-matched parametric amplifier (IMPA).

We attenuate and filter the signal at different stages of the
dilution refrigerator to reduce the noise incident on the qubits.
For the XY control lines, we use a 20-dB attenuator at the 4 K
stage and a 20-dB attenuator in series with a 6-GHz low-pass
filter at the MC stage. In the MC stage, we have incorporated
an additional wiring patch panel. Cables made of low-density
polytetrafluoroethylene (PTFE) with a length of 50 cm are em-
ployed to connect from the low-pass filter to this patch panel,
and subsequently from the patch panel to the SMP connectors
mounted on the chip enclosure. Our quantum chip is wire-
bonded to the printed circuit board (PCB) within the chip en-
closure, and the distance is approximately 5 cm from the SMP
connectors on the chip enclosure to the wire-bonding points.

Table B1. Overview of key parameters of our superconducting quantum
device. The experimental data in the main text were collected from Q1
and the data in Appendix D were collected from Q2. ωMax/2π denotes the
maximum frequency of the qubit. ωIdle/2π represents the idle frequency
of the qubit. ωr/2π signifies the resonance frequency of the readout res-
onator. T1 and T ∗2 are the energy relaxation time and dephasing time,
respectively, which are both measured at the idle frequency. η/2π is the
anharmonicity of the qubit at the idle frequency. f00 ( f11) is the probabil-
ity of correctly identifying the qubit state when it is initially prepared in
|0〉 (|1〉) state.

Parameter Q1 Q2

ωMax/2π (GHz) 4.657 4.743
ωIdle/2π (GHz) 4.645 4.737
ωr/2π (GHz) 7.237 7.194

T1 (µs) 17.8 13.5
T ∗2 (µs) 9.4 6.2

η/2π (MHz) −201 −202
f00 (%) 97.8 96.9
f11 (%) 88.7 85.2
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Fig. B1. Full wiring diagram of the experimental setup.

We suspect that the higher-than-usual reflections may
stem from a loose connection at the joint between the 20-dB
attenuator and the low-pass filter, as well as impedance devia-
tions from the nominal 50 Ω in the wiring bonding lines. The
approximate distance between these two locations is 105 cm.
Furthermore, the additional latency introduced by the low-pass
filter and various interconnectors could, when taken into ac-
count, seem to align with our measured reflection delay of
13.75 ns.
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Appendix C: Simulation results of the Rabi pat-
tern

We have found that the experimentally observed distorted
Rabi oscillation patterns can be reproduced in simulations by
accounting for the presence of reflected microwave pulses.
The simulation results are depicted in Fig. C1 where the re-
flection parameters used for Fig. C1(a) are based on the results
obtained from the reflection cancelation measurements.
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Fig. C1. Simulation results of Rabi oscillation with (a) and without (b)
microwave reflection problem.

Appendix D: Additional data
We apply our compensation strategy to another qubit ex-

periencing similar reflection issues to demonstrate the general-
ity of the proposed compensation scheme for microwave con-
trol line reflections. The qubit information labeled Q2 is listed
in Table B1. The parameter extraction procedure for the pre-
distortion pulse and the resulting improvement of the single-
qubit gate fidelity, which can be seen in Fig. D1, are similar to
those detailed in the main text. The parameters we obtain are
td = 15.625 ns, A = 0.279, ϕ = 2.045 rad. The single-qubit
gate infidelity is reduced from 0.73% to 0.12% after eliminat-
ing microwave reflection.

0 5 10 15 20

Generation number

C
o
st

 f
u
n
c
ti
o
n

Individual

Best

0 100 200 300 400S
e
q
u
e
n
c
e
 f
id

e
li
ty Without pre-distortion, 0.73%

With pre-distortion, 0.12%

(a)

(b)

0.7

0.5

0.3

0.1

1.0

0.8

0.6

0.4

m-number of Cliffords

Fig. D1. Evolution process of the DE algorithm (a) and comparison of
the single-qubit gate error with and without pre-distortion compensation
for microwave reflection (b) for another test qubit labeled Q2.
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