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The precise control and manipulation of the qubit state are vital for quantum simulation and quantum computation.
In superconducting circuits, one notorious error comes from the crosstalk of microwave signals applied to different qubit
control lines. In this work, we present a method for the calibration and cancellation of the microwave crosstalk and ex-
perimentally demonstrate its effectiveness in a superconducting 10-qubit chain. The method is convenient and efficient
especially for calibrating the microwave crosstalk with large amplitudes and variations, which can be performed succes-
sively to reduce the microwave crosstalk by two to three orders. The qubit chain with microwave driving is governed by
one-dimensional (1D) Bose—Hubbard model in transverse field, which is nonintegrable and shows thermalization behaviour
during the time evolution from certain initial states. Such thermalization process is observed with excellent agreement be-
tween experiment and theory further confirming the effective global cancellation of the microwave crosstalk.
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PACS: 42.50.Dv, 03.67.Lx, 05.30.Jp, 85.25.Cp

1. Introduction

Superconducting qubits are an excellent platform for
quantum simulation and quantum computation,!'=3! which
have been widely used to simulate many-body phenomena
in condensed-matter physics!*~'3! and demonstrate quantum
advantage.!!*15] In the applications, the precise controls of
qubits are required and crosstalks among different control
lines need to be eliminated. Qubit controls usually utilize flux
bias signals for tuning the energy level spacing (Z control) and
microwave signals for manipulating the quantum state (XY
control). With the present-day devices fabricated by the flip-
chip technology etc., crosstalk among the Z control lines can
be made as small as 0.1%.[131 However, crosstalk among the
XY control lines remains relatively large, usually above 1%.
Further eliminating the crosstalk of the XY control lines, or
the microwave crosstalk, is therefore important for the appli-
cations of superconducting circuits.

The microwave crosstalk signal can be eliminated in prin-
ciple by cancellation with a compensation signal of the same
amplitude and frequency but 180° out-of-phase. This method
is used in quantum simulation experiments of dynamical phase
transitions'”! and thermalization,® in which all superconduct-
ing qubits are biased with the same frequency. More recently,
it is also applied to the superconducting circuits with different
fixed-frequency qubits, using the alternative-current Stark ef-
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fect to measure the Stark-induced phase for the determination
of the compensation signal parameters.!'® The microwave
crosstalk effect and its mitigation have also been investigated
to improve the gate performance.!!7!3]

In this work, we present and experimentally demon-
strate a method of calibrating and cancelling the microwave
crosstalk via compensation signals, in which systematic for-
mulation and steps for obtaining the crosstalk matrix are de-
scribed. Our method can be applied to superconducting cir-
cuits with frequency-tunable qubits operating with a common
frequency as well as different frequencies. The crosstalk ma-
trix can be conveniently determined for a given device with
orders of magnitude difference of crosstalk strengths among
different qubit control lines. We will use a superconducting
10-qubit chain device (see Fig. 1) with the crosstalk strength
ranging from 0.18% to 98%, (The crosstalk strength has wide
variation for the present device, which partly results from the
specific sample design. For instance, the XY control lines of
Q; and Qg locate at different qubit positions compared to
those of Q, through Qg. Also, the XY control lines of Q; to
Qg sit at the opposite side of the Z control lines as compared
to the cases of Q7 to Qg (see Fig. 1).) and demonstrate the suc-
cessful calibration and cancellation of microwave crosstalk by
two to three orders. The qubit chain is governed by 1D Bose—
Hubbard model, which is nearly integrable when the high level
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states are only sparsely populated.!'>!”) The model becomes

nonintegrable when a microwave field is applied.!31%-201 We
will show a clear thermalization process in the nonintegrable
system, demonstrating that the microwave crosstalk is globally
suppressed.

2. Microwave crosstalk in superconducting cir-
cuits

To start, we present a general formulation for quantify-
ing the microwave crosstalk in a superconducting circuit of N
qubits with different frequencies. We define Q,,(¢) and Q/,(¢)
as the actual microwave signal which a qubit receives and the
driving signal input to the XY control line of this qubit, respec-
tively, as shown in Fig. 2 in the simple case with two qubits. To
determine the crosstalk matrix, one applies microwave signals
to the control lines and measure the responses of the qubits.
Therefore Q! (t) does not contain cross-qubit terms and we
write

Q,,(t) = Qym cos( Ot + Q)

N
+ Z Oy oSOyt + Qp + Oy )
n=1(n#m)

Q) (t) = Qyncos(Onut + O )- (1)

Here ,,, and ¢,,, are the parameters for signals applied on the
mth qubit by the nth qubit drive with frequency w,, thus those
with n £ m describe the microwave crosstalk signals. For the
matrix representation, it is convenient to rewrite Eq. (1) in the
form with complex quantities:

-Qm([) = ernei(a)”lt+(pmm)

N
+ Z an e i (m)1t+(Pmn+(Pnn> ,
n=1(n#m)
QL (1) = Qe (Ont+Om), (2)

m

It is clear that taking the real part of Eq. (2) goes back to
Eq. (1). We further define column vectors £2(z) and £2'(r)
as

(1) = (21(1),2:(1), ..., Qv()T, (3a)
Q/(Z)Z(Qi(t>7ﬂé(t>7 [RRE) Qll\l(t))T (3b)

to have
2(r) =M (1), 4)

in which M is the crosstalk matrix defined by

1 alzei‘/’lz alNei‘PlN
ap el 1 ... apye'ow
M = . . ) ) &)
aNlei‘PNl aN2€i¢N2 1

with @y = Qun/Qnn. We will show how to determine the
matrix M below. With known M, the required microwave

signals input from the qubit drive lines can be calculated for
the given signals actually applied on qubits for performing a
specific operation in the circuit, via

Q(t)=M"'Q(). (6)

Here M ~! is the inverse matrix of M. We note that after ob-
taining M, in contrast to the definitions in Egs. (1) and (2), an
£2(¢) without cross-qubit terms is often required for specific
operations in experiment. On the other hand, £2'(¢) applied
to the qubit control lines calculated from Eq. (6) will contain
all terms, namely signals with different frequencies need to
be applied to a given qubit control line in order to cancel the
crosstalk signals from the other qubit control lines.

Ql Q2 Qs Q4 Q5 Qﬁ Q? Q8 QJ% 10
(=

5 KRR K IRARA

Fig. 1. Optical micrograph of the superconducting 10-qubit chain. Each
qubit has a microwave line for XY control, a flux bias line for Z control, and
a readout resonator for measurement.

—] —<
XY
Z

(g

The physical meaning of the parameters in the above for-
mulation can be readily seen. In the two-qubit case shown in
Fig. 2, the microwave signals are experimentally applied to the
drive lines of qubits Q; and Q,, which, according to Eq. (1),
are Qf(t) = Qcos(wit + ¢@11) and Q5(t) = Q2 cos(wat +
¢22), respectively. Writing these in the form of Eq. (2), insert-
ing them into Eq. (4), and taking the real parts, we have for

Qu:
Q;(t) = Q1 cos(it+ @11) + Q12 cos(@t + @2+ ¢22), (7)

which is also given by Eq. (1). Here £2,,, are the Rabi frequen-
cies of the m-th qubit by the n-th qubit drive with frequency
@,. Since the matrix M has unity diagonal elements, equa-
tion (4) says that the line attenuations are taken into account by
first experimentally calibrating €21 and €2, for corresponding
signal strength (or amplitude) applied to the control lines. Q;,
and @12 in Eq. (7) can be obtained in the following way. We
first set w; = @, and @22 = 0. Q; is also biased to w, while Q,
is biased far away (e.g., 200 MHz or above) to be decoupled
from Q. We have

Ql(t) :QllCOS((Ozl—i-(pll)-i-Q]QCOS(a)zt—l—¢12). (8)
With these the Hamiltonian of Q; reads
N 1
H| = E(J)qO'Z+.Ql(t)Gx. &)

Using the rotation wave approximation we have

o 1 1 . .
Hl = EAqGZ+5(Qllel(P]1 +leel¢12)0+

1 . .
—&-5(91167"”” + Qe 'M2)07, (10)
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in which Aq = wq — @ is the qubit detuning with respect to
the driving frequency, usually set to zero in experiment. The
Rabi frequency Qr of Q; is found to be

QR = \/A& +‘lel +9122 +2.Qll.lecOS((p12 — (P11)~ (11D

We will show experimentally that with given Q11, £, @ =
@, and ¢y = 0, one can measure the Rabi frequency Qg of
Q as a function of ¢y, and the parameters 21, and ¢}, can be
obtained by fitting the experimental data using Eq. (11). The
corresponding matrix element in M is therefore determined.
Note that when @11 = @2, R reaches a maximum value, in-
dicating that the signals arriving at Q; from the two drive lines
have a common phase. In other words, @1, &= 27n represents
the phase difference resulting from the different delay times
across the two drive lines.

§2y,cos(wit+py;) )
Q, < ~ Q, drive
AN P
\\ ,/
N ,//921‘305(‘”1t+¢21)
S .
~ 7
<
AR N
// \\
IR S 215c08(wyt )
// \\
» N
Qy |- A Q, drive
£2,,c08(wyt+@os)

Fig. 2. Schematic diagram of microwave signal crosstalk shown with two
qubits as an example. Here £,,, and ¢, are the parameters for signals
applied on the m-th qubit by the n-th qubit drive with frequency .

To measure the Rabi frequency, we note that the rotation
axis n of the Rabi oscillation in Bloch sphere is

n = (ny,ny,ny) (12a)
with

1
ny = — [211cos @11 + Q1208 Q2] (12b)

Qr

ny = —R[Q“sin(pn + Qasin@yy], (12¢)
4y
ng = o (12d)
The unitary operator for the state evolution becomes
U(r) = e 1 t(mo)/2. (13)

where o is the Pauli matrices. For Q initialized in the ground
state |0), its time evolution is

lw) =U(1)|0) (14)

and the probability P; that Q; stays in the first-excited state |1)
is given by

=iy =si? Kz as)

The Rabi frequency £g can be obtained by measuring P; ver-
sus time ¢. For Q», the parameters £2; and ¢,; can be known
in the similar way, and all the matrix elements in M are
then determined by the measurements between different qubit
pairs.

The above formulation of the microwave crosstalk con-
sidering different superconducting qubit frequencies should
be useful for multiqubit systems where qubit frequencies are
much crowded so that certain qubit frequencies are not pos-
sible to set sufficiently apart for precise gate operations. 16181
However, without loss of generality, we will experimentally
demonstrate our method for the calibration and cancellation
of microwave crosstalk in the superconducting 10-qubit chain
with widely varied crosstalk strength in the resonant case,
namely with all qubits biased at the same frequency, a situ-
ation in which numerous analog quantum simulation experi-
ments are performed.>~13]' A photograph of the device used in
the experiment is shown in Fig. 1 and its basic parameters are
listed in Table 1.

Table 1. Basic device parameters. fp, and f; are the qubit maximum and idle frequencies. Uj; is the qubit anharmonicity. T} and 7, are the energy
relaxation and dephasing times of the qubit at idle point. J; ;| and J; ;> are the coupling strengths of nearest neighbor (NN) and next nearest neighbor

(NNN) qubits. The working frequency @y is 4.445 GHz.

Qi Q2 Q3 Q4 Qs Qs Q7 Qs Qo Qio

fm (GHz) 5.308 5.896 5.387 5.097 5.144 5.395 5.327 5.804 5.389 5.726

fi (GHz) 4.221 5.265 4.381 5.048 4.278 5.234 4.418 5.023 4.297 5.158

Uj/27't (MHz) =212 -264 =210 -268 -212 -268 214 264 214 -264

Ty (us) 47.6 26.3 40.4 17.5 23 29.3 46 30.8 38.2 29.3

T5 (us) 1.97 2.34 1.74 6.36 2.12 5.64 2.63 3.79 3.51 1.54
Jjj+1 /27 (MHz) 10.72 10.73 10.99 11.05 10.88 10.48 10.86 10.79 10.78

J]-,/-H/Zn' (MHz) 0.98 0.49 0.96 0.49 0.96 0.49 0.97 0.48

3. Experimental results and discussion

Quantum simulation experiments of thermalization in
nonintegrable systems are usually performed using the quench
process with an initial state evolving under suddenly changed

Hamiltonian and all qubits set at a common working frequency
@y. We will use ay/27w = 4.445 GHz for the simulation ex-
periment to test the global elimination of microwave crosstalk.

To demonstrate our crosstalk calibration method, we consider
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Qi and Q,, and determine the parameters 2, and ¢>. For
this, we set A; =0, @ = @ = @y, 211/27 = 10 MHz,
0y /21 = 58 MHz, and ¢, = 0. Here Q) needs to be larger
than € to observe a clear crosstalk effect. We then mea-
sure the time evolution of P; as a function of ¢;;. The results
are shown in Fig. 3(a) with the extracted Rabi frequency ver-
sus @1 plotted in panel (b) with symbols (further improved
results are shown in Fig. 4, as discussed below). Fitting the
experimental data in Fig. 3(b) with Eq. (11), shown as a solid
line, we obtain Q1, /27 = 56.97 MHz and ¢;, = 1.8377, lead-
ing to ajp = 98.22%. Here ¢y; is equal to ¢;; with maxi-
mum Rabi frequency, as can be seen in Eq. (11). Likewise for
the measurement of ;| and @,;, we set Q1;/27 = 58 MHz,
Q) /21 = 10 MHz, and ¢;; = 0, and measure the time evolu-
tion of P; as a function of ¢;. Repeating the above procedure,
we obtain £, /21 = 4.095 MHz and ¢,; = —1.808, leading
to ax; = 7.06%.

(a) 80 1.0
0.8

g 0.6

£

o 0.4
0.2
0

(®) 7oL ]
N
an

S 60r 1
&
N
~
(a1
S

50 1

= Experiment
— Fit

-3 =2 -1 0 1 2 3
P11

Fig. 3. (a) Experimental time dependence of P; as a function of ¢y for
Q at the first stage for the measurement of M. Q;;/2x = 10 MHz,
Q7 /21 = 58 MHz, and @ = 0 are used for the microwave signals
input to the qubit control lines. (b) Rabi frequency versus ¢;; extracted
from the data in panel (a) (symbols). The solid line is a fit with Eq. (11),
from which we obtain Q1,/2m = 56.97 MHz and ¢, = 1.8377, giv-
ing rise to a2 = 98.22%. An upward arrow indicates the point where
@12 = @11 with maximum Rabi frequency.

The obtained crosstalk matrix elements between Q; and
Q; are illustrated in Fig. 5(a). We see that the matrix element
ajp is nearly 100%, meaning that when we apply a microwave
signal to Qy, a signal of nearly the same amplitude will also
be applied to Q;. Unlike the superconducting device with all-
to-all qubit connection,!”! a strongly varied crosstalk strength

is expected for the present chain-like device due to the spe-
cial sample configuration. For such device, multiple crosstalk
calibration and cancellation steps are required. In practice,
with known M we can use Eq. (6) to calculate the microwave
signals £2(r) that need to be applied to the control lines for
the actual signals £2(¢) required on the qubits. To test how
accurately the calibration can be achieved, we consider Qg
and Q; and experimentally set §2'(¢) with Q;; /27 = 10 MHz,
0y, /21 = 58 MHz, ¢y, = 0, and check Rabi oscillations of
Qg versus @ again. However, these signals are transformed
by M~! before applied to the qubit control lines (note that
M is a 2x2 matrix at the moment). Let us use M to denote
M obtained above. Due to the experimental errors of various
kinds and large crosstalk near 100% and quantum crosstalk
resulting from ZZ interaction!?’??! in the system, M; may
not accurately describe the microwave crosstalk of the sys-
tem. If a matrix M = M, M better describes the microwave
crosstalk, we have $£2(r) = M, M, §2'(t). The transformation
by M, ' means experimentally setting £2'(t) — M, ' £2'(1),
and we have £2(t) = M,$2'(r). The matrix M) in this case
is expected to be close to a unit matrix with off-diagonal ele-
ments close to zero.

(a) 400 1.0
350 o8
300 '

g 250 0.6

9 200

g 0.4

£ 150
100 0.2
50

0

(b)
10.1

10.0

9.9

02y /27 (MHz)

-3 -2 -1 0 1 2 3
P11

Fig. 4. (a) Experimental time dependence of P; as a function of ¢;; for
Q; at the fourth stage for the measurement of My. Q;,/27 = 10 MHz,
Q) /2m = 58 MHz, and @2, = 0 are used for the microwave signals
input to the qubit control lines. (b) Rabi frequency versus ¢;; extracted
from the data in panel (a) (symbols). The solid line is a fit with Eq. (11),
from which we obtain ;5 /27 = 0.0573 MHz and ¢}, = 0.6876, giv-
ing rise to ajp = 0.099%. An upward arrow indicates the point where
@12 = @11 with maximum Rabi frequency.
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Fig. 5. Microwave crosstalk calibration matrices of (a) M, (b) M, (¢c) M3, and (d) My obtained at four successive stages, in which the color
bars represent the matrix element values up to 40%, 10%, 2%, and 1%, respectively. The data above these values are illustrated in black and white.
The average values of off-diagonal matrix elements for M, M, M3, and My are 13.50%, 0.7415%, 0.1823%, and 0.0808%, respectively.

The similar measurements of Rabi oscillations of Q; ver-
sus @11 and of Qy versus ¢y result in the parameters of
Q5/21 = 1.443 MHz, @1, = 1.706, 2, /27 = 0.1494 MHz,
and @y = 1.130 for M,, giving rise to ajp = 2.49% and
az; = 0.26%, which are illustrated in Fig. 5(b). M, obtained
at this second stage provides a proper estimate of how precise
M, calibrates the microwave crosstalk of the system. Sim-
ilarly, we can write M = --- M;--- M| with M; closer to
unit matrix for larger i. Figures 5(c) and 5(d) illustrate the re-
sults for M3 and My, respectively. At each calibration stage,
M = ---M;--- M, is calculated in the 10x 10 matrix form
(see below) and the 2x2 matrices are taken from the results
to obtain the 2x2 inverse matrices for input signal transfor-
mation. Experimental results of Rabi oscillations of Q; cor-
responding to the data in Fig. 3 and producing the matrix el-
ements of M, at the fourth stage are presented in Fig. 4. We
can see a much smaller variation amplitude of the Rabi oscilla-
tion with ¢y due to a much reduced 2, [see Eq. (11)], which
leads to a much reduced ai3.

The above microwave crosstalk calibration method used
between Q; and Q; are applied to other qubit pairs in the 10-
qubit chain. The results of M through M}, are presented
in Fig. 5. It can be seen that at the second calibration stage,
namely with M = M, M), the crosstalk among the qubits
are already well below 1%, which can be seen and estimated
from M3 in Fig. 5. The average values of off-diagonal matrix
elements for M, M,, M3, and M, are 13.50%, 0.7415%,
0.1823%, and 0.0808%, respectively.

To further test the effectiveness of the calibration, we con-
sider the 10-qubit chain driven by a continuous microwave
field. In the rotating frame with a common qubit frequency,

the system is governed by the 1D Bose—Hubbard model in a
transverse field*%2! reads

10 U 10 Q
H=H+H"+Y Tfn,(nj -n+Y E(ajJraj), (16)
Jj=1 Jj=1
in which H' = Z?:l Jj7j+1(a;aj+1 + hec.) and H" =
Z§=1J i, j+2(a}a j+2 +h.c.) are the hopping terms with near-
est and next-nearest neighbor coupling strengths J; ;11 and
Jj j+2, respectively. The third term on the right-hand side is
the on-site interaction with anharmonicity U; < 0. a; (aj) is
the bosonic creation (annihilation) operator and n; = aj-a ; is
the number operator. The last term in Eq. (16) is the trans-
verse field with constant strength £ from the microwave driv-
ing written in the rotating frame of the driving frequency res-
onant with the qubit common frequency.>"!

Equation (16) well describes the 10-qubit chain driven
under a continuous microwave field. The sample parameters
Uj, Jj j+1, and J; j1» are listed in Table 1. In Fig. 6, we show
the experimental (symbols) and calculated (lines) time evo-
lutions of the local observables (6%)o = (1/5) ¥oaa;(0;}) and
(001 = (1/5) Levenj(0;) starting from the Néel initial state
|0101010101) (lines).>") Here (o}) is the expectation value
of G]Z- of j-th qubit. Experimentally, the Néel state is prepared
with the qubits biased at their respective idle frequencies listed
in Table 1 via the Z control lines. Then the microwave field is
applied via the XY control lines with the qubits set at the com-
mon frequency @y for state evolution and the observables GJZ-
is measured for each qubit at different evolving times. Fig-
ure 6(a) shows the results for /27 = 0, with which the sys-
tem is near integrable. The expected fluctuating behaviour of
the observables during the evolution can be clearly seen with
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good agreement between experiment and theory. The calcu-
lated results with Q /2w = 5 MHz, where the system becomes
nonintegrable, are plotted as lines in Figs. 6(b) and 6(c). Both
(6%)0 and (67)] exhibit a fast thermalization behaviour, 31201
quickly decreasing and increasing to zero from +1 and —1,
respectively. Experimental results in Fig. 6(b) are measured
without microwave calibration showing clear deviations be-
tween experiment and theory, while those in Fig. 6(c) with the
calibration using M = M3 M, M crosstalk matrix (see Fig. 5
for M, My, and M3). Excellent agreements between the ex-
perimental and theoretical data Fig. 6(c) confirm the effective-
ness and accuracy of our crosstalk calibration and cancellation
method.
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Fig. 6. Time evolutions of local observables (6%)o = (1/5) Load;{07F)
and (6%)1 = (1/5) Levenj{07}) from the Néel initial state [0101010101)
under the Hamiltonian Eq. (16). (a) /27 = 0 MHz, showing a fluc-
tuating behaviour of the observables in near integrable system. (b)
Q /21 =5 MHz, suggesting thermalization of nonintegrable system in
microwave field without calibration. (¢) /27 = 5 MHz, demonstrat-
ing a fast thermalization process of nonintegrable system in calibrated
microwave field, with good agreement between experiment and theory.

In the previous experiment,!”! the crosstalk matrix ele-
ments are measured in two steps. Let us consider Q; and Q>
again. Also after the calibrations of Q| and Q,,, 5, is first
determined by setting £2;; = 0 and applying 2, with @y, = 0.
In the second step, 21 = £ is used. Then ¢, is found by
measuring the Rabi frequency against @, with @;; = 0. The
present experiment combines the two steps into one. Since we
have set ;1/27 = 10 MHz in the calibration, from Eq. (11)
we always have the Rabi frequency above 10 MHz, corre-
sponding to an oscillation period below 100 ns, which is con-
venient for the measurement. In practice, we find the present

method convenient and efficient especially for calibrating and
cancelling the microwave crosstalk with large amplitudes and
wide variations such as those in the 10-qubit chain device. Us-
ing repeated measurements of M; in M = --- M;---M;, we
can successively improve the accuracy of the calibration and
cancellation of the microwave crosstalk.

As a final remark, we emphasize that our method for the
microwave crosstalk calibration can be applied to the case with
different qubit frequencies though the calibrations discussed
so far are performed with a common qubit frequency for the
quantum quench experiment. In the cases with different qubit
frequencies, the calibration for each qubit pair can be done in
exactly the same way. Generally, the amplitude and phase of
the crosstalk matrix elements are frequency-dependent, as can
be seen in Fig. 7 for Q; and Q, measured in the frequency
range between 4.445 GHz and 4.695 GHz. Therefore, the
crosstalk calibration of a given qubit pair needs to be done
again when their working frequencies change.
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Fig. 7. Measured frequency dependences of the amplitude (a) and phase
(b) of the microwave crosstalk matrix elements for Q; and Q,.

4. Summary

We have presented a method for the calibration and can-
cellation of microwave crosstalk in superconducting circuits.
Starting from a general formulation of the problem, in which
the crosstalk matrix was defined and the matrix elements could
be found from the qubit Rabi oscillations, we proceeded to ex-
perimentally demonstrate the calibration and cancellation of
microwave crosstalk and its effectiveness in a superconduct-
ing 10-qubit chain. We showed that a matrix element could be
determined in a single step by measuring the Rabi frequency
of a given qubit as a function of the phase of the signal applied
to this qubit control line, while another signal was applied to
the control line of the crosstalking qubit. We found that the
method was convenient and efficient especially for calibrating
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and cancelling the microwave crosstalk with large amplitudes
and extensive variations like those in the 10-qubit chain device
studied in this work. The calibration and cancellation could be
performed successively to reduce the microwave crosstalk ef-
fectively by two to three orders. We further tested the method
by the observation of the thermalization phenomena in the
nonintegrable system with excellent agreement between ex-
periment and theory.
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