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Fabrication-friendly superconducting qubits continue to be a leading candidate for scalable quantum computing. Re-
cent developments in tunable couplers have significantly advanced the progress toward practical quantum processors. How-
ever, high-performance quantum control, particularly two-qubit gates, depends on the delicate tuning of the coupler spec-
trum, as misalignment can lead to undesirable phenomena such as frequency crowding, which may cause errors including
state leakage. Here, we propose an efficient method for characterizing the coupler spectrum through sideband drivings,
obviating the need for additional components in current quantum processors. We demonstrate this technique experimen-
tally by employing both continuous-wave and pulsed measurement protocols, successfully extracting the coupler spectrum.
Furthermore, by utilizing the measured coupler spectrum, we calibrate the frequency dependence of the effective coupling
strength between two qubits linked by the coupler. The proposed approach offers significant practical benefits, enabling
the efficient characterization of the coupler spectrum in existing quantum architectures, thus paving the way for enhanced

quantum control and scalability.

Keywords: superconducting quantum circuits, tunable coupler, sideband driving
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1. Introduction

The introduction of tunable couplers has enabled
high-fidelity control to be achieved in both single-qubit

and two-qubit operations!'=®! for superconducting quantum

[10-12] This advancement has progressed in supercon-

13-16]

circuits.
ducting qubits through a series of significant milestones, !
driving the field towards the development of large-scale,
fault-tolerant quantum computers.['’-23] Of particular im-
portance is the proposal of the transmon—coupler—transmon
architecture,!! which, combined with cutting-edge nanofabri-

5, [2431

cation technique I has made it possible to delicately ma-

nipulate qubits whose operational parameters closely match
theoretical designs. This achievement has been crucial
in enabling the realization of high-performance quantum
processors, [13-16:32-331

Additionally, to address the significant resource over-
head in quantum tasks such as quantum error correction, 3611

which arises from the limited connectivity specific to trans-
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42831 the design of couplers with various coupling

mon qubit,[
ranges for hardware-efficient quantum processors has become
one of the current ongoing explorations.!**>!1 This trend, in
turn, imposes stringent requirements on the design, fabrica-
tion, and control of couplers, such as addressing challenges
related to frequency crowding and control crosstalk during
operations.>?! Consequently, there is a growing need for more
efficient characterization of coupler performance, particularly
in the spectral characterization, to support the scalable devel-
opment of superconducting quantum processors.

Efficient characterization of the coupler spectrum is a
critical component for the precise calibration of multi-qubit
crosstalk, 3254 waveform distortion,> and quantum gate
operations.>®! By exploiting the spectral properties of the cou-
pler, high-performance quantum manipulation can be achieved
through targeted parameter tuning, which significantly en-
hances the reliability, fidelity, and overall operational effi-
ciency of quantum circuits. For efficient characterization, the
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first consideration involves direct readout via a dedicated res-
onator integrated with the coupler, providing direct spectral
measurements. The second approach takes advantage of the
residual coupling between the coupler and its associated qubit
readout resonator. However, the former necessitates additional
structural elements, complicating the current structure. On the
other hand, the latter features a weak resonator—coupler inter-
action strength, leading to reduced readout contrast and band-
width limitations.

A more sophisticated approach exploits the intrinsic prop-
erties of the qubit—coupler system. In this approach, the
coupler is driven into an excited state, which induces a fre-
quency shift in the qubit due to the Lamb effect. This shift
can lead to imperfections in the qubit X gate, thereby alter-
ing the qubit state and hence providing valuable information
about the coupler spectrum.>”! However, this method is con-
strained by the configuration of the qubit gate and does not
support continuous-wave measurements, which limits the effi-
ciency and applicability.

In this paper, we propose an efficient scheme for charac-
terizing the coupler spectrum without the need for additional
readout resonators. The main idea lies in inducing sideband

(58591 by applying two non-resonant drives to the

transitions
qubit and coupler, thereby facilitating two-photon interactions
and enabling the response of the coupler spectrum. We exper-
imentally demonstrate this approach on a quantum chip fea-
turing qubits integrated with symmetric couplers, which are
specifically designed to explore novel signatures!®"! in quan-
tum simulation.®!] Both continuous-wave and pulsed mea-
surement protocols are implemented to characterize the target
coupler, successfully retrieving the coupler spectrum. Further-
more, using the coupler spectrum obtained by this method, we
calibrate the frequency dependence of the effective coupling
strength between two qubits interconnected by the coupler.

2. Protocol

We investigate a superconducting quantum processor ar-
chitecture, illustrated in Fig. 1(a), consisting of six grounded
transmons {Q; } (3] interconnected via a network of eight tun-
able COllpleI'S denoted {Clz,C23,C15,C24,C35,C26,C45,C56}.
Here, C;; capacitively couples transmons Q; and Q;. More
details about our experimental setup, including informa-
tion about the wiring diagram, are available in our previ-
ous work.[92] These couplers, which are a type of floating
transmon, *?! serve as symmetric-type coupling elements. 3]
Specifically, the couplers, facilitating non-neighboring qubit
interactions, are realized through the airbridge fabrication
technique.>”! Both the qubits and couplers are flux-tunable,
with each consisting of two identical Josephson junctions,
which, in theory, exhibit a zero-frequency minimum. The de-
tailed design parameters are summarized in Table 1. To exper-

imentally demonstrate the protocol, we focus on the specific
interaction between qubit Qg and its associated tunable cou-
pler Cy¢. The Hamiltonian can be expressed as

H. = Z [a)ja;aj—i— %a}a;ajaj}
Jje{a.c}
+&qc (aianracaJ;) , (1)

where a; (aj) denotes the bosonic creation (annihilation) op-
erator, @; is the corresponding frequency under the two-level
approximation, 1); represents the anharmonicity, and g4 char-
acterizes the capacitive coupling strength between the qubit q
and the coupler c.

1) .
.l_.)-__/\_ l9)

e) wd 12)
lo) |
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Fig. 1. (a) Enhanced connectivity of a 6-qubit (blue) superconducting
quantum chip based on the transmon—coupler—transmon architecture.
By flux-tuning the coupler (pink) frequency, high-contrast XX +YY or
ZZ interactions between qubits can be achieved. Each qubit has indi-
vidual microwave lines (purple) for XY control, and the flux bias lines
(yellow) for the coupler and qubit Z control. The coupler XY drive is
mediated through the XY line of the coupled qubit. (b) Energy levels
and schematic diagram for the example of Q¢ and Cys. By applying
microwaves with a certain detuning frequency to both the qubit and
coupler, the blue sideband driving is activated. (c) By applying detuned
sideband frequencies @y, and @y to the two lowest energy levels of the
qubit, @y, and the coupler, @, the process is similar to the E-system
in coherent control. This enables effective coupling between the qubit
and coupler, forming a subspace {|0g), |1e) }, allowing the coupler state
to be read out through the readout resonator.

In this scheme, the qubit is driven by an off-resonant ac-
Stark tone via its individual microwave XY line at a fixed fre-
quency (z)(‘l1 = 3 — 0, where 0 denotes a small detuning from
the qubit resonance. A second microwave tone is applied to
the coupler near the frequency ¢ ~ o, + 8, facilitating co-
herent two-photon transitions corresponding to either red or
blue sidebands. As illustrated in Fig. 1(b), two-photon side-
band transitions are generated by simultaneously driving the

110302-2



Chin. Phys. B 34, 110302 (2025)

qubit and coupler at @y, = & + wg (known as the blue side-
band) or @Weq = (x)é1 — wg (referred to as the red sideband).
The effective Hamiltonians governing these interactions

[64

can be derived using perturbative methods,%*! yielding the fol-

lowing expressions for the red and blue sideband interactions:
4 a.—of o.—of
8qc Q. Qq

4 o —od o — a)ccl‘

(aiaq —|—aca3;) ,
(aia(z + acaq) , 2)

where the effective Rabi frequencies £ and €. are given by

Qqc = 28qc€q,e/ (0g — w(ic

amplitudes, which are small quantities during the spectral

), with &q . representing the drive

measurements. Thus, in our measurements, the coupler fre-
quency affected by the drivings is neglected. By carefully
tuning the qubit—coupler detuning and optimizing the relative
amplitudes of the two driving tones, it is possible to achieve
a high-contrast, strongly driven sideband transition, which is
critical for precise characterization of the coupler.

Therefore, by applying two off-resonant microwave
drives to the coupled qubit—coupler system, both red and blue
sideband transitions can be coherently induced. The red side-
band process corresponds to a transition from the state |Oe) to
|1g),16%! characterizing the coupler spectrum through the re-
sponse of the qubit states. Here the first and second compo-
nents in the state |0e) or |1g) represent the energy levels of
the qubit and coupler, respectively (this notation is adopted
throughout). Conversely, as shown in Fig. 1(c), the blue side-
band transition selected in our experiment involves a transi-
tion from |0g) to |le). The process is mediated via a virtual
intermediate state and originates from drive-induced higher-
order interactions, equivalent to the well-known coherent con-
trol applied in stimulated Raman passage.[%°-%8] As such, they
effectively enlarge the accessible Hilbert space of the cou-
pler. Specifically, the qubit—coupler subspace can be effec-
tively redefined as {|0g),|le)}, where the states of the cou-
pler (|g), |e)) are conditionally mapped to the ground (|0))
and excited (|1)) states of the qubit, respectively. This condi-
tional mapping enables the use of the qubit’s readout resonator
for dispersive measurement of the coupler state, providing a
high-fidelity, indirect probing mechanism for characterizing
the coupler dynamics within the extended Hilbert space.

Table 1. Designed parameters.

1) Co6 3
Readout frequency, @ /27 (GHz) 7.10 - 7.20
Sweet spot, ®™** /21t (GHz) 4.0 4.5 4.0
Anharmonicity, /2w (MHz) =235 -320 =272
Coupling strength*, gqc /27 (MHz) —-66 -70
Coupling strength*, g»¢/27 (MHz) -2.76
Coupling-off spot*, . /27 (GHz) 2.80

*Calculated at the qubit frequency @y /27 = 3.825 GHz.

3. Experimental results

First, all other qubits and couplers are flux-biased to the
minimum of their respective spectral ranges in order to mini-
mize their influence on the control and measurement of qubit
Qg and coupler Crs. The resonance frequency of Qg and its
readout contrast are characterized via its readout resonator. As
depicted in Fig. 2(a), a carefully selected flux bias point is ap-
plied to coupler Cy¢, and two microwave drives are introduced
according to the above protocol to facilitate the measurement
of the coupler spectrum via sideband driving. Specifically, a
detuning § is introduced to the qubit drive frequency @3, while
a microwave tone at frequency ¢ is applied to the coupler.

We note that conventional couplers lack dedicated XY
control and support only Z-driven operations. The coupler
XY drive, with a small strength &, can be implemented either
through the transmission line or via the qubit XY line. In our
experiment, we implement direct XY driving for the coupler
via the qubit XY line, facilitated by the strong qubit—coupler
interaction. Notably, with careful circuit design, the coupler Z
line can be repurposed for XY driving, thus obviating the need
for additional components for sideband driving.

(a) Wa
wq -

Flux

Readout

—20 —15 —10 -5
wd—w. (MHz)

Fig. 2. (a) Coupler energy spectrum measurement based on sideband
driving. A specific detuning 6 is applied to the qubit drive frequency
@y. Simultaneously, a microwave drive @ is applied to the coupler
for measurement purposes. This microwave drive can be realized either
through a transmission line, the qubit XY line, or directly via the cou-
pler flux line. The energy spectrum of the coupler is measured through
the qubit readout resonator at a specific flux bias. (b) The correspond-
ing coupler energy spectrum is measured for different detuning values
o of the drives. According to a)g + ol ~ o+ @y for the blue side-
band dirving, indicated by purple dashed line, the coupler spectrum is
inferred from the response of the readout signal, which is a function of
the detuning &.

Accordingly, as shown in Fig. 2(b), the coupler spectrum
is acquired as a function of the detuning parameter 6 applied
to a)g. The results, particularly the blue sideband transition in-
dicated by the dashed purple line, exhibit a clear dependence
on 8. From this response, the coupler drive frequency is in-
ferred using the relation wg = . + 8, thereby reconstructing
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the coupler spectrum .. Notably, residual excitations are ob-
served in both the qubit and the coupler, which are most likely
attributed to thermal population induced by the surrounding
environment. This is evidenced by the appearance of red side-
band transitions, shown as the red dashed line in Fig. 2(b),
which are simultaneously present in the measurement.

To fully characterize the coupler spectrum under vary-
ing flux bias conditions, it is crucial to concurrently map
the qubit spectrum as a function of the flux bias applied to
the target coupler Cps. As illustrated in Fig. 3(a), the qubit
spectrum shows a clear dependence on the flux bias of the
coupler. The coupling strength between qubit Qg and cou-
pler Cy is quantified as |ge.|/2® = 75 MHz, with a reso-
nant frequency of @y/27w = 3.825 GHz. In the dispersive
regime, where the coupling strength g(c.) is much smaller
than the detuning between the qubit and coupler frequencies,

ie., glo) < |y — a|, and g(@.) = g6c\/m’ the pre-
dicted qubit spectrum is shown as dashed lines. This spectrum
shift, induced by variations in the flux bias, also facilitates an
approximate determination of the coupler spectrum by analyz-
ing the readout resonator response.

Through sideband driving, as depicted in Fig. 3(b), the
qubit drive frequency is fixed at wg /27w =3.81 GHz. A con-
ventional pulse sequence in qubit spectroscopy measurements
is employed. The resulting spectrum reveals a high-contrast
spectral variation, indicating the coupler response to the ap-
plied drive. However, as highlighted in Fig. 3(a), the qubit
spectrum experiences a shift, resulting in a change in the de-
tuning & of the sideband drive. This shift must be accounted
for to accurately infer the true coupler spectrum. The corrected
coupler spectrum, derived by considering this detuning, is il-
lustrated by the pink dashed line.

(a) 3.84 (c) 507 (d)1.0 ﬂ K N
= | [
b Ak
< ° [}
~ 3.83 ;0'5‘1'&*\?‘\ ° &‘0
= I &
S & o % - 027 =5.7 MHz
3 3.821; 1.0
®
= AL A
2 7
3.81 Zo5% ,“;? j"ﬂ
(b) .0 2t e 2 q
o
! ——— T5=0.93 ps
w 487 % 0.5 1.0
T | 1.0
S} ; & -—=T1=0.54 ps
T 4.6 S
3 S
Z05 &l,. -
I a Evolution time
4.4 s \.. o
- ——e——
2.5 0
—-0.2 —0.1 0 0.1 —0.5 —0.4 —0.2 0 0.1 0 10 20 30 40 50
® /% ® /P Time (us)

Fig. 3. (a) The energy spectrum of Qg varies as a function of the flux bias applied to the target coupler Cr6. The coupling strength between
the qubit and the coupler is |ge.|/27 = 75 MHz at resonant frequency 3.825 GHz. According to Eq. (1), the theoretically predicted spectrum
is shown as dashed lines. Conversely, this spectrum shift also allows for a rough estimation of the coupler spectrum. (b) Through sideband
driving, the qubit drive frequency is fixed at a)(‘]i /27 = 3.81 GHz. A conventional qubit spectroscopy pulse sequence is applied with frequency
sweeping. The resulting qubit response exhibits a high-contrast spectral variation. Taking the qubit freqcuency shift into account, the true
energy spectrum of the coupler can be inferred and is illustrated by the pink dashed line. (c) Sideband driving is directly characterized using
a VNA for continuous-wave spectroscopy. Three-tone continuous microwaves for readout resonator, qubit and coupler drivings are applied
simultaneously. This setup enables direct measurement of the coupler spectrum across a wide modulation range, from 4.9 GHz down to
2.5 GHz. Due to the thermal occupation in the excited state, the fj, transition of the coupler is observable. The anharmonicity of the coupler
is estimated to be |n|/27w = 353 MHz, which is consistent with the design. (d) Time-domain measurements are performed to calibrate the
coherence properties of the coupler. From top to bottom, the panels show Rabi oscillations, a Ramsey interference experiment, and a 7T}
relaxation measurement of the coupler. These results demonstrate that the coupler spectral and coherence properties can be characterized
through the readout resonator of the coupled qubit.

Sideband driving can also be directly characterized using
a vector network analyzer (VNA) in continuous-wave spec-
troscopy mode. In the experimental sequence, as illustrated in
Fig. 3(c), three-tone continuous microwaves are applied simul-
taneously: one tone for the readout drive and two additional
tones for the sideband drives associated with the qubit and the

coupler. This configuration facilitates the direct measurement

of the coupler spectrum over a broad modulation range, span-
ning from 4.9 GHz down to 2.5 GHz. Due to the finite thermal
population in the coupler, the fi, transition of the coupler is
also observable. From the data, we estimate the anharmonic-
ity of the coupler to be || /27w = 353 MHz, which is in agree-
ment with the design specifications that |n.|/27x = 320 MHz.

However, to characterize the coherence properties of the
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coupler via time-domain measurements, we have to employ
calibrated pulse sequences; for instance, the 71 measurement
protocol is shown in the inset figure. In these sequences, a
control pulse is first applied to the coupler, implementing the
standard characterization routinely, and then another pulse is
applied to the qubit followed by the readout. This approach
ensures that the pulses are not applied simultaneously, avoid-
ing the decaying process involving both qubit and coupler. As
shown in Fig. 3(d), the panels, from top to bottom, present
Rabi oscillations, a Ramsey interference experiment, and a
T| relaxation measurement of the coupler. At the coupler’s
sweet spot, we obtain a 77 value of 5.04 us and a 75" value
of 0.93 us. These results provide a comprehensive charac-
terization of both the spectral and coherence properties of the
coupler, which can be directly assessed through the readout of
the coupled qubit.

After characterizing the coupler spectrum, we proceed
to quantify the effective inter-qubit coupling strength J. To
this end, qubit Q, is capacitively coupled to the tunable cou-
pler Cps, with a measured coupling strength of |gac|/27 =
72.8 MHz at the resonance frequency @y. The system Hamil-
tonian can be expressed as

_ P LI VI e
Hy = .§:6 {a)jajaj—l— zajajajaj
j=2,6,c

+ Z 8jc (aj.aC —I—ajaZ) + 826 (agaz + a6aT). 3)
=26

Under the dispersive regime, where [Ajc| > gjc,82. a
Schrieffer—Wolff transformation yields the effective qubit—
qubit coupling strength
8ac86c [ 1 1 )
J= ) T8, “)
2 <A2c Ae) "8

where Aj. = @; — @. Circuit analysis indicates that g < 0

due to direct capacitive coupling between the qubits.[%3] Con-
sequently, the coupling cancellation occurs when the cou-
pler frequency @ is biased below the qubit frequency. As
shown in Fig. 4(a), biasing Cys to its minimum spot that is
@ /Py = —0.5, corresponding to o /27 < 2.5 GHz illustrated
in Fig. 3(c), results in a vacuum Rabi pattern with a distinct
tunable coupling signature.

The Rabi oscillations presented in Fig. 4(a) are fitted to
extract the effective coupling strength as a function of the cou-
pler frequency, previously characterized in Fig. 3(c). Utilizing
the directly measured coupling strengths J and the coupler pa-
rameters at @y /27 = 3.825 GHz, where |g2c| /2w = 72.8 MHz
and |gec| /27 = 75.0 MHz, and taking into account the sym-
metric coupling architecture between the qubits, the direct
coupling strength between the two qubits is inferred to be
|g26| /27 = 2.9 MHz. This value is consistent with the theoret-
ical prediction from Eq. (4), as illustrated in Fig. 4(b). The re-
sults confirm the successful implementation of a tunable cou-
pling interface with a high on/off ratio.

(®) 49 ‘ ‘ [
[
~ 30} y
%N Q2 & Qs :
[
~ 20f V4
g 4
N
= 10F 4
[
O ...............................................................
— .ooooooo“‘o“‘“..“

—10

10 15 20 25 30 35
w. (GHz)

Fig. 4. (a) Both Oy and Qg are biased at a frequency of @q/2m =
3.825 GHz, while the coupler is initially positioned near its minimum,
with a frequency inferred below 2.435 GHz at bias @/ Py = —0.5. Qg is
prepared in the excited state, and vacuum Rabi oscillations between the
two qubits are measured. By controlling the flux bias of the coupler dur-
ing the vacuum Rabi evolution, a Chevron pattern is obtained. (b) The
Rabi oscillations are fitted to extract the effective coupling strength as
a function of the coupler frequency. According to Eq. (4), considering
that the two qubits are coupled through a symmetric coupling structure,
the direct coupling strength between the two qubits is inferred to be
|g26|/271' =2.9 MHz.

4. Conclusions

We have demonstrated a sideband transition technique
that enables efficient characterization of the coupler spec-
trum within conventional transmon—coupler—transmon archi-
tectures. Experimental validation on a six-qubit device, em-
ploying both continuous-wave and pulsed measurement pro-
tocols, yielded the coupler spectrum. Meanwhile, we calibrate
the frequency dependence of the effective coupling strength
between two qubits, a key parameter for high-fidelity gates.
This efficient characterization approach minimizes measure-
ment overhead, facilitates rapid feedback for mitigating fre-
quency crowding, and is immediately applicable across exist-
ing scalable quantum processor designs.
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