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Supplementary Note 1. EXPERIMENTAL SETUP

A. Fabrication

Our experiments are performed on a superconducting cir-
cuit consisting of 30 transmon qubits (Qj,s, with j varied from
1 to 15 and pseudo-spin s = {↑, ↓}), which constitute a two-
legged qubit ladder, as shown in Supplementary Fig. 1. Each
qubit, coupled to an independent readout resonator (R), has
an independent microwave line for XY and Z controls. This
ladder-type 30-superconducting-qubit device is fabricated on
a 430 µm thick sapphire chip with standard wafer cleaning.

First, a 100 nm thick layer of Al is deposed on a 10 ×
10 mm2 sapphire substrate, which is patterned with optical
lithography using a 0.70 µm thick layer of positive SPR955
resist. Then, we apply the wet etching method to produce
the large components of the superconducting chip, such as
the microwave coplanar waveguide resonators, the transmis-
sion lines, the control lines, and the capacitors of the transmon
qubits.

The second step is the preparation process for Josephson
junctions. After patterning a bilayer of MMA and PMMA re-
sists with electron beam lithography, the Josephson junctions
are made using double-angle evaporations, which include a
65 nm thick Al layer at +60◦ followed by an oxidation pro-
cess in pure oxygen for several minutes and then a 100 nm
thick second layer of Al at 0◦. Finally, in order to suppress
the parasitic modes, several airbridges [1] are constructed on
the chip.

B. Wiring

A schematic diagram of our experimental setup and wiring
is shown in Supplementary Fig. 2. In our experiments, the
superconducting quantum processor is cooled in a dilution re-
frigerator (BlueFors, XLD1000sl) with a base temperature of
mixing chamber (MC) about 15 mK. This device has three
readout lines, and the readout signals are amplified by the
Josephson-based parametric amplifiers (JPAs) and the high-
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Supplementary Fig. 1. Optical micrograph of the thirty-qubit sample. Thirty superconducting qubits constitute a ladder. Each qubit has an
independent readout resonator and an independent microwave line for XY and Z controls. Thirty readout resonators are separated into three
groups, and ten resonators in each group share a microwave transmission line (highlighted in black, blue or red) for measurements.

electron-mobility transistors (HEMTs). The specific arrange-
ment of the attenuators and filters are used for noise suppres-
sion. The up-conversion principle is used to generate the XY
and read-in signals, while the down-conversion principle is for
readout signal. The Z signals are directly generated by the ar-
bitrary waveform generator (AWG). The XY and Z signals are
coupled together at the MC plate of the dilution refrigerator by
using a directional coupler.

C. Device information

For the 15-qubit experiment, fifteen superconducting qubits
(Qj,↑ with j from 1 to 15) on one leg of the qubit-ladder

are used, which constitutes a one-dimensional (1D) qubit-
chain. The idle frequencies of 15 qubits, denoted by ωidle

j,↑ /2π,
are carefully arranged to minimise the crosstalk error among
qubits during the single-qubit operations, while the 15 unused
qubits (Qj,↓ with j from 1 to 15) on the other leg are detuned
far from 3.5 GHz to avoid any unwanted interaction. The
qubits characteristics for the 15-qubit experiment are shown
in Supplementary Table 1.

For the 30-qubit experiment, all thirty superconducting
qubits (Qj,s with j from 1 to 15 and s ∈ {↑, ↓}) are used. The
qubit’s characteristics for the 30-qubit experiment are shown
in Supplementary Table 2. As shown in Supplementary Ta-
ble 2, the decoherence times T 1 and T 2∗ are much longer than
the system’s evolution time within 1 µs.
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ωidle
j,↑/2π ωmax

j,↑ /2π T̄ 1
j,↑ ωR

j /2π gj/2π ηj/2π F 0
j,↑ F 1

j,↑

(GHz) (GHz) (µs) (GHz) (MHz) (GHz)
Q1,↑ 4.410 4.879 ∼30 6.623 35.82 0.203 0.975 0.937
Q2,↑ 5.290 5.384 ∼27 6.640 37.57 0.252 0.977 0.916
Q3,↑ 4.517 4.921 ∼32 6.659 33.85 0.202 0.975 0.920
Q4,↑ 5.370 5.387 ∼30 6.677 36.25 0.246 0.978 0.921
Q5,↑ 4.360 4.910 ∼41 6.703 35.41 0.202 0.977 0.927
Q6,↑ 5.230 5.458 ∼30 6.720 41.83 0.250 0.974 0.932
Q7,↑ 4.499 4.821 ∼40 6.739 36.30 0.204 0.961 0.897
Q8,↑ 5.320 5.541 ∼33 6.758 34.07 0.247 0.963 0.916
Q9,↑ 4.430 5.027 ∼39 6.777 33.82 0.200 0.955 0.912
Q10,↑ 5.150 5.447 ∼37 6.803 38.06 0.246 0.983 0.885
Q11,↑ 4.480 4.989 ∼38 6.618 35.80 0.200 0.967 0.901
Q12,↑ 5.350 5.420 ∼30 6.635 39.11 0.251 0.969 0.910
Q13,↑ 4.335 5.046 ∼39 6.656 31.94 0.202 0.971 0.883
Q14,↑ 5.260 5.462 ∼30 6.671 35.10 0.244 0.977 0.895
Q15,↑ 4.450 5.070 ∼31 6.695 33.90 0.202 0.979 0.886

Supplementary Table 1. Qubit characteristics for the 15-qubit experiment using 15 qubits (from Q1,↑ to Q15,↑) on the same leg. ωidle
j,↑/2π is the

idle frequency of the qubit, at which the single-qubit gates are performed. T̄ 1
j,↑ denotes the average energy relaxation time from the frequency

about 4.0 GHz to the maximum frequency ωmax
j,↑ /2π of Qj . Also, ωR

j,↑/2π is the readout resonator’s frequency of Qj,↑ with gj,↑/2π being the
coupling strength between the qubit and the readout resonator. The anharmonicity ηj,↑/2π of Qj,↑ is defined by ηj,↑ ≡ ω10

j,↑ − ω21
j,↑, with

ω10
j,↑/2π (ω21

j,↑/2π) being the energy difference between the |1⟩ and |0⟩ states (|2⟩ and |1⟩ states). F 0
j,↑ (F 1

j,↑) is the measurement probability
of |0⟩ (|1⟩) when the qubit is prepared at |0⟩ (|1⟩), which is used to mitigate the readout errors.

D. System Hamiltonian

Our superconducting quantum processor can be described
as a Bose-Hubbard ladder with a Hamiltonian (ℏ = 1) [2, 3]

HBH =J∥
∑
j,s

(â†j,sâj+1,s + H.c.) +
∑
j,s

ηj,s
2
n̂j,s(n̂j,s − 1)

+ J⊥
∑
j

(â†j,↑âj,↓ + H.c.) +
∑
j,s

Vj,sn̂j,s, (1)

where â† (â) is the bosonic creation (annihilation) operator,
and n̂ ≡ â†â is the number operator. Here, J∥/2π ≃ 8 MHz
and J⊥/2π ≃ 7 MHz denote the nearest-neighbour (NN) hop-
ping between nearby qubits on the same leg and on the same
rung, respectively. Also, η is the on-site nonlinear interaction,
and Vj,s is the tuneable on-site potential.

Our device is designed to fulfil the hard-core limit |η/J | ≫
1, and thus, the highly occupied states of transmon qubits are
blockaded, which represents the fermionisation of strongly in-
teracting bosons [4]. The system Hamiltonian can then be
simplified as

H =J∥
∑
j,s

(ĉ†j,sĉj+1,s + H.c.) +
∑
j,s

Vj,sĉ
†
j,sĉj,s

+ J⊥
∑
j

(ĉ†j,↑ĉj,↓ + H.c.), (2)

where ĉ† (ĉ) is the hard-core bosonic creation (annihilation)
operator with (ĉ†)2 = ĉ2 = 0, and [ĉ†j,s, ĉi,r] = δjiδsr.

Note that in addition to the hopping between nearest-
neighbour (NN) qubits, there also exist the hopping between
next-nearest-neighbour (NNN) qubits on different legs:

J×
∑
j

(ĉ†j,↑ĉj+1,↓ + ĉ†j,↓ĉj+1,↑ + H.c.), (3)

and the hopping between third-nearest-neighbour (TNN)
qubits on the same leg:

J ′
∥

∑
j,s

(ĉ†j,sĉj+2,s + H.c.). (4)

E. Qubits coupling strengths

The coupling strengths between the nearest-neighbour
(NN), next-nearest-neighbour (NNN), and third-nearest-
neighbour (TNN) qubits are shown in Supplementary Fig. 3a
and 3b for the 15-qubit and 30-qubit experiments, respec-
tively. The coupling strengths between the selected qubits are
measured at 4.7 and 4.5 GHz for the 15-qubit and 30-qubit ex-
periments, respectively. For the 15-qubit experiment, we only
measured the nearest and next-nearest coupling strengths,
which are considered in the numerical simulation, since the
TNN coupling in the 15-qubit chain is too weak and can be
neglected. For the 30-qubit experiment, we measured the NN,
NNN and TNN coupling strengths, which are used in the nu-
merical simulation.
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ωidle
j,s/2π ωmax

j,s /2π T̄ 1
j,s T 2∗

j,s ωR
j,s/2π gj,s/2π ηj,s/2π F 0

j,s F 1
j,s

(GHz) (GHz) (µs) (µs) (GHz) (MHz) (GHz)
Q1,↑ 4.050 4.879 ∼30 ∼1.2 6.623 35.82 0.203 0.891 0.902
Q2,↑ 5.350 5.384 ∼27 ∼3.7 6.640 37.57 0.252 0.973 0.886
Q3,↑ 4.090 4.921 ∼32 ∼0.9 6.659 33.85 0.202 0.924 0.883
Q4,↑ 5.385 5.387 ∼30 ∼4.0 6.677 36.25 0.246 0.965 0.891
Q5,↑ 4.460 4.910 ∼41 ∼4.6 6.703 35.41 0.202 0.947 0.870
Q6,↑ 5.450 5.458 ∼30 ∼4.6 6.720 41.83 0.250 0.967 0.894
Q7,↑ 4.065 4.821 ∼40 ∼3.1 6.739 36.30 0.204 0.911 0.877
Q8,↑ 5.410 5.541 ∼33 ∼3.3 6.758 34.07 0.247 0.973 0.884
Q9,↑ 4.175 5.027 ∼39 ∼2.7 6.777 33.82 0.200 0.931 0.842
Q10,↑ 5.140 5.447 ∼37 ∼4.4 6.803 38.06 0.246 0.966 0.900
Q11,↑ 4.405 4.989 ∼38 ∼1.3 6.618 35.80 0.200 0.908 0.853
Q12,↑ 5.310 5.420 ∼30 ∼3.3 6.635 39.11 0.251 0.981 0.893
Q13,↑ 4.100 5.046 ∼39 ∼2.4 6.656 31.94 0.202 0.925 0.880
Q14,↑ 5.180 5.462 ∼30 ∼2.9 6.671 35.10 0.244 0.974 0.894
Q15,↑ 4.530 5.070 ∼31 ∼4.1 6.695 33.90 0.202 0.946 0.880
Q15,↓ 5.370 5.413 ∼28 ∼6.2 6.725 35.80 0.246 0.984 0.905
Q14,↓ 4.390 4.926 ∼38 ∼1.6 6.746 36.64 0.198 0.949 0.902
Q13,↓ 5.240 5.326 ∼26 ∼4.0 6.769 40.11 0.246 0.978 0.859
Q12,↓ 4.350 4.905 ∼40 ∼1.9 6.791 35.97 0.198 0.950 0.896
Q11,↓ 5.438 5.486 ∼29 ∼3.0 6.812 38.98 0.244 0.972 0.914
Q10,↓ 4.485 5.087 ∼38 ∼1.2 6.628 32.70 0.202 0.963 0.875
Q9,↓ 4.985 5.421 ∼36 ∼1.6 6.640 32.02 0.245 0.977 0.902
Q8,↓ 4.445 4.930 ∼40 ∼1.9 6.665 35.24 0.203 0.958 0.872
Q7,↓ 5.305 5.371 ∼39 ∼1.9 6.684 35.47 0.250 0.947 0.897
Q6,↓ 4.503 4.968 ∼28 ∼1.7 6.710 36.88 0.200 0.925 0.904
Q5,↓ 5.075 5.518 ∼34 ∼1.6 6.731 41.09 0.242 0.952 0.871
Q4,↓ 4.365 4.976 ∼41 ∼1.2 6.751 37.09 0.201 0.951 0.864
Q3,↓ 4.870 5.289 ∼35 ∼1.7 6.769 38.91 0.248 0.982 0.904
Q2,↓ 4.323 4.922 ∼31 ∼1.5 6.791 34.72 0.203 0.939 0.891
Q1,↓ 4.925 5.390 ∼28 ∼1.5 6.811 42.20 0.251 0.962 0.927

Supplementary Table 2. Qubit characteristics for the 30-qubit experiment using all 30 qubits (Qj,s with j from 1 to 15 and s ∈ {↑, ↓}).
ωidle
j,s/2π is the idle frequency of the qubit, where single-qubit gates are performed. T̄ 1

j,s denotes the average energy relaxation time from the
frequency about 4.0 GHz to the maximum frequency ωmax

j,s /2π of Qj . The dephasing time T ∗
2 is measured at the idle frequency ωidle

j,s/2π. Also,
ωR
j,s/2π is the readout resonator’s frequency of Qj,s with gj,s/2π being the coupling strength between the qubit and the readout resonator.

The anharmonicity ηj,s/2π of Qj,s is defined by ηj,s ≡ ω10
j,s − ω21

j,s, with ω10
j,s/2π (ω21

j,s/2π) being the energy difference between the |1⟩ and
|0⟩ states (|2⟩ and |1⟩ states). F 0

j,s (F 1
j,s) is the measurement probability of |0⟩ (|1⟩) when the qubit is prepared at |0⟩ (|1⟩), which is used to

mitigate the readout errors.

F. Single-qubit gates

In our experiments, we initialise a qubit from the |0⟩ state
to the |1⟩ and (|0⟩ + |1⟩)/

√
2 states by applying a Xπ and

Yπ
2

gates on this qubit for quantum walks and topological
band structure measurements, respectively. Single-qubit op-
erations, including the Yπ

2
and Xπ gates, have a duration of

120 ns and a full width at half maximum (FWHM) of 60 ns.
By using the derivative removal by adiabatic gate (DRAG)
theory, the quadrature correction terms with a DRAG coeffi-
cient are optimised to minimise the leakage to higher energy
levels [5]. The readout pulses for all qubits have a duration of

2.0 µs, and the readout pulses powers and frequencies are op-
timised to realise high-visibility and low-error readouts. The
readout fidelities, denoted by F0 and F1, are shown in Supple-
mentary Table 1 and Supplementary Table 2 for the 15-qubit
and 30-qubit experiments, respectively.

Here, to identify the accuracy of the initial state prepara-
tion, we calculate the fidelity of the prepared states compared
with the perfect |1⟩ and (|0⟩+ |1⟩)/

√
2 states, respectively, by

using the quantum state tomography (QST) technique. The
QST measurements of the prepared states require individually
measuring the qubit in bases formed by the eigenvectors of
σ̂x, σ̂y , and σ̂z , respectively. In our experiments, the mea-
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Supplementary Fig. 3. Experimental measured coupling strengths between nearest-neighbour (NN), next-nearest-neighbour (NNN), and third-
nearest-neighbour (TNN) qubits, which are used for the numerical simulations of the 15-qubit experiment (a), and the 30-qubit experiment (b).

surement along the z-axis of the Bloch sphere can be directly
performed, and those along the x- and y-axes are realised by
inserting the Y−π

2
and X−π

2
gates on the qubit before the mea-

surements, respectively. In total, we have three tomographic
operations {I, X−π

2
, Y−π

2
} and obtain two occupation proba-

bilities {P0, P1} for each operation, which allow us to recon-
struct the density matrix ρexp of the initially prepared state.

The fidelity between the experimentally measured den-
sity matrix ρexp and the ideal one |ψ⟩ can be quantified as
F (ρexp, |ψ⟩) = ⟨ψ|ρexp|ψ⟩. We maintain a fixed sample of
3,000 repetitions of readouts and repeat the measurement pro-
cedure ten times for estimating the average value and the stan-
dard deviation of the state fidelity for each qubit. Experi-
mental results of the fidelity for the (|0⟩ + |1⟩)/

√
2 and |1⟩

states are both above 0.990, which are shown in Supplemen-
tary Fig. 4a and 4b, respectively.

Supplementary Note 2. CALIBRATION

A. Pulse amplitudes for Z and XY controls

In our experiments, we periodically calibrate the amplitude
of the Z pulse (about 10 µs) at the idle frequency and the pulse
amplitude of the single-qubit gate on each qubit to avoid the
variations of the performances of the Z and XY controls with
time.

B. Readout probability

We monitor the time evolution of the readout fidelity during
the experiment in order to perform the real-time correction of
the readout errors [6], by applying the inverse of the tensor

product of the matrices(
F 0
j,s 1− F 1

j,s

1− F 0
j,s F 1

j,s

)
(5)

for the selected qubit Qj,s to the measured occupation proba-
bility vector (P 0

j,s, P
1
j,s)

T .

C. Z pulse distortion

In the waveform of the Z pulse to adjust the frequency of a
qubit, the rising edge, the falling edge, and the flatness of the Z
pulse are very significant for realising a high-fidelity quantum
gate and the long-time quantum state evolution. The Z pulse
distortion would cause an unwanted frequency drift before the
readout process. This issue causes errors when we measure in
the σ̂x and σ̂y bases, because the frequency drift would gener-
ate an unwanted phase shift that greatly affects the measured
result [7]. Therefore, it is of fundamental importance to cor-
rect the unwanted Z pulse distortion. In our experiments, we
develop two types of pulse sequences, which aim to correct
the Z pulse distortions occurring in the short-time and long-
time scales, respectively.

The existence of the DC component in the waveform of
the Z pulse will shorten the dephasing time T 2∗ of the qubit.
In our experiments, a DC-block element (with a capacitance
∼ 1–2µF) is employed for blocking the DC component. How-
ever, the use of the DC-block element inevitably distorts the
shape of the Z pulse with a long time (over 500 ns), which
decreases the modulation precision of the qubits frequencies.

Thus, we design a pulse sequence for correcting the Z pulse
distortion as shown in Supplementary Fig. 5a. First, a Xπ

pulse around the target frequency and a Z pulse with a fixed
duration and a fixed amplitude are applied to the qubit. Then,
we vary the starting time of the Xπ pulse and measure the
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by applying Y π
2

and Xπ gates, respectively.

population of the |1⟩ state for different time delays. The qubit
can be excited to |1⟩ when the frequency of the qubit matches
that of the applied Xπ pulse. As shown in Supplementary
Fig. 5c, the measured population of |1⟩ before the Z correction
shows the shape of the Z pulse that is sensed by the qubit.
After obtaining the maximum value of the population of |1⟩
for each delay, we can fit the data of the Z pulse amplitude
(Zpa) with an exponential decay function:

P1(t) = α[1 + exp(−t/Td)] + β, (6)

with α and β being the fitting parameters and T0 being the es-
timated input of the characteristic decay factor Td. As shown
in Supplementary Fig. 5b, Td = 155.45 µs is fitted for the
DC-block element with a capacitance 2 µF. With the obtained
characteristic decay factor and the deconvolution method, we
can send a corrected waveform to the arbitrary waveform gen-
erator (AWG). Finally, the qubit can sense a relatively flat Z
pulse as shown in Supplementary Fig. 5d.

The above procedure can correct the distorted Z pulse for
the long-time scale. To calibrate the Z pulse distortion within
a short-time scale (e.g., < 100 ns), the pulse sequence as
shown in Supplementary Fig. 6a is designed to record the
shape of the tail of the Z pulse. Note that the measurement
is performed at the idle frequency of the qubit. Therefore,
it is better to bias the qubit to a low frequency (1 GHz below
the sweet point ωmax

j,s /2π) for obtaining a Zpa-sensitive region.
The experimental result of the pulse-shape measurement is
shown in Supplementary Fig. 6b, and an obvious distortion
is observed before the correction. In our experiments, a finite
impulse response (FIR) filter and several first-order infinite

impulse response (IIR) filters are employed for the correction
[8]. The FIR filter can be described by a polynomial function
with 16–24 parameters, while the IIR filters are an integration
of several exponential functions. The experimental result af-
ter the first round of the correction is shown in Supplementary
Fig. 6c. Generally, in order to obtain a better performance, we
repeat the correction procedure twice and finally obtain a sta-
tionary step response behaviour as shown in Supplementary
Fig. 6d.

D. Z pulse crosstalk

The Z pulse crosstalks between different qubit pairs is
calibrated by experimentally measuring the Z-crosstalk ma-
trix M̃Z using a similar method as shown in Supplementary
Ref. [9]. Each element of M̃Z denotes the Z pulse ampli-
tude (Zpa) that is sensed by Qj,s, when a unity Zpa (1 arb.
units) is applied to Qi,r. Note that all elements (M̃Z)i,r;j,s
are less than 4.5%, as shown in Supplementary Fig. 7. The
Zpa applied to each qubit is calibrated based on the mapping
relationship

Zsensed = M̃Z · Zapplied, (7)

where Zsensed and Zapplied are for the Zpas that are sensed by
the qubit and applied to the qubit, respectively.
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E. Qubits frequencies

In the 15-qubit experiment, we simulate the two-
dimensional (2D) integer quantum Hall effect (QHE) using
15 qubits on one leg of the qubit ladder by tuning the qubits
frequencies as ωj(ϕ) = ω0 + ∆

∑15
j=1 cos(2πbj + ϕ), with

the reference frequency being fixed at ω0/2π = 4.7 GHz.
Here, ϕ is varied from 0 to 2π in order to obtain various in-
stances of the 1D Aubry-André-Harper (AAH) chains with
different on-site potentials Vj(ϕ) = ωj(ϕ) − ω0, in the rotat-
ing frame with respect to ω0. Then, we experimentally sim-
ulate the 1D topological charge pump, which provides an al-
ternative way to explore the 2D integer QHE, by adiabatically
varying ϕ initially from ϕ0 = 5π

3 with ∆/2π = 36 MHz.
In the 30-qubit experiment, we tune the qubits frequencies as
ω′
j,s(ϕ) = ω′

0 +∆s

∑15
j=1 cos(2πbj + ϕ), with the reference

frequency being fixed at ω′
0/2π = 4.5 GHz.

Thus, it is very significant to precisely adjust the qubits fre-
quencies in our experiments. For the single-qubit experiment,
it is simple to tune the qubit to the target frequency with a
determined relationship between the Zpa and the qubit fre-
quency, as shown in Supplementary Fig. 8a. However, for
the multi-qubit case, the target qubits frequencies will shift

slightly when other qubits Z signals are applied simultane-
ously, even though the Z crosstalks have been calibrated by
using the Z-crosstalk matrix M̃Z . This indicates the existence
of residual Z crosstalks. Although we can obtain a larger Z-
crosstalk matrix M̃ ′

Z when other qubits Z pulses are applied,
it is not very worthwhile, because to calibrate all the matrix
elements are very time consuming.

Here, we perform direct Rabi oscillation measurements on
each stand-alone qubit around the reference frequency [from
(ω0/2π − 36 MHz) to (ω0/2π + 36 MHz)]. As shown
in Supplementary Fig. 8b, to calibrate the Zpa for detun-
ing Q1,↑ to 4.7 GHz, we design two Zpa configurations for
other qubits to cancel the effect of the residual Z crosstalks.
Given the experimental on-site potentials and the coupling
strengths between qubits as shown in Supplementary Fig. 3a,
the nearest-neighbour (NN) qubit (Q2,↑), the next-nearest-
neighbour (NNN) qubit (Q3,↑) and other qubits are detuned
±80 MHz, ±30 MHz and ±20 MHz with respect to ω0/2π,
respectively. Note that there are also other Zpa configurations
in addition to those as shown in Supplementary Fig. 8b, which
hardly affect the final result.

We fix the driving magnitude of the local transverse field
with a resonant frequency at 4.7 GHz and scan the Zpa around
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the guessed one (marked with a blue star in Supplementary
Fig. 8a). For the two Zpa configurations, the 2D Rabi os-
cillation results are plotted in Supplementary Fig. 8c and 8d,
respectively. The slowest Rabi oscillation characterises the
optimised Zpa, corresponding to the smallest driving strength
as shown in Supplementary Fig. 8e.

Finally, the Zpa used in our experiments (marked with a red
star in Supplementary Fig. 8f) is fixed at the average value of
the two optimised Zpa configurations. Note that the final Zpa
indicates a frequency shift of about 2.5 MHz with respect to
that shown in Supplementary Fig. 8a. For simplicity, we can
select some typical frequencies and repeat the above optimi-
sation procedure for obtaining a new relationship between the
Zpa and qubits frequencies in the region studied (see Supple-
mentary Fig. 8f).

F. Phase calibration

As shown in Fig. 1d in the main text for the pulse sequences
for the band structure spectroscopy, a Yπ

2
rotation pulse is ap-

plied on the target qubit for measuring the time evolutions
of ⟨σ̂x(t)⟩ and ⟨σ̂y(t)⟩. Before the readout of Qj,s at its
idle point in the bases of σ̂x and σ̂y , we detune all qubits
to their corresponding frequencies for the quench evolution

with a time t by applying a Z pulse to each qubit. This op-
eration will accumulate a dynamical phase that needs to be
compensated when applying the rotation pulse after the time
evolution. For each qubit Qj,s, the dynamical phase accumu-
lated during the evolution can be calculated by δωj,st, where
δωj,s ≡ ωj,s − ω0, and ω0/2π is the target frequency of Qj,s

for the quench dynamics. Although the Z pulse distortion has
been carefully calibrated before the experiment, there are still
some imperfect factors, leading to an additional phase shift,
as compared with the theoretical calculations.

Therefore, we design a pulse sequence for the phase cal-
ibration. First, a Yπ

2
pulse is applied to Qj,s, and then, all

qubits frequencies are arranged with two configurations, sim-
ilar as the case in Supplementary Fig. 8b for the calibration of
the qubits frequencies. Then, we apply another Yπ

2
pulse to

Qj,s and vary its microwave phase for obtaining the probabil-
ity when Qj is in |1⟩ as a function of t and the phase difference
(φ− δωj,st). For these two Zpa configurations, we obtain the
experimental results shown in Supplementary Fig. 9a and 9b,
respectively. To calculate the phase compensation for the sec-
ond rotation pulse, we perform a standard cosine fitting to the
probability of a qubit Qj,s in the |1⟩ state, Pj,s, as a func-
tion of (φ − δωj,st) for each evolution time t. The results
are shown in Supplementary Fig. 9c, and the final phase com-
pensation can be obtained as (φ1 + φ2)/2, where φ1 and φ2
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are the phase compensations under two Zpa configurations,
respectively. After the above phase calibration process and
adding the phase compensation on each qubit, we obtain the
experimental results shown in Supplementary Fig. 9d, which
indicate that the phase shift is compensated for all evolution
times.

Supplementary Note 3. SUPPLEMENTARY
EXPERIMENTAL DATA

A. Single-excitation quantum walks

After initialising the system with a state |0⟩⊗N , we excite
one qubit Qj,s with a Xπ pulse, tune all qubits to their corre-
sponding frequencies and measure them at a time t after their
free evolutions. The total repeat count for the measurement at
each time on each qubit is 3,000.

In the 15-qubit experiment, for b = 1
3 and different values

of ∆↑/2π and ϕ, the experimental results of the time evolution
of the excitation probability Pj,↑ are shown in Supplementary
Fig. 10, 11, 12 and 13 for:

(i) ∆↑/2π = 0 MHz,

(ii) ∆↑/2π = 12 MHz with ϕ = 2π
3 ,

(iii) ∆↑/2π = 12 MHz with ϕ = π
10 ,

(iv) ∆↑/2π = 12 MHz with ϕ = π,

respectively, which are compared with the theoretical predic-
tions using the parameters in Supplementary Table 1.

In the 30-qubit experiment, for b = 1
3 and different values

of ∆s/2π and ϕ, the experimental results are shown in Sup-
plementary Fig. 14, 15, 16, 17, and 18 for:

(i) ∆↑/2π = ∆↓/2π = 0 MHz,

(ii) ∆↑/2π = ∆↓/2π = 12 MHz with ϕ = 2π
3 ,

(iii) ∆↑/2π = −∆↓/2π = 12 MHz with ϕ = 2π
3 ,

(iv) ∆↑/2π = ∆↓/2π = 12 MHz with ϕ = π
10 ,

(v) ∆↑/2π = −∆↓/2π = 12 MHz with ϕ = π
10 ,

respectively, which are compared with the theoretical predic-
tions using the parameters in Supplementary Table 2.

To evaluate the performance of the experimental results of
the quantum walks, we calculate the fidelity of the evolved
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state using

F (t) =
∑
j,s

√
pj,s(t)qj,s(t), (8)

where pj,s(t) and qj,s(t) are the experimental and theoretical
probability distributions of the measurements on Qj,s in the
|1⟩ state. We consider the mean fidelity that is averaged for
different initial states with the excitation on different qubits.
As shown in Supplementary Fig. 19, the relatively high fi-
delity (above around 0.9 and 0.85 within 500 ns for the 15-
qubit and 30-qubit experiments, respectively) for all on-site
potentials configurations imply that our experimental results
are well consistent with the theoretical simulations.

B. Band structure spectroscopy

After initialising the selected qubits to their idle points, we
place one target qubit Qj,s in the superposed state |+j,s⟩ =

(|0j,s⟩ + |1j,s⟩)/
√
2, using a Yπ

2
pulse. Then, we detune

all selected qubits to their corresponding frequencies for the
quench dynamics with a time t. Then, we measure Qj,s at its
idle point in the σ̂x and σ̂y bases, and the total repeat count for
each measurement on each qubit is 2,400. For each ϕ, the time
evolutions of σ̂x

j,s and σ̂y
j,s are recorded. We then calculate the

squared Fourier transformation (FT) magnitude |Aj,s|2 of the
response function χj,s(t) ≡ ⟨σ̂x

j,s(t)⟩ + i⟨σ̂y
j,s(t)⟩ for each

qubit.
In the 15-qubit experiment, for b = 1

3 and different values
of ∆↑/2π and ϕ, the experimental results of the normalised
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squared FT magnitude |Aj,↑|2n.m. for each selected target qubit
are shown in Supplementary Fig. 21 and 22 for ∆↑/2π =
0 MHz and ∆↑/2π = 12 MHz, respectively.

In the 30-qubit experiment, for b = 1
3 and different values

of ∆s/2π and ϕ, the experimental results of the normalised
squared FT magnitude |Aj,s|2n.m. for each selected target qubit
are shown in Supplementary Fig. 23 and 24 for ∆↑/2π =
∆↓/2π = 12 MHz and ∆↑/2π = −∆↓/2π = 12 MHz, re-
spectively.

For the case ∆↑/2π = ∆↓/2π = 12 MHz, we choose 15
qubits for the band structure measurements, which include all
four corner qubits, i.e., Q1,↑, Q1,↓, Q15,↑, and Q15,↓, and 11
bulk qubits, i.e., Q2,↑, Q4,↑, Q5,↑, Q6,↑, Q7,↑, Q8,↑, Q10,↑,
Q13,↑, Q14,↑, Q12,↓, and Q3,↓.

For the case ∆↑/2π = −∆↓/2π = 12 MHz, we choose
20 qubits for the band structure measurements, which include
all four corner qubits, i.e., Q1,↑, Q1,↓, Q15,↑, and Q15,↓, and
16 bulk qubits, i.e., Q2,↑, Q4,↑, Q5,↑, Q6,↑, Q8,↑, Q10,↑, Q12,↑,
Q14,↓, Q12,↓, Q10,↓, Q9,↓, Q8,↓, Q6,↓, Q5,↓, Q4,↓, and Q3,↓.

Then, we compare in Supplementary Fig. 20 the experi-
mentally measured band structures by summing the FT mag-
nitudes of all selected qubits with the theoretical predictions
using the experimental parameters in Supplementary Fig. 3a

and 3b for the 15-qubit and 30-qubit experiments, respec-
tively. The average deviations of the peaks of the normalised
FT signals In.m.

ϕ (red crosses) from the theoretical band struc-
tures (black dashed curves) are 0.247 MHz, 0.264 MHz,
0.568 MHz, and 0.512 MHz for:

(i) 15-qubit experiment with ∆↑/2π = 0 MHz,

(ii) 15-qubit experiment with ∆↑/2π = 12 MHz and b =
1
3 ,

(iii) 30-qubit experiment with ∆↑/2π = ∆↓/2π = 12 MHz
and b = 1

3 ,

(iv) 30-qubit experiment with ∆↑/2π = −∆↓/2π =
12 MHz and b = 1

3 ,

respectively. Compared with the ranges of the eigenenergies
−20 to 20 MHz and −30 to 30 MHz for the 15-qubit and
30-qubit systems, respectively, the small average deviations
imply that our band structure spectroscopic measurements are
very accurate.
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C. Quantum charge pumping and fast pumping

In addition to the topological charge pumping data as
shown in Fig. 3c1–3c3 and 3d in the main text, we have
also performed experiments with a faster pumping rate, which
clearly demonstrate fast pumping. In details, we have de-
creased the period T from 1,100 ns to 410 ns, corresponding
to a faster ramping speed of ϕ. The experimental results for
the displacement of the centre of mass (CoM) δx versus the
time t/T are compared with numerical simulations in Sup-
plementary Fig. 25a. It is obvious that the pumping process
with a period T = 410 ns shows fast pumping with a large
derivation from the Chern number +1. The experimental data
of the evolutions of distributions Pj(t) during the topologi-
cal pumping and the displacement of the CoM with a period
T = 410 ns are compared with the data with T = 1,100 ns in
Supplementary Fig. 26. For fast pumping with T = 410 ns,
we maintained a fixed sample of 3,000 single-shot readouts
and repeated the measurement procedure 8 times (16 times

for the no pump case) for estimating the mean values and
standard deviations at each evolution time t. Furthermore,
Supplementary Fig. 25b shows the numerical results of the
displacement of the CoM in one pumping cycle with different
periods, which indicates a fast pumping region in our system
when T ≲ 610 ns.

D. Numerical details

Numerical simulations are performed using the QUTIP
[10, 11] (the quantum toolbox in PYTHON) and NUMPY. The
time evolutions of the systems are numerically simulated us-
ing QUTIPs master equation solver mesolve, where the pa-
rameters in Supplementary Fig. 3 are used. Because the evo-
lution time is much shorter than the qubits’ decoherence times
t ≪ T̄ 1, T 2∗, we do not consider the effect of decoherence in
simulations.
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the centre of mass (CoM) δx versus time t in one pumping cycle with period T for the cases in (a1–a3). The error bars are 1 SD, calculated
from all groups of experimental results. c1–c3, Time evolution of an excitation initially prepared at the central qubit Q8 when it is forward
pumped (c1), not pumped (c2) and backward pumped (c3), respectively, with T = 1, 100 ns and ∆/2π = 36 MHz for an initial ϕ0 = 5π/3.
d, Displacement of the CoM δx versus time t in one pumping cycle with period T for the cases in (c1–c3). The error bars are 1 SD, calculated
from 10 groups of experimental measurement results.


