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In recent years, significant progress has been made in the field of super-
conducting quantum circuits, particularly in improving the complexity of
quantum processors for large-scale quantum computing and quantum simu-
lation tasks. To enable the execution of quantum information processing tasks
on large-scale quantum circuits containing millions of qubits, it is essential to
minimize thermal effects on control and measurement lines, ensuring that
circuit components are superconducting and that qubits are not significantly
thermally excited. Recent studies have shown that a quadrature-biased elec-
tro-optic fiber link can operate qubits with a much reduced thermal load,
thereby facilitating the simultaneous operation of a large number of qubits.
Expanding on this, here we propose and demonstrate that coherent manip-
ulations of superconducting qubits can also be achieved by setting the bias
point of the electro-optic modulator at the null point instead of the quadrature
point. Major advantages of our null-point bias method include further
reduction of the thermal load and improvement of the signal-to-noise ratio,

and relaxed requirement for experimental implementations. Simultaneous
control of two qubits is also demonstrated using the proposed null-biased
fiber-optic link, which is the first time to the best of our knowledge.

Over the past two decades, the scientific community has observed a
notable surge in interest in superconducting quantum circuits". Uti-
lizing advanced chip design and manufacturing technologies, various
types of novel superconducting qubits have been demonstrated. For
example, with a large capacitor shunted to the small Josephson junc-
tion (or SQUID) or additionally introduced large Josephson junctions
as inductors®®, qubit devices implemented by the transmon’, the
Xmon'®, the capacitively shunted flux qubit™'? and the capacitively
shunted fluxonium® platform have been reported. These novel types
of superconducting qubits are marked by their outstanding perfor-
mance characterized by enhanced coherence*, flexible

controllability, and stable qubit coupling”~?°. These advancements
have effectively met the critical prerequisites for achieving large-scale
quantum computing>*?, On the other hand, however, practical rea-
lization of universal quantum computation requires the simultaneous
operation of millions of qubits at stable millikelvin temperatures®?,
which is essential to sustain devices in a superconducting state and
ensure the minimal thermal qubit excitations®® 2, This thus presents a
serious challenge for the thermal management of dilution refrigerators
at stable millikelvin temperatures.

Recent studies have highlighted the potential of analog fiber-optic
links***, which are made of off-the-shelf devices in fiber-optic
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communication community, to achieve control and measurement of
highly coherent quantum states with performance comparable to
those attained using traditional coaxial cable links**’. The underlying
principle involves up-converting microwave signals to optical signals
using quadrature-biased electro-optic modulators (EOM), transmitting
them through an optical fiber to cryogenic environment of millikelvin
level, and down-converting them back to microwave signals using a
photodiode to drive the qubit chips**. We note that this method
offers an important advantage over microwave coaxial cable links in
terms of thermal management because the thermal conductivity of
optical fibers is nearly-zero®. Taking further account of the large
intrinsic bandwidth of optical fibers, direct transmission of millions of
signals to the millikelvin-level stages with much reduced passive
thermal loads is thus possible. Consequently, this approach holds
promise for the realization of large-scale superconducting quantum
circuits. In parallel to these advancements, several schemes have been
proposed and implemented for high-fidelity readout of super-
conducting qubits using acousto-optic modulators (AOM) and electro-
optic modulators (EOM)**. These studies further highlight the
potential of photonic techniques to enable the operation of large-scale
quantum processors.

Building upon this foundation, here we propose and validate an
alternative fiber-optic link approach for qubit control by biasing the

EOM at the null point. As a validation, it is demonstrated that vector
control of qubits can be achieved using the proposed null-biased fiber-
optic link with performance comparable to that of the conventional
microwave coaxial cable link, in terms of frequency domain distribu-
tion, amplitude range, and phase variation. Moreover, we also
demonstrate parallel vector driving of two qubits, with an aim to show
its potential application in large-scale quantum circuit manipulation
tasks. We conduct numerical analyses to compare two linear mod-
ulation schemes using a quadrature-biased EOM with a nonlinear
modulation scheme using a null-biased EOM. Our results indicate that
the proposed null-biased approach offers significant advantages by
simplifying the experimental setup and reducing RF instrumentation
requirements. It is shown theoretically that the proposed null-biased
technique offers improvements over the quadrature-biased technique
in terms of maximum number of addressable qubits and signal-to-
noise ratio (SNR), for a wide range of optical modulation depths and
qubit driving duty cycle.

Results

Experimental setup

Similar to the first demonstration of the fiber-optic link-based control
of qubits®, the key component involved is an EOM (Mach-Zehnder
intensity modulator), as depicted in Fig. 1. Note that owing to various
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Fig. 1| Schematics of the experiment setup for null-biased fiber-optic control of
the qubit state. At the room temperature, the vector microwave signal generated
by IQ mixing serves as the modulation voltage for the EOM. The modulated optical
signal is then transmitted through an optical fiber (red line) to the cryogenic
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environment. Upon reaching the low temperature, a photodetector converts it to a
microwave signal which is used to drive the qubit. In the dashed box, the green part
is the coplanar waveguide transmission line, the pink part is a resonator and the
yellow part is a transmon qubit.
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advantages outlined in the discussion section, here the EOM is biased
at the null point instead of the quadrature point. Because of the null-
biased nature of the Mach-Zehnder EOM, it follows that the frequency
of the modulated optical signal is twice that of the modulator’s
microwave driving signal. This suggests that in order to resonantly
control the qubit system, the EOM’s modulation frequency needs to be
half of the qubit frequency.

To validate the qubit control capability of the null-biased fiber-
optic link, a transmon qubit is fabricated and tested using the setup
depicted in Fig. 1. Specifically, the transmon qubit is capacitively
coupled to a coplanar resonator’*?, which is coupled to a transmission
line. The input end of the transmission line is connected to a micro-
wave coupler for controlling the state of qubits and probing the
resonator for readout. The output end of the transmission line is
connected to the room-temperature electronic equipment via micro-
wave coaxial cables for signal acquisition and demodulation. In the
room- temperature circuitry of the experimental system, two output
channels of an arbitrary waveform generator (AWG) serve as the 1Q
inputs for the 1Q mixer, which generates a vector signal to drive the
EOM. The intensity-modulated optical signal after the EOM is trans-
mitted via an optical fiber to the cryogenic refrigerator. On top of the
mixing chamber plate inside the dilution refrigerator, the optical signal
is converted back to microwave signal by a photodiode. This micro-
wave signal (for qubit control) is combined with another microwave
signal (generated by a separate microwave synthesizer for qubit
readout) through a directional coupler, and transmitted to the input
port of the sample.

Frequency domain characterization

We first characterize the qubit in the frequency domain. Figure 2a
shows the two-tone spectroscopy result obtained with the qubit
being driven by a null-biased fiber-optic link. As a comparison, Fig. 2c
shows the same result obtained with the qubit being driven by a
coaxial cable link. It can be seen that when the driving power is high
enough, both results demonstrate similar behaviors, i.e., qubit tran-
sitions and photon number splitting, indicating that the
proposed null-biased fiber-optic link is effective for qubit driving. For
a more quantitative comparison, the linewidths of spectral peaks
represented by the full width at half maxima (FWHM) at different
powers* are extracted and fitted using the Lorentzian function as
shown in Fig. 2b. For both driving methods, the linewidths of the 0-1
transition signals are nearly identical if the driving power falls into a
certain range, as shown in Fig. 2d. In this range, the EOM’s driving
powers are from —20 dBm to -2 dBm for the case of null-biased fiber-
optic link and from —46 dBm to -12 dBm for the case of coaxial cable
link, respectively. Note that the shading areas in Fig. 2a and c indicate
the positions of qubit transitions, which are used in Fig. 2d for the
axis alignment of the EOM'’s driving power between the two cases.
These obtained results confirm that when the field strength inter-
acting with the qubit is the same, the power spectral densities of
the continuous driving field generated by both methods, including
both signal and noise components, remain essentially consistent. In
other words, the null-biased fiber-optic link does not induce addi-
tional higher energy level excitations or cause extra decoherence
effects.
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Fig. 3 | Rabi chevron patterns of the qubit. a The Rabi chevron pattern of the qubit driven by the null-biased fiber-optic link. b The Rabi chevron pattern of the qubit
driven by the coaxial cable link. At the resonantly driving point, both links exhibit a Rabi frequency of approximate 16 MHz.
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Fig. 4 | Rabi oscillations. a Rabi oscillation driven by the null-biased fiber-optic link
with different amplitudes, showing a range of Rabi frequencies up to about
129 MHz. b Rabi oscillation driven by the coaxial cable link with different

amplitudes, showing a range of Rabi frequencies up to about 106 MHz. ¢ The
extracted Rabi frequencies are fitted with linear and quadratic functions with
respect to the amplitude of AWG driving signal, respectively.

Time domain characterization

Next, we characterize the qubit in the time domain. Figure 3a shows
the measured Rabi chevron pattern when the qubit is driven by the
null-biased fiber-optic link. As a comparison, Fig. 3b shows the same
result obtained when the qubit is driven by a coaxial cable link. Note
that when obtaining these results, square-wave pulses are used
because such pulses possess the same temporal width before and
after the up/down conversions of the null-biased fiber-optic link. As a
result, one does not need to rescale the pulse-width axis of the Rabi
chevron pattern of Fig. 3a. Moreover, for a justified comparison, the
power of AWG sources is calibrated so that in both cases of the fiber-

optic and coaxial cable links, the delivered square-wave pulses at
the qubit end have the same amplitude. Note that in other char-
acterizations, Gaussian shaped pulses have been used. Under
these conditions, Fig. 3 shows that the obtained Rabi chevron pat-
terns for both cases are nearly identical, except that in Fig. 3a, the
frequency-axis ranges from 2.13 GHz to 2.16 GHz while in Fig. 3b
the frequency-axis ranges from 4.26GHz to 4.32GHz. As
mentioned before, such a difference of a factor of 2 is expected, since
in the null-biased fiber-optic link the EOM’s modulation frequency
needs to be half of the qubit frequency (see the detail in Supple-
mentary Note 1).
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Fig. 5 | Statistical analyses of T;, T, and T, a The histogram of 120 measure-
ments for 7; along with the typical experimental data and the corresponding fitting
result (the inset) for the null-biased fiber-optic link. b The histogram of 200 mea-
surements for T, along with the typical experimental data and the corresponding
fitting result (the inset) for the null-biased fiber-optic link. ¢ The histogram of 200
measurements for T, along with the typical experimental data and the corre-
sponding fitting result (the inset) for the null-biased fiber-optic link. d The

histogram of 120 measurements for T; along with the typical experimental data and
the corresponding fitting result (the inset) for the coaxial cable link. e The histo-
gram of 200 measurements for T, along with the typical experimental data and the
corresponding fitting result (the inset) for the coaxial cable link. f The histogram of
200 measurements for T, along with the typical experimental data and the cor-
responding fitting result (the inset) for the coaxial cable link.
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Fig. 6| Ty, T; and T, versus fo;. Measurements of T, T; and T, versus fo; of the
qubit driven by the two methods.

Then we vary the pulse amplitude to extract the Rabi frequencies.
As shown in Fig. 4a and c, the Rabi oscillation frequency driven by the
null-biased fiber-optic link exhibits a quadratic dependence on the
AWG modulation amplitude, which is a result of the frequency dou-
bling effect of the null-biased fiber-optic link. It is found that the
highest Rabi frequency exceeds 100 MHz, indicating that the null-
biased fiber-optic link meets the requirement for rapid quantum gate
operations. As shown in Fig. 4b, we compare the results to those

obtained via the coaxial cable link, where the Rabi frequency shows a
linear relation to the driving amplitude of AWG. Furthermore, com-
pared to the case of linear coaxial cable link, the quadratic relationship
between the Rabi frequency and the driving amplitude suggests that a
better on-off ratio for the output pulse signal may be achieved.

To determine the qubit decoherence performances, Ty, T;, and
T for cases of null-biased fiber-optic link and coaxial cable link are
measured. The results are shown in Fig. 5a-c and d-f, respectively. To
provide further information, long-term statistical measurements of Ty,
T,, and T, fitted with Gaussian distributions, are presented by Fig. 5.
Here the flux bias point of the qubit is set to be - 0.35 @y, and 120
measurements of T3, 200 measurements of 75, and 200 measurements
of T, are conducted along with Gaussian distribution fitting of the
probability density function. The variations of qubit frequencies fo;
(= wg4/2m) are achieved by changing the magnetic flux bias as shown in
Fig. 6. Although the coherence time is limited to the possible magnetic
noise and defects in the sample, it can be seen from Figs. 5 and 6 that
the null-biased fiber-optic link and the coaxial cable link yield similar
statistical results, leading to a conclusion that the null-biased fiber-
optic link does not affect the decoherence performance of the qubit
within the sensitivity limits posed by the coherence of the herein used
qubits.

Vector control and parallelism

In the following part of this section, we demonstrate that the null-
biased fiber-optic link can perform complete qubit manipulations of
the Bloch vectors. To generate the signal that rotates the Bloch
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Fig. 7 | Tomography and gate fidelity. a Two-dimensional Rabi oscillation data in
the polar coordinate. The qubit is initially prepared in the state (]0) +i|1))/+/2 by
sending the first pulse to rotate the Bloch vector 1/2 around the X-axis. Then, we
change the phase of the second pulse within the range of 0 to 2m and measure the
population versus the pulse duration from O to 100 ns. The black dashed lines
indicate the -Y, X, Y, and -X axes, with corresponding phase of 0.75m, m, 1.25m and
1.5m for the second pulses, respectively. b The fidelity of the m pulse driven by the
coaxial cable link is 97.1% measured using the double-m method. ¢ The fidelity of the

m pulse driven by the null-biased fiber-optic link is 97.8% measured using the
double-r method. The half of the intercept of the exponential fitting curve repre-
sents the error rate of 1 pulse®, as illustrated in the insets of (b, ¢). d The fidelity
measured by the RB test for the coaxial cable link. The fidelity for the Clifford gate is
97.88% and the fidelity for the X, gate is 98.92%. e The fidelity measured by the RB
test for the null-biased fiber optic link. The fidelity for the Clifford gate is 98.35%
and the fidelity for the X;, gate is 98.85%. The error bars in (d, e) represent the
standard deviation.

vectors, the single-sideband mixing technique is employed*. The
qubit state is initialized in the %UO) +i|1)) state by a calibrated /2
pulse around the X (zero phase) axis. Then, by continuously varying the
additional phase of the second pulse within the range of 0 to 2r and
the pulse duration within the range of 0 to 100 ns, the two-dimensional
Rabi oscillation data are obtained. In Fig. 7a, we plot the results using
the polar coordinates defined by the phase difference of the two pulses
and the duration of the second pulse. Note that in Fig. 7athe X, - X, Y,
and - Y axis of the Bloch sphere are marked by dashed lines, in cor-
respondence to the positive and negative oscillations with the highest
and zero contrast. It can be seen from the polar plot that owing to the
frequency-doubling effect of the null-biased EOM, a phase variation of
2 of the AWG driving signal leads the qubit’s rotation axis to rotate
two cycles in the Bloch vector space. Based on such results, we con-
clude that complete vector control can be achieved using the null-
biased fiber-optic link. For further results of the fidelity of single-qubit
gates characterized by the double m metric and the randomized
benchmarking (RB) metric, please refer to Supplementary Note 2,
where it is demonstrated that both protocols yield similar results of
pulse fidelity, average Clifford gate fidelity and X, gate fidelity. Note
that in addition to the experiment of quasi-static phase modulation
shown by Fig. 7a, it is also demonstrated that rapid, continuous
modulation of the phase on the nanosecond time scale can be realized
using the null-biased fiber-optic link. The details of this part are pre-
sented in Supplementary Note 3.

In Fig. 7b and ¢, we present the single qubit gate fidelity results
measured by the double-m method®. The fidelity of a m pulse is
determined to be 97.1% for the case of coaxial cable link and 97.8% for

the case of null-biased fiber-optic link. In addition to the double-r
method, the randomized benchmarking (RB) method*** is also used
in our work to measure the qubit fidelity, since it can separate errors in
initial state preparation and final state readout from errors in gate
operations. The results with the RB method are shown in Fig. 7d and e,
from which the average gate fidelity of a m pulse is determined to be
97.88% for the coaxial cable link and 98.35% for the fiber-optic link, and
the fidelity of the X;, gate is determined to be 98.92% for the coaxial
cable link and 98.85% for the fiber-optic link. Based on the 77 and T
results measured above, the theoretical coherence limit*” of the gate
fidelity is then determined to be 99% (see the detail in Supplementary
Note 2). Summarizing the above measurements, we conclude that the
fidelities of the single-qubit gate achieved using both driving methods
are comparable.

We then demonstrate the parallelism of the null-biased fiber-optic
link by showing that two qubits can be simultaneously controlled in the
Bloch vector space. Using the circuit setup depicted in Fig. 8a, we first
combine two microwave vector signals (2.556 GHz and 2.0725 GHz)
with a combiner to serve as the modulation signal for the null-biased
EOM. The two frequencies output by the photodetector in the cryo-
genic environment (5.112 GHz and 4.145 GHz) then resonantly drive
two qubits (Q1 and Q2) via the transmission line. Finally, simultaneous
readout is performed by driving two resonators (6.0409 GHz and
6.1093 GHz) through a coaxial cable. The results presented in Fig. 8b
show simultaneous Rabi oscillations of the two qubits from the ground
state. To conduct parallel vector rotation of the two qubits, the initial
states are prepared with X r pulses. We then vary the axis angle (0, 12,
24...168 degrees) of the second pulse of both frequencies to drive Rabi
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optic link. a The schematic diagram of measuring setup. Two combined vector
microwave signals (2.556 GHz and 2.0725 GHz) serve as the modulation voltage
signal of the EOM to drive the two qubits with qubit frequencies f; = 5.112GHz and
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by the null-biased fiber-optic link. ¢ Results of an experiment similar to that shown
in Fig. 7. Here the rotation axes of the Bloch vectors of the two qubits are simul-
taneously adjusted to 0, 12, 24... 168 degrees. d Same results obtained using the
coaxial cable link.

oscillations for a period. As shown in Fig. 8c, due to the presence of
additional coupling between the two qubits and/or from other qubits
of the sample which can’t be tuned off thoroughly, slight offset is
observed in the coherent oscillation center of Q1 when both qubits are
driven simultaneously using the null-biased fiber-optic link. To confirm
this point, a similar experiment is performed using the coaxial cable
link and the result is presented in Fig. 8d for comparisons. As shown in

Fig. 8d, such a phenomenon of slight offset can also be observed.
Therefore, we conclude that there is no waveform distortion intro-
duced by the fiber-optic link.

Discussion
In the following, we give a comparison of the quadrature- and null-
biased fiber-optic links.
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Fig. 9 | Schematics of different fiber-optic links. a Schematics of the fiber-optic
link of Quad-1 with EOM biased at the quadrature point. b Schematics of the fiber-
optic link of Quad-2 with EOM biased at the quadrature point. ¢ Schematic of the

Optical Power

il

fiber-optic link with EOM biased at the null point. Note that an extra square-wave
pulse is required in the Quad-1, in order to cancel the optical power outside the
signal window and in Quad-2, a second EOM is needed for envelope generation.

Fundamental difference

Previous work® has demonstrated the use of quadrature-biased EOMs
for linear modulation of microwave signals*®. In this context, con-
sidering continuous-wave modulations and using small signal
approximations, the total output optical power from the EOM can be
expressed as

Pquad(t)= % |:1 —sin <nlv/—’:sin a)l'>:|

@

P .
~ 71(1 — m, sinwt).

Here P, represents the incident optical power into the EOM. V;, and
V,sinwt denote the EOM’s half-wave voltage and the microwave
signal applied to the EOM, respectively. m;=mnV,,/V; is the EOM’s
modulation depth.

On the other hand, in the proposed null-biased configuration and
using small signal approximations, the output optical power of the
null-biased EOM can be expressed as

Py (t)= % [l — cos <n%sin wt)}
" 2)

P
~ 72m§(1 — cos 2wt)

where P, denotes the EOM’s incident optical power, and m, = V,,,/2V,,
is the EOM’s modulation depth.

A comparison of these two expressions for the output optical
power reveals that, unlike the quadrature-biased case, the null-biased
case inherently achieves full-depth modulation, i.e. the amplitude of
the RF modulation being equal to that of the DC component, in
regardless of the magnitude of the driving voltage V,,. Taking a typical
assumption that the EOM’s modulation depth is less than 1, it follows
that the null-biased case produces less DC component (and hence less
active heat and shot noise) when its generated RF signal equals that of
the quadrature-biased case. Moreover, for a fixed strength of the RF
signal, by increasing P,, m, can be decreased. So because of the fun-
damental difference presented by Egs. (1) and (2), the null-biased case
can be operated in the small signal regime (i.e., small m,) with less
intra-band nonlinearity, while still keep the full-depth modulation
condition being satisfied (i.e., P,,;(t) ~ 1 — cos 2wt). We emphasize
that such a feature of the null-biased case is not possible for the case of
quadrature bias.

Complexity of experimental setup
There are two typical physical implementations for achieving linear
pulse modulation of laser intensity using quadrature-biased EOMs as
shown in Fig. 9a and b, which are referred as Quad-1 and Quad-2,
respectively. Note that in the following discussion, the EOM’s extinc-
tion ratio is assumed to be infinite.

As shown in Fig. 9a, Quad-1 employs a single quadrature-biased
EOM. Assuming the driving signal is a Gaussian-shaped pulse given by
V. exp(—t?/20%)sinwt, the optical power output is expressed as

P;‘;ad(t)= 1P, —1m P, exp(—t2/20%)sin we. This output consists of a
Gaussian-shaped signal component and a constant DC component
equal to 1 P,. To suppress the optical power outside the control pulse
window, an additional square-wave pulse that dynamically changes the
bias condition is then required, thus causing an extra burden of the
involved waveform generator.

Figure 9 b illustrates the implementation of Quad-2, which
requires two EOMs. The first EOM is biased at the quadrature point and
performs linear continuous-wave modulation, producing an optical
power output described by Eq. (1). The second EOM, which is biased at
the null point, performs envelope modulation and energy cleaning
outside the control pulse window. Assuming the second EOM is driven
by a Gaussian-shaped pulse, the resulting optical power output is
Pﬁ}ad(t)= 1P, exp(~t?/20%)(1 — m; sinwt). Note that here in contrast
to Quad-1, both of the signal and DC components adopt Gaussian
profiles with different amplitudes.

Figure 9 c shows the setup for our proposed null-biased scheme,
where the null-biased EOM is driven by a Gaussian-shaped pulse of
V. exp(—t2/202) sin wt. The optical power output, based on Eq. (2), is
given by P, ()= 1m2P, exp(—t?/0?)(1 - cos2wt). Different from
Quad-2, both of the signal and DC components adopt Gaussian pro-
files, but with identical amplitudes. Since the DC component vanishes
when the modulation is turned off, neither an extra square-wave pulse
(which is required in Quad-1) nor a second EOM (which is required in
Quad-2) is required to suppress the optical power outside the control
pulse window.

Moreover, by matching the generated optical RF signal to that
needed by the qubit, it can be observed that, for Quad-1 and Quad-2,
the carrier frequency of the EOM modulation signal equals the
qubit frequency. In contrast, for null-biased modulation, the carrier
frequency of the EOM modulation signal is only half of the qubit
frequency. It follows that the null-biased method imposes
less stringent speed requirement on the involved RF instruments,
which could potentially lower the building costs, especially for
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link is depicted by the solid purple line. The inset shows the ratio of the maximum
number of addressable qubits between the null-biased and two quadrature-biased
cases. d The numerical results of SNR as a function of the optical modulation depth
m for Quad-1, Quad-2 and null-biased fiber-optic links.

emerging qubit systems operating at frequencies in the tens of GHz
r.ange8,4‘9,50

Maximum number of addressable qubits and SNR
We next analyze and compare the active heat load for the three cases
illustrated by Fig. 9, based on which the maximum number of
addressable qubits and SNR can be obtained. All parameters used in
our simulation are selected to ensure that the envelope integrals of the
RF components of the photocurrent are identical across all three cases.
Moreover, the involved optical modulation depth m varies from O to 1,
which covers beyond the small signal range discussed in Egs. (1) and
(2). Note that following the reference®, here the optical modulation
depth m is defined by P, =P (1+mcoswt), where Py, and P
denote the output and reference power of the EOM, respectively.
Under the above condition, by comparing the DC component, i.e.,
the average photocurrent, the active heat loads for Quad-1, Quad-2,
and null-biased fiber-optic link are calculated. Detailed numerical cal-
culation are given in Supplementary Note 4. From the numerical cal-
culations, the maximum number of addressable qubits is obtained,

with results being presented in Fig. 10a-c as a function of the qubit
control signal's duty cycle D, for optical modulation depth
m=0.1, 0.5, 1. It is evident that when the duty cycle is less than 1%, the
fiber-optic links exhibit a significant advantage over the coaxial cable,
although with the large duty cycle the contrary is the case. This agrees
with the key conclusion drawn by the previous study®. As shown in the
insets, when the modulation is less than full depth (m<1), the null-
biased fiber-optic link demonstrates a significantly higher number of
addressable qubits over that of Quad-1 and Quad-2. This observation
can be intuitively explained using the small signal analysis presented in
Egs. (1) and (2), which concludes that the null-biased case has a cap-
ability to produce equal amount of RF signal but less DC component.

Finally, we compare the SNR of the proposed null-biased fiber-
optic link with that of the two quadrature-biased fiber-optic links. The
primary noise seen by the qubits in the fiber-optic links is the shot
noise of the photocurrent®™?. Intuitively, for the quadrature-biased
cases of Quad-1 and Quad-2, since the DC component of the photo-
current is independent of the EOM’s driving signal, the shot noise
remains unchanged when the signal is reduced. In contrast, for the
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null-biased case, since the DC component of the photocurrent is
quadratically proportional to the EOM’s driving signal, the shot noise
decreases when the signal is reduced. Therefore, the SNR for the
quadrature-biased and null-biased cases should behave differently. To
quantify the SNR, we use the following formula®~!

1 ) 2
SNR=10lg {/ r2tsig(©) dt} . 3)

2e/T [, 14.dt

Here /;g(f) and I, denote the envelope of the in-band RF component
and DC component of the photocurrent, respectively. e is the electron
charge and T=37 (7 is the FWHM of the envelope) is the width of the
gated signal window for integration®*>*. Using the typical values of
Pi=4uW, P,=100uW, T=30ns and the photodiode responsivity
n=05A/W, and ensuring that the envelope integrals of the RF
component of the photocurrent are the same across the three cases,
SNRs for quadrature-biased cases Quad-1, Quad-2 and null-biased case
as a function of the optical modulation depth m are calculated (see
Supplementary Note 4 for details). From the results as shown in
Fig. 10d, it can be seen that for m less than 1, the SNR of the null-biased
case exhibits a significant advantage over that of the quadrature-
biased cases Quad-1 and Quad-2.

We have proposed, demonstrated and investigated a null-biased
fiber-optic link for coherent control of qubit systems. We have
demonstrated a successful manipulation of the quantum state of a
transmon qubit with a highest Rabi frequency over 100 MHz, which
meets the need of fast quantum state operations. Through both fre-
quency and time domain characterizations, we have concluded that
the null-biased fiber-optic link does not affect the decoherence per-
formance within the sensitivity limits posed by the coherence of the
herein used qubit. We also have validated the effectiveness of the
proposed method in vector controlling and parallel scalability. Com-
pared to the two quadrature-biased cases, the proposed technique
offers several advantages, including a reduced active heat load,
improved SNR, and the relaxed requirement of experimental imple-
mentations. It is hoped that the proposed null-biased fiber-optic link
can be a promising tool for the realization of large-scale super-
conducting quantum processor consisting of millions of qubits.

Methods

Components of the experimental setup

We utilize the Tektronix 5014C arbitrary waveform generator to pro-
duce intermediate frequency signals and predetermined Gaussian
envelopes. These signals are combined with the vector microwave
source R& S SGS100A for IQ mixing to generate vector signals for
orthogonal control experiments on single qubit. A microwave source
in pulse mode serves as the source for generating readout signals.
Temporal control is achieved using the pulse delay generator DG645.
Analog-to-digital conversion and data acquisition are conducted using
the AlazarTech ATS9870 digital acquisition card. In the time-domain
measurements, we employ the high-power readout method to achieve
qubit state readout with high SNR*7¢, The driving and probing fields
are combined through a directional coupler placed with the chip at low
temperature and transmitted to the sample via a short coaxial line. To
generate the optical signal, we use a diode laser operating at a wave-
length of 1550 nm and a commercial LiNbO3 Mach-Zehnder intensity
modulator at room temperature. The modulated optical signal is sent
to a InGaAs photodiode, which is placed on top of the mixing chamber
plate. In experiments where we simultaneously drive two qubits, we
utilize the integrated system SHFQC by Zurich Instruments. We com-
bine two SG channels into a single signal, which is used to drive the
EOM. For readout of the qubit states, the QA channel simultaneously
outputs readout pulses of two qubits, from which both phase and
amplitude information of the two qubits are extracted.

Description of the circuit QED system

The qubit is driven indirectly through the resonator, which is coupled
to the driving field. After applying the rotating wave approximation
and setting the reduced Planck constant 71=1, the complete Hamilto-
nian can be represented in the Schrodinger picture as follows**"%

H=Hc+H,
o,+w,a’a+go_a'+o, a)+e)a’e @D + gei@at* P

“)

=§wq

where €(t) is the amplitude of the qubit’s driving field. In the dispersive
regime where g<|A|=|w,-w,|, the above Hamiltonian can be
approximately diagonalized to second order of g/A by applying the
transformation Uy, = exp[§ (0, a — 0_a")I”. The result is

— i
H disp — UdispH Udisp

1 t
~wa a+ 5@+ 2xa‘ayo,
+ geA(f) [0, e @D 4 g _e@at+ D] 4 g(p)a’ e i@at*9) + gei@at+ )]
o

where x = g%/Ais the longitudinal coupling strength. Transforming Hys,
into the rotating frame by U,,,(t) = explwt(a’a + 10,)], we then have

Hrot = Urot(t)Hdisp UIot(t) + iUrot(t)Uiot(t)
=Aafa+ %(aiq +2xa'a — wy)o, 6)

+ g_Z(t) (0,6 +0_e?) +et)(a’e ™ +ae'?)

where A,=w,— w4 Under the condition where the qubit is resonantly
driven, i.e., wy =, + 2(a’a)y, the effect of the above Hamiltonian is to
rotate the qubit around an axis on the equatorial plane of the Bloch
sphere. The angle of the axis depends on the phase ¢ of the driving field
and the rotation frequency or the Rabi frequency follows Qg o< €(£)*’.

Data availability
The data that support the findings of this study are available from the
corresponding authors upon request.

Code availability
The codes of this study are available from the corresponding authors
upon request.
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