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Abstract

With continuous advances in physical technology, the number of
qubits has increased from just a few to several thousand. To further
extend the scale, the density of control lines has become one of the
major limitations that decides the cost and control fidelity. Specifi-
cally, each superconducting qubit requires dedicated control lines
to manipulate its state; however, these lines reach the spatial upper
limit of the cryostat when scaling up the quantum chip. Inspired
by collinear signal transmission, a promising solution is to adopt
multiplexing methods—such as frequency-division multiplexing
(FDM) and time-division multiplexing (TDM)—to share control lines
among superconducting qubits. However, existing methods lack a
systematic architectural approach to support multiplexing-aware
wiring, which leads to low parallelism and high crosstalk during
deployment. In this work, we propose a multiplexing-aware design
for the peripheral control lines of superconducting quantum pro-
cessors, combining cryostat-level wiring optimization with on-chip
routing. Our key novelty lies in a hybrid multiplexing architecture
that adopts FDM for XY control and readout lines, and TDM for Z
control lines. This enables high utilization of natural non-parallel
operations, thereby cutting the additional circuit depth for TDM
control. Finally, we develop an interaction model that co-optimizes
qubit layout and multiplexed channel allocation. Our experiments
use the data collected from self-developed Xmon quantum chips.
The results show that YOUTIAO achieves a 67.7% reduction in
cryostat-level coaxial wiring complexity and overall superconduct-
ing quantum system costs, while reducing on-chip routing area by
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23%. With these improvements, we still keep the 1q-gate fidelity
at 99.98%, and only introduce 5% extra circuit latency compared to
the partial-multiplexing system.
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1 Introduction

Quantum computing exhibits a high potential to outperform clas-
sical computing in dealing with tough computational challenges,
such as many-body physics [16, 43], and cryptography [33]. Scal-
ability is one of the main bottlenecks faced by current quantum
systems [10, 31]. Algorithms such as quantum error correction [36],
quantum molecular simulation [14], quantum integer factoriza-
tion [32], and database search [15] all require large-scale quantum
systems to realize their practical advantages. Due to the complex
physical interconnections and the low-fidelity state teleportation
across cryogenic platforms (i.e., below 80%) [12, 30], the challenge
of improving superconducting system integration and orchestration
within a single cryostat becomes increasingly prominent [31].
One integration challenge results from wiring and control elec-
tronics costs, as well as superconducting quantum chip packaging
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[31]. Among various sources of limitation, the thermal noise intro-
duced from the superconducting qubit control wiring is a primary
factor that limits the wiring density allowed for a single quantum
device. Taking Google’s superconducting quantum chip control
scheme as an example, due to physical constraints related to wiring
layout and vacuum sealing [37], even the advanced Bluefors KIDE
cryostat only permits a maximum of 4,000 coaxial cables [6], thus
limiting the future integration density of quantum chips. Moreover,
wiring accounts for the largest portion of the investment in su-
perconducting quantum hardware, taking around 80% of the total
cost [31]. For instance, the hardware investment for a 150-qubit
quantum system is approximately $5M, with $4M spent on wiring
[31]. As a result, reducing the number of wiring controls becomes
a critical task to extend the scale of quantum devices further.

The control wiring of a superconducting qubit includes XY- Z-
and readout lines. The reduction can be achieved by CMOS-based
cryogenic control [41] and quantum signal multiplexing [2, 13].
Considering the large-scale quantum control and cooling budget,
multiplexing optimization for superconducting quantum chips is a
feasible solution, as it allows for the collinear transmission of con-
trol pulses [23, 38]. Quantum signal multiplexing is generally cate-
gorized into two types: (i) frequency division multiplexing (FDM)
[7, 17, 25], which superimposes the control signals with different
frequencies in a single wiring [13]. (ii) time division multiplexing
(TDM) [2, 9, 18, 19], which adopts time-separated control through
a demultiplexer (DEMUX) [2] or multi-level switch [2, 19, 38].

Current multiplexing inevitably faces the dilemma that the su-
perconducting chip wiring scheme is decoupled from the signal
multiplexing solution. On the one hand, the qubits that rely on
the same DEMUX cannot be operated by gate simultaneously. For
instance, in the case of an 8-qubit Deutsch-Jozsa circuit, using a
1:4 DEMUX increases the circuit latency by 2.1x, making fidelity
drop from 87.6% to 77.3%. On the other hand, when considering
frequency division multiplexing, the unoptimized grouping strat-
egy, for the XY line of the processor, produces high crosstalk due
to pulse leakage on the same coaxial cable or from the qubits of
adjacent lines. For example, when the transmon qubit groups share
the same frequency settings, the combination of multiple qubits re-
sults in heavier crosstalk. The fidelity of parallel X-gate operations
drops to 98.9%.

In this paper, we tackle the challenges by introducing YOUTIAO.
Instead of local clustering, YOUTIAO conceptualizes the supercon-
ducting chip layout as multipartite subgraphs, which represent
noise-aware grouping optimization zones for signal multiplexing,
including FDM on XY/readout lines and TDM on Z lines. Then we
use a crosstalk characterization model to guide qubit grouping for
FDM control and two-level noise-aware frequency allocation. For
TDM control, we exploit topological and noisy non-parallel opera-
tions to group qubits and couplers with a greedy search-based graph
coloring approach, maintaining gate parallelism while achieving
time-separated signal multiplexing. The contributions of this paper
are summarized as follows:

e We propose YOUTIAO, a multiplexing control system that hy-
bridizes FDM and TDM control with an efficient qubit grouping
method, which attempts to address the scalability challenge by
reducing superconducting quantum wiring burden.
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Figure 1: Wiring breakdown of superconducting quantum
hardware.

e We propose the first grouping method that exploits natural non-
parallel operations to reduce additional circuit depth for TDM
control.

e We propose a generative superconducting chip partition scheme
to reduce the search space for grouping on large-scale quantum
chips.

The state-of-the-art FDM approach is presented by George et al.
[13] for multiplexing superconducting readout control lines. For
TDM-based control, the leading work is by Acharya et al. [2], featur-
ing a cryogenic demultiplexer. Experiments suggest that YOUTIAO
achieves a 67.7% reduction in cryostat-level coaxial wiring com-
plexity and overall superconducting quantum system costs, while
reducing on-chip routing area by 23%. These improvements are
achieved while maintaining a single-qubit gate fidelity of 99.98%
and incurring only a 1.05X increase in circuit latency compared
to partial-multiplexing systems such as Google Sycamore [4, 36],
which adopts readout multiplexing only.

2 Background

2.1 Superconducting Quantum Wiring

In superconducting quantum architectures, qubits are stored inside
cryostats. The wiring system serves as a bridge to transmit ana-
log signals to on-chip qubits [1, 4, 22, 36]. This system comprises
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(a) FDM-based qubit control. (b) TDM-based qubit control.

Figure 2: Multiplexing-based qubit control scheme. (The fre-
quency separation data is derived from [13].)

two types of wiring configurations: (1) Cryostat-level wiring using
coaxial cables to carry analog signals from room-temperature envi-
ronments to quantum chips operating at ultra-low temperatures
(~20 mK). (2) Chip-level routing employing coplanar waveguides
fabricated through sapphire-substrate etching techniques to direct
signals from on-chip interfaces to individual qubits. However, the
integration and scalability of these systems are constrained by spa-
tial limitations.

Cryostat-level wiring. Cryostat-level wiring is designed to pro-
vide sufficiently strong coupling rates to the integrated quantum
processor, while minimizing decoherence due to coupling of the
quantum processor via these lines to its environment [24] under
spatial limitations. Therefore, only high-density coaxial cables with
low-temperature tolerance and excellent electromagnetic interfer-
ence shielding are capable of operating in such an environment, but
they come at an extremely high cost due to the use of high-purity
materials and complex manufacturing processes [24].

Figure 1 (a) shows cryostat-level wiring architecture. One end
of the cable is connected to the radio-frequency DAC (RFDAC)
output interface on the pulse generator, while the other end passes
through the various temperature stages of the dilution refrigerator
to reach the chip layer at the bottom. Due to space limitations and
strict sealing requirements, there is an upper limit to the integration
density of cables. Even the advanced Bluefors KIDE cryostat allows
a maximum of only 4,000 coaxial lines to operate with approxi-
mately 1,300 qubits [6]. The wiring density represents one of the
key bottlenecks restricting the chip’s scalability.

Chip-level routing. Chip-level routing aims to design the short-
est control signal paths from the on-chip interfaces to the qubits,
while minimizing signal loss, such as crosstalk [3, 5, 26, 42]. Fig-
ure 1 (b) illustrates a chip-level control line routing scheme. For
a transmon qubit, three control lines are required: (1) the radio-
frequency (RF) phase control line (XY line); (2) the low-frequency
control line (Z line combined with the direct-current bias line);
and (3) the RF readout line, which is connected to the resonators
coupled with qubits, and can be shared among multiple qubits.

However, as the quantum chip scales up, it faces the challenge of
limited on-chip interfaces. For the plane-integrated quantum chip,
the width of each interface is approximately 0.5 mm [42]. With a
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Figure 3: Multiplexing control scheme.

maximum wafer size of 300 mm [31], only up to 2,400 interfaces
can be accommodated around the perimeter of a rectangular chip.
Additionally, compared to traditional chip designs, quantum chips
have to integrate many large components, such as a transmon qubit
with a diameter of approximately 0.65 mm and a resonator length
of about 4.3 mm [42]. These large devices limit the available routing
space on the chip. With a sapphire substrate and 20 um width wiring,
at a 30 ym pitch, around 3,300 lines can be routed across the wafer
in a single wiring layer [31, 42]. Such a routing space bottleneck
could potentially make high-density quantum chips unmanageable.

2.2 Quantum Signal Multiplexing

FDM-based qubit control. Frequency-division multiplexing (FDM)
enables the simultaneous transmission of signals with different fre-
quencies through shared coaxial cables. Figure 2 (a) depicts an FDM
XY control architecture where four qubits share a common read-
out line. Typically, the XY line shares a common FDM line with
dedicated bandpass filters for signal isolation, while readout multi-
plexing can operate without filters (Figure 2 (b)). As the frequencies
of readout pulses of different qubits vary, frequency-encoded pulses
are coherently combined in the control line for parallel qubit mea-
surement. Detection efficiency mismatch (DEM) imperfections of
hardware induce resonance broadening [13], necessitating meticu-
lous frequency spacing design to suppress inter-channel crosstalk
below -30 dB. Current implementations support FDM exclusively
on frequency-tunable XY and readout lines, achieving single-shot
readout fidelity of 99.0% [36].

TDM-based qubit control. Time-division multiplexing (TDM)
shares the control lines at the temporary scale via cryogenic mi-
crowave switches (cryo-DEMUX). Figure 2 (b) showcases a TDM
scheme using cryo-DEMUX at base temperature (~20 mK). As re-
ported by Acharya et al [2], High-frequency signals can be transmit-
ted collinearly and switched among qubits (from qubit A to qubit
N) within 2.6 ns. The time-axis analysis at the bottom of Figure 2 (b)
further demonstrates the control flow across different windows.
All of the XY line, Z line, and readout line are compatible with
TDM for mutually exclusive operations, enabling single-qubit gate
applications with a fidelity of 99.9% [2].

3 Multiplexing Control System

3.1 System Fomulation

Since there are two types of pulse signals (RF signals such as XY and
readout pulses and non-RF signals such as Z pulses) involved in the
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Figure 4: Motivational examples of YOUTIAO.

control of qubits, we incorporate the two types of quantum signal
multiplexing techniques in a multiplexing control scheme (Figure 3)
based on the frequency characteristics of control pulses. Given
that the fine-tuned frequencies of different qubits are naturally
configured to be different from each other within the same control
line, the RF signal of the target frequency can be automatically
extracted by qubit resonance from the mixed signals. Hence, FDM-
based qubit control is adopted for the RF signal transmitted to
the XY or readout lines by directly mixing the signal of qubits
connected to the same line, and then the FDM signal is delivered by
the RF signal interfaces to the corresponding line. In the figure, "4"
represents a bundle of 4 TDM lines, while "8” denotes a bundle of
8 FDM lines. Notably, the demand for transmitting signals on the
Z line to tune the qubit frequency is relatively sparse in temporal
for each qubit. Meanwhile, the frequency of signals transmitted
on Z lines is relatively low, which can hardly be distinguished in
the frequency field. Hence, TDM-based qubit control is adopted for
the Z line by loading in turn, and then the cryo-DEMUXes select
the signal for each qubit in the corresponding time window. The
cryo-DEMUX is controlled by the digital signal provided by room-
temperature DACs via cheaper twisted-pair cables at cryostat-level,
which can use much smaller interfaces than coaxial cables. Time-
domain signal filtering is implemented through digital gating of
the D0 and D1 signals.

3.2 Challenges and Opportunities

Despite the significant hardware advancements introduced in Sec-
tion 2.2, directly employing unoptimized multiplexing techniques
can lead to routing difficulties and imperfect qubit performance.
We summarize three cases to illustrate the current challenges faced
by multiplexing technologies, as shown in Figure 4:

(1) Inaccurate FDM control. In Figure 4, Case 1, when qubits have
similar frequencies (indicated by the same color in Case 1) and
are positioned closely or have direct topological connections via
couplers, unexpected crosstalk occurs. It also happens via pulse
leakage when qubits share the same line. Previous multiplexing
studies focus on reducing in-line crosstalk by frequency overlap
on the same shared FDM line, failing to optimize the other two
types of crosstalk [13, 38]. For example, even if qubits on FDM
line I; are modulated at distinct frequencies, noise from adjacent
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FDM lines [; and I3 can still induce crosstalk. Such interference
sometimes causes gate or readout errors by more than 1%, or
even failure [44].

(2) Unrealizable two-qubit gates for TDM control. In Case 2,
when qubits with direct topological connections are linked to
the same cryo-DEMUX mj, it becomes impossible to operate
both qubits simultaneously, leading to unrealizable two-qubit
gates. For instance, when qubits q1, g2, 3, and g4 are under the
TDM control scheme, all two-qubit gates in this group will fail
because the DEMUX can only control one qubit at a time, while
two-qubit gates generally require pulses to be applied to both
qubits simultaneously. This situation significantly restricts the
diversity of the qubit’s ability and makes the chip no longer
appropriate for circuit execution.

(3) Additional long latency caused by TDM. In Case 3, when
two cryo-DEMUXs are employed to cross-control g to qi1,
although two-qubit gates can be applied (assuming couplers are
effectively controlled), the parallelism of the quantum circuit is
also compromised. For instance, in the original quantum circuit,
five two-qubit gates could be executed in just two layers in
around 120 ns. However, due to the picking time constraints of
DEMUZX, these gates must go sequentially, resulting in curse of
increased circuit depth with TDM. Given the qubit lifetime (T7)
limitation, this additional latency increases exposure to various
sources of error for qubits, thereby leading to a substantially
higher error rate.

Apparently, the anharmonicity between unoptimized multiplexing
techniques and the practical applications is becoming the biggest
challenge. To build the bridge, a straightforward approach is to (1)
first characterize the crosstalk characteristics between qubits; (2)
optimize the frequency space both within and among FDM lines
through two-level qubit frequency allocation to improve fidelity; (3)
develop appropriate grouping strategies to enhance the parallelism
of TDM-based two-qubit gate execution; and (4) design a global
multiplexing routing scheme for large-scale quantum chip systems.
With this idea, YOUTIAO observes several opportunities to address
these challenges.

Observation 1: Crosstalk can be approximately characterized
with chip layout and topology. There is hardly a precise noise model
that captures all aspects of crosstalk [11]. However, the placement
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Figure 5: Opportunities for YOUTIAO.

of qubits on a chip and their connectivity are crucial factors that
determine the magnitude of crosstalk [11, 40]. As shown in Fig-
ure 5 (a), we have found that combining the qubit on-chip position
(i, y;) with the topological connectivity among qubits can be trans-
formed into an equivalent distance for crosstalk fitting. The trained
model then provides guidance for subsequent grouping strategies,
making the system more tolerant to scaling.

Observation 2: It’s a better choice to group non-parallel nearby
qubits for effective TDM control. As shown in Figure 5 (b), under the
rules of TDM, qubits with execution dependencies (group 2) cannot
be connected to the same DEMUX. Qubits that are topologically
close within a group will face an increase in circuit depth, thus
necessitating the grouping of qubits with lower connectivity, such
as qubits in group 1. However, considering ZZ crosstalk, qubits that
are topologically distant exhibit less crosstalk and are more likely
to require parallel execution. When devising a grouping strategy,
it is crucial to balance qubit connectivity while minimizing circuit
depth and maintaining parallelism.

Observation 3: Divide-and-conquer scheme will optimize over
scalable routing. A large-scale quantum chip can be partitioned
into multiple multiplexing clusters using a divide-and-conquer ap-
proach to avoid an excessively large parameter space and facilitate
scalability. Figure 5 (c) illustrates how the chip is partitioned into
numerous clusters, with FDM and TDM strategies implemented
within each cluster, followed by routing optimization and design
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rule check (DRC). By combining these clusters, the superconducting
chip effectively ensembles signal multiplexing routing in parallel.

4 Method
4.1 Crosstalk Characterization

The insight of designing a crosstalk characterization model is to
understand the crosstalk characteristics and incorporate them as
a quantified constraint in the multiplexing-aware qubit grouping
and routing procedures, thereby achieving better chip performance.
Taking the superconducting Xmon quantum chip as an example,
imperfections in the chip substrate and frequency collisions be-
tween adjacent qubits can lead to crosstalk [11, 21, 39], causing
unexpected resonances during the application of quantum pulses
while performing gate operations. In general, qubits that are phys-
ically close to each other or have topological connections with
similar frequencies are more likely to experience crosstalk. With
suppressed minimal two-level system (TLS) defects, an approximate
fitting relationship for the chip’s crosstalk can be derived.

For crosstalk fitting, we utilize a self-developed quantum pro-
cessor (details are introduced in Section 5.1) to obtain qubit lay-
out, topological structure, and crosstalk data. Since establishing
a crosstalk fitting relationship in isolation is insufficient and bur-
dens subsequent optimization, YOUTIAO adopts a joint matrix
representation method that combines qubit physical distance and
connectivity, using an equivalent distance to fit the crosstalk data.

As shown in the Figure 6, according to the layout of the quantum

chip, the physical distance dz?y between qubits g; and g; can be

expressed as dz?y = \/(xi - %)% + (yi — yj)%, where ¢; and g; are
located in (x;,y;) and (xj,y;). Simultaneously, considering chip
topology, the topological distance d:j.p between g; and g; can be
defined as the multiple shortest path distance derived using Di-
jkstra’s algorithm. A topological distance of 1 indicates that g;
and q; are adjacent, while a topological distance of 2 implies that
g; and q; are separated by a qubit. When there are n paths for
the minimum length I, the value of d is set to d;z.p = nl. This is
because multi-path metrics are more robust, especially for chips
arranged in a square topology. Although the crosstalk effect decays
exponentially with increasing topological distance, different paths
with the same topological distance can still lead to varying levels
of crosstalk. Therefore, we can calculate the equivalent distance
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df(}mv as follows:
dequiv

_ . sphy . 4top
ij = Wphy d; .7+ Wiop di,j

LJ

where wppy and wiop represent the weight between physical dis-
tance and topological distance, which can be determined by the
fitting model. We generate XY and ZZ crosstalk data from our real-
world superconducting quantum chip. For XY crosstalk, we collect
the probability of energy level transitions of uncontrolled qubits
when operating gates on the target qubits. For ZZ crosstalk, we
calibrate the frequency shift of the uncontrolled qubits. We use ran-
dom forest algorithm to fit the relationship between dl.e,(}.mv and the

f'\il (yi -

§j;)? to measure the discrepancy between predicted crosstalk y;

and actual one g;. Using 5-fold cross-validation, we train to obtain
; best , best ;

the optimal parameter set (wp;sy , Wy (f; ) along with the crosstalk

characterization model that yields the minimum error. The fitted

crosstalk model provides valuable information for chip routing with

similar substrates and processes.

crosstalk, and employ mean squared error E(a, b) = ﬁ >

w

4.2 FDM Grouping Strategy

Considering incremental quantum chip routing, the additional
constraint introduced by the FDM-based control scheme during
routing is to determine which qubits should share the same line.
The previous FDM schemes are prone to crosstalk because they
only focus on in-line frequency allocation, while neglecting nearby
qubits with similar frequencies. Therefore, the FDM grouping strat-
egy should include two steps: noise-aware grouping and two-level
coarse-grained frequency allocation, to ensure accurate control.
Noise-aware qubit grouping. In FDM, to prevent pulse leak-
age, the frequency spacing between qubits on the same line is
typically adjusted to be large to meet the cryogenic bandpass filters’
requirement. As a result, the insightful suggestion is that qubits
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with adjacent physical or topological distances should be allocated
to the same FDM line, because they should be naturally separated
in frequency during the chip design. We utilize the equivalent dis-
tance matrix and apply a greedy search algorithm to determine the
qubit groups for FDM lines, as shown in Figure 7 (a). The equivalent
distance between qubits can be modeled as an equivalent graph,
where vertices represent the qubits q1, g2, g3, g4, and g5, and edges
ie’(}mv
regarded as the adjacency representation of the equivalent graph.

We put forward the 3-step grouping flow for a single FDM line
with a capacity of 3 qubits. (1) Grouping of FDM line [y starts ran-
domly with q;. (2) The qubit g2, which has minimum equivalent
df(%uiv

represent their distance d . The equivalent distance matrix is

distance to qi1, is added to group 1. (3) Next, the qubit gs,

which is the closest to g; with distance of dfgmv, is compared to g3,
equiv

. . 23
quuw and d;’%uw is selected, and gs is added to group
1. This process is then repe’ated to form group 2 of I, which finally
contains g3 and g4.

Two-level coarse-grained frequency allocation. Even for
frequency-tunable transmon qubits, the frequency range adjusted
via the Z-line is quite limited (typically within 50 MHz). The base
frequency of the qubits and their coupling strength are determined
during fabrication. To ensure the practical usability of the chip,
we still need to check that qubits within the same group, as well
as between groups, do not experience significant crosstalk due to
closely spaced frequencies before routing.

Figure 7 (b) illustrates a noise-aware two-level frequency alloca-
tion assumption based on heuristic search. According to the FDM
line capacity, we divide the effective frequency range for qubits
(4~7 GHz) into three zones: 4~5 GHz, 5~6 GHz, and 6~7 GHz. Each
zone is further subdivided into frequency cells with a 10 MHz spac-
ing. Qubits within the same group are allocated to different zones,
ensuring large frequency spacing for in-line frequency allocation.
For example, q1, g2, and g3 are assigned to different zones. When
allocating qubits in group 2, three constraints must be satisfied:

the qubit closest to g2 with distance of d. . The shortest of the

two distances d

(1) Similarly, the three qubits should be allocated to different zones.

(2) Within each zone, qubits should be assigned to unoccupied
frequency cells. For instance, g4 is assigned to a cell in the 5~6
GHz frequency zone, different from the one assigned to gs.

(3) The lowest crosstalk can be achieved by swapping qubits within
the group according to the crosstalk model, such as swapping
q4 and g¢ for lower crosstalk.

For large-scale quantum chips, frequency crowding may occur.
In such cases, when selecting a cell for qubit g; in group n, the
choice should prioritize cells with the lowest crosstalk, based on
their equivalent distance dl.ej.uiv. For example, within the 4~5 GHz
zone, ¢; and q; have minimal crosstalk and can be located in the

same cell for frequency reuse.

4.3 TDM Grouping Strategy

The biggest challenge for TDM control is maintaining the legality
and parallelism of qubit control. Determining which qubits are con-
nected to the same cryo-DEMUX is the primary issue in TDM rout-
ing. A key insight is that circuits inherently exhibit non-parallelism
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Figure 8: Noise-aware TDM qubit grouping.

during execution, and this natural time separation is tailored for
TDM control, orchestrating with the operational characteristics of
the cryo-DEMUX. With this idea, better grouping can be achieved
by identifying the non-parallel relationships between qubits and
couplers.

Figure 8 (a) illustrates the two types of natural non-parallel
operations on the topology graph. (1) Topological non-parallelism:
For instance, during a two-qubit gate operation g1 — ¢ — g2, the
qubits g1, g2, and coupler ¢; receive square pulses to tune to the
same frequency. While they are busy, g2 is occupied, preventing
the execution of the g2 — c2 — g3 gate. Thus, during this time, ¢z is
topologically isolated and remains idle. (2) Noisy non-parallelism:
When q1 — ¢1 — q2 is performing a two-qubit gate, due to adjacency
in topology or physical distance, executing the gs — ¢ — q¢ gate
simultaneously would result in significant crosstalk, which reduces
the fidelity of the gate execution. Therefore, g5 and c¢ must remain
idle. These two natural non-parallelism characteristics provide an
opportunity to mitigate the curse of circuit depth with TDM.

Additionally, qubits located at different topological positions
have varying levels of connectivity. For qubits with high connectiv-
ity, TDM significantly limits their degrees of gate freedom. Consid-
ering a qubit with a connectivity of 4 connected to a 1:4 DEMUX
with average gating times, the number of two-qubit gates it can
perform will decrease to 1/16 of its original capacity. Therefore,
YOUTIAO proposes two suggestions to maintain qubit parallelism:
(1) select multi-level DEMUX configurations to handle grouping
scenarios involving qubits or couplers with different parallelism;
(2) group qubits or couplers that exhibit natural non-parallelism.

Figure 8 (b) illustrates the TDM grouping strategy. First, since
connectivity only characterizes the degree of freedom of a qubit
and does not account for the parallelism of couplers, we define
a parallelism index to represent the non-coexistence characteris-
tics of qubits or couplers with respect to neighboring two-qubit
gates, shown as numbers in blue or purple in the figure. This index
measures the number of adjacent two-qubit gates that do not co-
exist topologically when a qubit g; or coupler c; is occupied. The
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Figure 9: Generative quantum chip partition.

parallelism index is defined as:

Z non — coexisted 2q gates

parallelism index (qi/ci) =

connectivity of qi/c;
where ¢ represents the connectivity, and the connectivity of the
coupler is always adjusted to 1.

For example, when c; is occupied, the only two-qubit gate choice
is g1 — ¢1 — g2, and g2 — ¢z — g3 is the only topologically non-
parallel two-qubit gate. Therefore, the parallelism index of ¢; is
parallelism index(c1) = % = 1. For g3, when g2 — ¢3 — g3 is active,
there are 3 topologically non-parallel two-qubit gates—q1 — ¢1 —
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q2, q3 — ¢4 — q7, and g3 — c3 — g4—that cannot operate. When g3
is occupied for g3 — ¢4 — q7 and g3 — ¢3 — g4, the non-parallel
gates are 4 and 5, respectively. Therefore, the parallelism index

of g3 is: parallelism index(q3) = (3;;&5) = 4. A threshold 0 is
defined for two-level parallelism separation. In this example, the
parallelism level is separated by 6 = 4. For qubits and couplers
with low parallelism, we use a 1:4 cryo-DEMUX, while for those
with higher parallelism, we use a 1:2 cryo-DEMUX to reduce the
limitations on gate freedom.

After generating the parallelism index graph, for the set of qubits
and couplers [q1,q2,...,qn] U [c1,¢2, ..., cm], we have designed
a 3-step, greedily search-based graph coloring method for TDM
grouping. The design is based on the following principles: (1) Since
different devices are used during routing, the grouping considers
only qubits and couplers within each level. (2) Group legal qubits
and couplers that are non-parallel to each other. (3) For the remain-
ing qubits and couplers that can potentially execute in parallel,
partition them with similar group parallelism indices for balancing.
The grouping scheme is represented in the following steps:

e Step 1: Grouping starts with qubits or couplers that have the
lowest parallelism. For example, qubits q; and g5 with parallelism
index = 1 are respectively added to group 1 and group 2.

e Step 2: Add topologically non-parallel qubits or couplers. For
instance, in group 1, based on the topological relationships, when
q1 is busy, the only two-qubit gate in the relevant gate list is
q1 — ¢1 — q2, and the only topologically non-parallel gate in the
list is g2 — c2 — g3. Since g3 is indirectly coupled to g1 and g3 has
other coupling relations, there is no non-coexistence with gqj.
Therefore, only c; is available and is added to group 1. Similarly,
c7 is added to group 2.

o Step 3: Add noisy non-parallel qubits or couplers. In group 1,
based on the crosstalk model, we pick the ones with higher
crosstalk. gs — ¢ — g6 and g — c7 — q7 both have high crosstalk,
so we add the available ¢ and g7 to group 1. Similarly, the best
match for group 2 is found.

After graph coloring, TDM routing is executed for all the groups.
For an n-qubit large-scale quantum chip, if the entire chip is treated

602

Tian and Lu, et al.

as the search space and divided into k groups, the worst-case com-
putational complexity would reach O(n*). Therefore, a chip par-
titioning method is required to reduce the search space for TDM
grouping, allowing to perform routing within a smaller range.

4.4 Generative Chip Partition

Traditional clustering methods based on chip layout overlook the
impact of crosstalk, often leading to local optima, and are not suit-
able for multiplexing routing scenarios. However, YOUTIAO em-
ploys a 4-stage generative chip partition scheme to set multiple
routing regions for better management of multiplexing constraints.
This method dynamically expands regions by randomly selecting
seed points and considering topological and crosstalk constraints,
while optimizing qubit grouping using TDM and FDM technolo-
gies to enhance parallelism and reduce conflicts. Through region
partitioning and qubit swapping, generative chip partition ensures
efficient routing and optimized execution of the chip, followed by
these stages, as shown in Figure 9:

(1) stage 1: initialize and expand. To accommodate different quan-
tum chip layouts, we randomly select multiple qubits as seeds,
such as the three random seeds shown in Figure 9, and use the

equiv as the start-

qubit with the lowest equivalent distance d;
ing qubit for expansion. By expanding from these seeds, we
gradually form the initial routing regions.
stage 2: swap qubit at the region border. To avoid getting stuck
in local optima during partitioning and to adhere to the FDM
line routing logic, the topology of the regions is optimized by
swapping qubits. As shown in the figure, qubit g; is initially
grouped with seed 3, but when seed 2 expands to g;, due to

equiv equiv

seedy, q; seeds, q;’ 4i
stage 3: route qublts while expanding. Because the grouping in
FDM is based on a greedy algorithm, the routing and region
expansion processes are pipelined, thus improving routing effi-
ciency.
stage 4: end when no swaps or DRC errors. In the final stage, the
routing process continues to expand and adjust until all qubits
are successfully allocated to their respective regions. At this
point, regions 1, 2, and 3 have been successfully assigned, and
all qubits are controlled by valid control lines (including FDM
and TDM), with no conflicts in the routing between regions.
The chip’s routing optimization is complete.

@

is reassigned to the region of g.

©

Based on the multiplex grouping and wire routing methods pre-
sented above, we complete the design of a multiplexing wiring
system with fewer physical resources in Figure 10. Owing to the
application of quantum signal multiplexing, fewer signal channels
are used to transmit the control signal. Then in the perspective
of physical resources, fewer DACs and cables are required in the
cryostat and fewer interfaces are occupied on the quantum chip
(Q-chip). Meanwhile, the routing space becomes less crowded under
the same qubit placement density.

5 Evaluation
5.1 Experimental Setup

Hardware. We use two self-developed quantum chips with 36
Xmon-qubits arranged in a 6x6 grid topology and an 88 chip with
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YOUTIAO. (The surface code scheme is derived from [36].)

Table 1: Wiring results of fault-tolerant quantum chip.

distance #XY line #Zline wiring cost 2q gate depth
3 17 41 $413K 600
5 49 129 $1.25M 675
Google [36] 7 97 265 $2.53M 600
9 161 449 $4.26M 675
11 241 681 $6.43M 600
3 4 16 $164K 625
5 10 57 $524K 800
YOUTIAO 7 20 122 $1.09M 750
9 33 211 $1.87M 800
11 49 324 $2.84M 750

the same qubit type, topology, and fabrication process. The average
qubit relaxation time (T7) is 90 ps. The basis gates of the device are
RX, RY, RZ, and CZ gates. The single-qubit gates and two-qubit
gates are calibrated to reach the fidelities up to 99.99% and 99.73%,
respectively. The XY crosstalk and ZZ crosstalk data for each qubit
are collected for analysis. Information on each sapphire-based chip
topology and on-chip qubit placement is also collected.

Software configurations. All programs are implemented with
Python (3.12.1) and the Numpy package (1.23.1). We use Qiskit to
simulate the noisy execution results. We also use Qutip package to
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perform pulse-level quantum gate simulation. All software experi-
ments are performed on an AMD Ryzen 9 9950X 4.30GHz 16-core
CPU with 32GB of memory.

Baseline. We compare YOUTIAO against Google Sycamore [36],
the state-of-the-art quantum wiring architecture. For the fidelity
test, we compare FDM technique with the state-of-the-art FDM
approach presented by George et al. [13] and TDM technique with
legal qubit clustering operated with Acharya et al. [2].

Benchmark. The evaluation is performed on 5 algorithms, in-
cluding Variational Quantum Classifier (VQC) [34], Linear Ising
Model (ISING) [29], Deutsche-Jozsa Algorithm (DJ) [28], Quantum
Fourier Transformation (QFT) [20] and Quantum K-nearest Neigh-
bors Algorithm (QKNN) [27].

5.2 Case Study: Fault-Tolerant Chip Design

Towards the fault-tolerant quantum computing era, the design of
quantum chips has to consider the deployment of quantum er-
ror correction code. Here we evaluate the feasibility of designing
the fault-tolerant quantum chip with YOUTIAO. As shown in Fig-
ure 11 (a), the parity-check qubits (g2, g4, - - - ), where parallel X
gates are performed, are controlled by FDM on a shared XY line.
Meanwhile, the data qubits (g1, - - - , gx) and the couplers (c2, ¢3, - - +),
where Z gates are performed, are controlled by TDM with the sig-
nals transmitted alternatively on the Z lines. To be more specific,
the gate-performing process of the surface code is presented in Fig-
ure 11 (b). It is shown that the Hadamard gates can be operated in
parallel for g2 and g4 in the error correction cycle. And the CZ gate
for g2 — c4 — g5 can be efficiently performed with TDM multiplexing
without additional circuit depth.

Compared with the quantum chip design method employed by
Google [36], Table 1 presents the wiring results for fault-tolerant
quantum chips that support surface code. The metrics are evaluated
for the realization of a single logic qubit. YOUTIAO achieves a 2.35%
reduction in wiring burden, driving the cost down from $6.43M
to $2.84M for the chip supporting surface code with distance=11.
YOUTIAO results in only a 1.18X increase in the two-qubit gate
depth for TDM control within a 25-cycle error correction circuit,
effectively balancing resource reuse and circuit execution efficiency.
YOUTIAO boosts the suppression of wiring cost in view of a certain
operation mode of the surface code.

5.3 Quantum Wiring

Table 2 illustrates the cryostat-level and chip-level wiring analy-
sis of the 5 topologies, including square, heavy square, hexagon,
heavy hexagon, and low-density qubit arrangement. At cryostat-
level, overall, YOUTIAO achieves 3.1x in both cryostat-level coaxial
wiring reduction and wiring cost reduction compared to Google’s
state-of-the-art wiring architecture [36], driving the economic bur-
den from $470K down to $151K for a 21-qubit quantum wiring
system. Additionally, YOUTIAO obtains 4.2x XY line reduction and
3.7x Z line reduction on average with FDM line capacity of 5 qubits
and TDM line using 1:2 and 1:4 cryo-DEMUXes. This improvement
can be attributed to the effective integration of FDM on the XY lines
and TDM on the Z lines. With technological advances, new mate-
rials have reduced the cost of coaxial cables [8, 24], though they
remain expensive. YOUTIAO offers a cost-effective and orthogonal
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Table 2: Evaluation of quantum wiring system.

Square Hexagon Heavy Square Heavy Hexagon Low-density
topology
Google [36] YOUTIAO Google [36] YOUTIAO Google [36] YOUTIAO Google [36] YOUTIAO Google [36] YOUTIAO
#qubit 9 16 21 21 18
#XY line 9 2 (45%) 16 4(4%) 21 5 (4.2) 21 5 (4.2X) 18 4(45%)
cryostat | #Z line 37 7(3%) 35 9 (3.9) 45 12 (3.8%) 43 11 (3.9%) 36 9 (4%)
level | DEMUX control - 11 - 18 - 24 - 22 - 18
#DAC 33 23 (1.4X) 55 35 (1.6X) 72 47 (1.5%) 70 44 (1.6X) 59 36 (1.6X)
wiring cost $216K $79K (2.8) $359K $111K (3.3X) $470K $151K (3.2X) $457K $143K (3.2X) $385K $118K (3.3X)
chip | finterface 32 22 (1.4X) 53 33 (1.6X) 69 44 (1.6X) 67 41 (1.6X) 57 34 (1.7X)
level routing
area (mm?) 4.62 3.68 (1.2X) 7.98 6.12 (1.3%) 10.15 7.97 (1.3%) 9.20 7.07 (1.3%) 8.30 6.47 (1.3X)
O XY crosstalk distribution @ 8% 8 crosstalk model \ Baseline George et al [13] YOUTIAO \
0 ZZ crosstalk distribution A 6X06 crosstalk model 100 100
° 0.16 100 i\i 90 80
g S :
§ 0.12 = 90 £ 80 60
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Figure 12: Crosstalk model generality on similar chips.

wiring solution that continues to deliver practical benefits even as
technology evolves. By bridging the quantum co-processor (FPGA)
with FDM-based and TDM-based quantum devices, this co-linear
transmission approach significantly reduces the high-density coax-
ial cable cost in dilution refrigerators. Consequently, the same cable
density can control more qubits, addressing the wiring bottleneck
and enhancing the qubit density on-chip. As shown in the table,
different topologies achieve varying degrees of line reduction. Com-
pared to the square topology, the low-density topology achieves
the greatest reduction in wiring costs. This is because qubits in the
low-density topology generally exhibit lower parallelism indices,
making them more suitable for multiplexing with higher-density
1:4 DEMUZXes. Considering twist-pair control lines (a lot cheaper
than coaxial cables [8, 24]) for DEMUX digital control signal trans-
mission, the control line overhead is also evaluated, as well as DACs
and on-chip interfaces. In contrast, qubits within the square topol-
ogy require higher parallel freedom, resulting in a relatively lower
ratio of line reduction.

At chip-level, overall, YOUTIAO achieves 1.3X in routing cost
with 20 pm width line, at a 30 ym pitch under the same fabrica-
tion condition as the target 36-qubit chip. YOUTIAO also reduces
on-chip signal interfaces by 1.6X on average. This experiment is
implemented using path-based simulations, where routing paths
are represented by a grid with a resolution of 10 um. After defining
the physical coordinates (denoted as (x, y)) of the devices on the
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(a) 4-qubit single FDM line. (b) 36-qubit FDM test.

Figure 13: Evaluation of FDM grouping with random gates.

chip, the shortest routing paths are determined by applying an A*
algorithm, subject to standard EDA constraints—specifically, pro-
hibiting routing intersections and maintaining adequate spacing
between adjacent lines. The achieved reductions in both interface
complexity and routing area are primarily attributed to the layout
approach involving FDM-based XY lines, which reduces the re-
quirement for extensive XY-plane wiring on-chip, and TDM-based
Z lines, which substantially minimize the interface demands.

5.4 Evaluation of FDM Grouping.

Figure 12 illustrates the generality of the crosstalk model on a
similar chip, characterized by the same qubit type, topology, and
fabrication process. In Figure 12 (a), we train crosstalk models
separately on 6x6 and 8x8 chips, and generate the corresponding
predicted noise distributions. The Jensen—-Shannon (JS) divergence
between the two distributions reaches a minimum of 0.06, indicating
a high degree of similarity, suggesting that the crosstalk model
demonstrates generality across similar hardware.

Figure 12 (b) shows the result of applying the crosstalk model
trained on the 6X6 chip to an 8x8 chip for FDM-based qubit group-
ing, followed by a fidelity test. On each 4-qubit FDM line, we execute
10 layers of random XY gates per qubit and measure the fidelity
at various scales. Overall, FDM achieves 99.94% single-qubit gate
fidelity across all tested scales. In comparison, using a noise model
trained directly on the 8x8 chip achieves 99.96% fidelity. These re-
sults demonstrate that the crosstalk model retains generality with
acceptable fidelity loss. However, the fidelity degradation becomes
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Figure 15: Circuit fidelity optimized with TDM-based routing across 5 benchmarks.
more pronounced as the scale increases, highlighting the need for 20| W #1:22 MUX O#1:4 MUX
more accurate and robust noise models in the future.
Figure 13 (a) depicts the fidelity of random single-qubit gates 15
operated on a 4-qubit FDM line on the target 36-qubit chip. Over- g
all, YOUTIAO achieves 1.37x FDM fidelity improvement with the < 10
state-of-the-art FDM practice [13] considering in-line crosstalk. *
YOUTIAO also achieves a 2.25X improvement in fidelity compared 5
to the baseline, which employs an unoptimized FDM approach with
chip-local clustering. Specifically, single-qubit gate fidelity reaches 0 2 3 4 23 4 23 4 234 234 6
99.98% in YOUTIAOQ, compared to an average fidelity of 99.96% for Square Hexagon  Heavy Heavy  Low-density
George et al. [13], as verified through Qutip-based pulse simulations. Square Hexagon

These simulations incorporate realistic parameters from the actual
quantum processor, including fine-tuned qubit parameters such
as frequencies, pulse attributes (e.g., pulse amplitude), and mea-
sured XY crosstalk data. The observed fidelity enhancement results
from the proposed FDM grouping strategy, effectively mitigating
unexpected FDM crosstalk at the chip routing stage.

Additionally, Figure 13 (b) presents the fidelity of random single-
qubit gates executed across a 36-qubit quantum processor with 9
FDM lines. After 100 gate layers, the fidelity of the baseline method
declines significantly to 22.9%, whereas YOUTIAO maintains a
fidelity of 55.1%, thereby highlighting its robust capability to resist
crosstalk-induced performance degradation.

Figure 16: Cryo-DEMUX proportion for various topologies.

YOUTIAO successfully maintains parallelism of two-qubit gate op-
erations while simultaneously reducing the wiring overhead. For in-
stance, in highly parallelizable circuits such as the VQC, YOUTIAO
demonstrates an even more pronounced advantage, achieving a
1.36X improvement in two-qubit gate layer depth compared to the
Acharya et al.

Figure 15 presents the circuit fidelity results for TDM-based
routing across 5 benchmarks. Overall, YOUTIAO achieves a 1.23x
improvement in fidelity compared to Acharya et al. [2], while in-

5.5 Evaluation of TDM Grouping. curring a slight fidelity degradation of 1.06x relative to Google’s
Figure 14 presents two-qubit gate depth analysis for 5 benchmark architecture [36]. This improvement primarily arises from the pro-
circuits implemented with Google’s architecture [36], YOUTIAO, posed noise-aware TDM grouping strategy, which significantly
and state-of-the-art TDM practice [2], considering local clustering. reduces the concurrent execution of high-crosstalk two-qubit gates.
Overall, YOUTIAO achieves a 1.23x reduction in two-qubit gate Moreover, the strategy of grouping non-parallel qubits and cou-
layer depth compared to the baseline, while incurring only a modest plers effectively mitigates the detrimental effects associated with
1.05X increase relative to Google’s architecture. The effectiveness excessive circuit depth, thus minimizing qubit exposure to potential
of YOUTIAO stems from its well-balanced trade-off between TDM- noise sources. However, the unavoidable increase in circuit depth
based wiring reduction and circuit depth minimization, enabled by still introduces a modest fidelity loss due to decoherence. Fortu-
leveraging the intrinsic non-parallel characteristics during circuit nately, this reduction remains relatively small, demonstrating that
execution through the optimized TDM grouping strategy. Specif- YOUTIAO effectively balances multiplexing efficiency with fidelity
ically, by strategically grouping non-parallel qubits and couplers, preservation.
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Figure 17: Wiring estimation for the large-scale quantum
system.

5.6 System Scalability

Different qubit topologies. Figure 16 illustrates the usage propor-
tions of different-level cryo-DEMUXes across various topologies
for different parallelism thresholds 6. It is evident that the qubit
connectivity within the topology plays a significant role in this
behavior. For instance, the square topology, which exhibits the
highest parallelism, consistently utilizes the largest proportion of
1:2 cryo-DEMUXes. By adjusting the parallelism threshold, a trade-
off between the Z-line multiplexing efficiency and gate parallelism
can be made, ultimately optimizing the benefits of the TDM group-
ing strategy.

Large-scale quantum system. Figure 17 (a) illustrates the
wiring estimation for large-scale quantum systems with a square
topology [35]. When the system scales up to 10-1k qubits, YOUTIAO
will reduce the number of coaxial cables in Google’s wiring archi-
tecture [36] for over 2.3x. For a 150-qubit system, the coaxial cables
budget will decrease from 613 to 267, with fidelity maintaining
94.3% for XY gates on all qubits, as shown in Figure 17 (b). Figure 17
(c) conducts the comparison between YOUTIAO and IBM’s chiplet
scale-out strategy [35]. Overall, YOUTIAO achieves 3.4x cable re-
duction compared to IBM chiplet. When the IBM chiplet framework
scales to the interconnected 25 copies of 133-qubit chips, YOUTIAO
can achieve a 3.5X reduction in cable usage, significantly lowering
the wiring cost within the cryogenic system.

As shown in Figure 17 (d), when the system scales up to 1k-100k
qubits, YOUTIAO offers 3.1 X cable reduction, driving from 4.4 X 10°
to 32% of the original count. This reduction not only increases
wiring density but also saves over $2.3 billion. This achievement
is attributed to the optimized multiplexing collinear transmission
scheme proposed by YOUTIAO. As the number of qubits increases,
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the cost savings achieved through multiplexing become more sig-
nificant.

6 Related Work

Signal multiplexing techniques, including FDM and TDM, are widely
recognized as key strategies for addressing the wiring bottleneck
and power consumption challenges in scalable quantum computing.
Previous research has primarily focused on applying individual mul-
tiplexing schemes to specific tasks, achieving significant progress.
For instance, FDM has been widely and successfully adopted for
parallel readout of superconducting qubits, substantially reducing
the number of readout lines [13, 17]. With the parametric amplifiers
fabrication technique and in-line frequency allocation fine-tuning,
the FDM-based readout line is capable of controlling up to 8 qubits
at a time [13]. Meanwhile, TDM techniques based on cryogenic
CMOS switches have demonstrated strong potential as efficient
channel-switching solutions for qubit control [2, 19]. De Korte et al.
[9] also used balanced SQUID pairs and digital flux-lock loops in
a 32-channel time-division multiplexer, achieving improved noise
performance and efficient channel multiplexing for superconduct-
ing sensor arrays.

Additionally, several works have proposed shared-control-line
architectures—such as row-column addressing schemes—to enable
large-scale parallel qubit addressing with sublinear resource scaling
[7, 9, 18, 25]. However, these pioneering efforts often treat FDM
or TDM as isolated, component-level solutions or propose a single
mode of multiplexing, lacking a unified system-level architecture
capable of co-optimized design based on signal physical characteris-
tics. This disjointed design approach leads to mismatches between
signal types and multiplexing strategies, ultimately limiting overall
performance. In contrast, YOUTIAO introduces a hybrid multi-
plexing control system architecture with qubit grouping. Rather
than merely combining existing techniques, YOUTIAO constructs
a signal-driven multiplexing system through detailed analysis of
signal properties, and enhances overall system performance via
noise-aware frequency allocation and non-parallel searching.

7 Conclusion

Scalability is one of the main bottlenecks faced by current quantum
systems. However, the density and high economic costs of qubit
control wiring are the primary factors limiting current system inte-
gration. Multiplexing is a promising approach to address the current
wiring bottleneck, as it allows for the collinear transmission of con-
trol pulses. However, it also faces crosstalk issues and the curse of
circuit depth. In this paper, we propose YOUTIAO to introduce a
multiplexing wiring system that integrates noise-aware FDM and
TDM qubit grouping for multiplexing to reduce the wiring cost.
YOUTIAO also conceptualizes the chip topology as multi-partite
subgraphs to further reduce the on-chip routing area.
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