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When scaling up quantum processors in a cryogenic environment, it is desirable to limit the number
of qubit drive lines going into the cryostat, since fewer lines make cooling of the system more manage-
able and the need for complicated electronics setups is reduced. However, although time multiplexing of
qubit control enables using just a few drive lines to steer many qubits, it comes with a trade-off: fewer
drive lines means fewer qubits can be controlled in parallel, which leads to an overhead in the execution
time for quantum algorithms. In this article, we quantify this trade-off through numerical and analytical
investigations. For standard quantum processor layouts and typical gate times, we show that the trade-
off is favorable for many common quantum algorithms—the number of drive lines can be significantly
reduced without introducing much overhead. Specifically, we show that couplers for two-qubit gates can
be grouped on common drive lines without any overhead up to a limit set by the connectivity of the qubits.
For single-qubit gates, we find that the serialization overhead generally scales only logarithmically in the
number of qubits sharing a drive line, and the serialization overhead relative to total quantum circuit dura-
tion tends to grow only sublinearly or stay nearly constant with the total number of qubits on the quantum
processor. These results are promising for continued progress toward large-scale quantum computers.

DOI: 10.1103/82cj-lfzy

I. INTRODUCTION

Solid-state quantum processors, e.g., those using super-
conducting qubits [1–3] or semiconductor quantum dots
[4,5], require operation at millikelvin temperatures to facil-
itate the systems to be initialized in their ground state
and prevent thermal excitations. In current standard archi-
tectures, qubit control and readout are performed using
microwave pulses generated at room temperature. These
pulsed signals are delivered via coaxial lines that connect
the quantum processor to the room-temperature electron-
ics. In order to protect the qubits from thermal radiation
flowing from the higher temperature stages to the lower
temperature stages, the coaxial lines are filtered and ther-
mally anchored at several stages within the cryostat [6].

As quantum processors are being scaled up to larger
numbers of qubits, one of several challenges that arise is
the cooling [7]. The cooling challenges stem from the fact
that every qubit must be individually addressable. In the
current small- to medium-scale systems, this addressability

*Contact author: marvin.richter@chalmers.se
†Contact author: anton.frisk.kockum@chalmers.se

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license. Fur-
ther distribution of this work must maintain attribution to the
author(s) and the published article’s title, journal citation, and
DOI.

is typically achieved by individual connections, with each
qubit having a dedicated control line. While this method
is straightforward, it has three major limitations that pro-
hibit scaling up. First, as the number of qubits increases,
each line adds a thermal load on the cryostat which has
a limited cooling power; a recent study showed that the
maximum acceptable thermal load for one of the largest
commercially available cryostats is reached for less than
200 qubits [8]. Second, there is a limit on the number of
coaxial lines that can physically fit in the cryostat. Third,
at the scale of 100 qubits and beyond, the cabling inside the
cryostat constitutes a majority of the total cost for the sys-
tem [7]. There are various suggestions for avoiding these
bottlenecks, such as using photonic links instead of coaxial
cables [9–12] or using single-flux-quantum logic [13–15].
Another option is to perform frequency- or time-domain
multiplexing via a controller mounted on the cold stage of
the cryostat, close to the quantum chip [7,16–19].

While frequency-multiplexed readout is well established
[20,21], frequency-multiplexed control is still in its early
stages of development, with ongoing efforts to mitigate
detrimental effects such as crosstalk and unwanted inter-
ference [22–25]. In contrast, time-multiplexed control has
received little direct attention, even though enabling hard-
ware such as complementary metal-oxide semiconductor
(CMOS)-based switches have been demonstrated to enable
efficient characterization of large numbers of semicon-
ductor quantum dots [26–29], and are also considered
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FIG. 1. Time-multiplexed qubit control and compilation considerations. (a) A schematic drawing of control-signal demultiplexing
via switches to qubits and coupling elements. (b) Layout for a 5 × 5 square-grid quantum processor with twelve color-coded coupling
control groups for two-qubit gates, which minimizes required control lines without increasing the duration of any quantum circuit.
(c) Circuit serialization modeling for single-qubit gates: (c1) target circuit and (c2) serialized circuit with controller switch gates Sw
(red, arrow) and delay gates SDel (red) representing switching time. Quadratic blocks represent single- and two-qubit gates. (d) Impact
of gate-execution ordering on overhead: (d1) target circuit, (d2) default ordering by qubit index, and (d3) distance-optimized ordering
based on subsequent two-qubit gates.

for the purpose of scalable quantum computing [30–33].
A CMOS device working at 10 mK with low port-to-port-
crosstalk, designed for time-multiplexed superconducting
qubit control, has also been demonstrated [34]. Addition-
ally, there are significant efforts to create superconducting
switches [35–42] and semiconducting-superconducting
hybrid devices [43–45] to reduce heat dissipation com-
pared to CMOS technology. While such devices are under
active development, a systematic study of their prospected
impact in quantum computing systems is missing. Here,
we analyze the feasibility of time-multiplexing approaches
for qubit control.

In this article, we numerically and analytically study
the impact on quantum computing performance when a
time-multiplexing approach is adopted to facilitate scal-
ing quantum processors. The approach we consider is one
in which the number of lines is reduced by controlling
multiple qubits sequentially via a single drive line [46];
see Fig. 1(a). To isolate the effects of time multiplexing,
we do not consider the possibility of additional frequency
multiplexing. If multiple qubits with different frequen-
cies share a single drive line in this setting, we assume
that only one qubit can be driven at a time, meaning the
other qubits must idle during that period. Furthermore,
the switching itself will introduce some idling time for all
qubits. This sequential control thus introduces an overhead
in the runtime of a given algorithm. Given the limited qubit
coherence time, it is natural to ask how large this overhead
is and whether it has a negative impact on the fidelity of
quantum algorithms [47].

We develop a compilation algorithm [48] to minimize
the runtime overhead from time multiplexing. Although

a few compilation methods for similar purposes have
been put forward [49–52], they have only been bench-
marked on relatively small processors with a focus on
the compiler performance itself. Here, using the open-
source quantum software stack Qiskit [53] to serialize
qubit operations and emulate idling times due to multi-
plexer hardware constraints, we investigate the resulting
runtime overhead when using our compilation algorithm
for random circuits and a benchmark set of quantum algo-
rithms [54] on different quantum processor layouts and
focus on the consequences of this overhead for multiplex-
ing design. In particular, the processor layouts we consider
are a square-grid layout similar to the Google Sycamore
and Willow processors [55,56] with up to 121 qubits, and
the heavy-hexagon layout of the 127-qubit IBM Eagle-type
processor [57].

We find that time multiplexing enables reducing the
number of control lines in quantum computers while only
paying a low price in circuit runtime overhead. The num-
ber of lines controlling couplers for two-qubit gates can
even be reduced without overhead by a factor determined
by the qubit connectivity of the quantum processor lay-
out, since a single qubit is connected to multiple couplers
but can only take part in one two-qubit gate at a time. For
single-qubit gates, we observe that reducing the number
of control lines by a factor k in most cases only gener-
ates an overhead scaling logarithmically with k, and we
are able to explain this finding using queueing theory. We
also make several more observations about the runtime for
implementations of specific standard quantum algorithms.
Overall, our main findings are encouraging for the devel-
opment of larger quantum computers—the need for fewer
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control lines does not appear likely to become a limiting
factor in that endeavor.

This article is organized as follows. In Sec. II, we
present the considered setup, discuss the impact of time
multiplexing on two-qubit gates, describe how we model
and compile circuits with time multiplexing of single-qubit
control, and detail how we benchmark our methods. The
extent of the serialization overhead from time multiplex-
ing of single-qubit control depends on many factors, such
as the circuit to be executed, gate durations, and the num-
ber of qubits sharing a switch. We explore variations of
these parameters in Sec. III and make observations about
how their impact on the overhead scales. Finally, we sum-
marize our findings and present our conclusions in Sec. IV
and discuss avenues for future research in Sec. V.

II. TIME-MULTIPLEXED QUBIT CONTROL

Here, we describe our approach to compilation for time-
multiplexed qubit control in more detail and explain how
we benchmark this approach. First, we present general con-
siderations and a discussion of related work in Sec. II A.
Then, we discuss the impact of time multiplexing on two-
qubit gates in Sec. II B and show that these permit a
limited degree of multiplexing without overhead, and we
therefore focus our study on the impact of single-qubit
multiplexing. For single-qubit gates, we explain and moti-
vate our modeling and compilation approach in Sec. II C.
Finally, we describe, in Sec. II D, how we benchmark the
compilation of time-multiplexed control for single-qubit
gates.

A. General considerations and related work

To evaluate the feasibility of time-multiplexed qubit
control, we consider a setup with superconducting qubits.
A schematic overview of a representative multiplexing
setup is shown in Fig. 1(a). Here, control electronics out-
side the dilution refrigerator connect to (de)multiplexers
or switches at the cold stage of the cryostat, which in
turn route control signals to selected qubits. Different
colors represent different switches and the correspond-
ing connected qubits or coupling elements. Drive signals
for single-qubit gates on qubits are separated from drives
to couplers that mediate two-qubit gates between qubits.
This structure is common [58–60] and used in several
high-profile experiments [55,56,61].

The presence of time-multiplexed control introduces a
new step in the procedure for mapping a logical quan-
tum circuit onto one physically executable on the quan-
tum processor. This procedure is generally referred to as
quantum circuit compilation [48,62]. Two critical steps
in quantum circuit compilation without time-multiplexed
control are translation into native gates of the hardware in
question and qubit routing, which inserts SWAP gates to
perform arbitrary two-qubit gates on a layout with limited

connectivity [63–66]. To emulate the constraint of sequen-
tial qubit operations imposed by routing control signals
through shared switches, we add a third step: serializa-
tion of concurrent gates that share the same switch. When
we speak of serialization overhead in the rest of the arti-
cle, we include both the time added from the serial rather
than parallel application of gates and the time delay due to
switching between the different control lines to execute the
gates in series.

A few related works have previously explored com-
pilation in such settings, though our article differs from
these in key aspects. For instance, Ref. [49] presented
a compilation method designed for multiplexed quantum
control, where the main benchmark was the utilization
efficiency of the classical control channels rather than
the quantum circuit or algorithm performance. References
[50,51] introduced compilers that include constraints
imposed by shared classical control electronics, and a con-
straint functionally similar to shared controls was imposed
in Ref. [52], where neighboring qubits were restricted from
simultaneous operation due to crosstalk, similarly as if
they shared a control line. These methods were tested on
between 3 and 21 qubits, while our work here includes
benchmarks on more than 1000 qubits. Most importantly,
these previous works focused entirely on the performance
of the compilers, while our study considers the runtime
of the compiled circuits and what consequences that has
for time-multiplexing schemes. Hence, we do not perform
a fully optimized serialization, but implement a strategic
serialization procedure that avoids superfluous switching
and utilizes slack time induced by long two-qubit gates.
Our serialization procedure is described in Sec. II C.

B. Impact on two-qubit gates

Time-multiplexing control of single-qubit and two-qubit
gates presents different considerations, so we need to treat
them separately. In our hardware model, which reflects
common superconducting processor designs, two-qubit
gates are implemented by driving couplers positioned
between qubits. To alleviate the hardware overhead from
individual drive lines, we propose employing the follow-
ing time-multiplexing strategy for coupler lines: couplers
surrounding alternating qubits are grouped together, as
illustrated in Fig. 1(b). For the 5 × 5 qubit array, this multi-
plexing approach reduces the required coupler control lines
from 40 to 12.

While concurrent two-qubit gates sharing the same con-
trol switch would have to be serialized for arbitrary cou-
pler groupings, this proposed grouping avoids scheduling
conflicts by exploiting the constraint that each qubit can
participate in at most one two-qubit gate per time step,
ensuring that control signals within a group are naturally
separated in time. This type of natural serialization arises,
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e.g., in surface-code stabilizer measurements in quantum
error correction [56,67]; see also Appendix E.

We thus see that time-multiplexing control can reduce
the number of control lines required for two-qubit gates
essentially for free, up to a reduction factor given by the
connectivity of the qubits. For a square grid, this reduction
factor is four in the asymptotic limit; for a heavy-hexagon
layout, it is three (grouping the couplers connected to each
hexagon corner). Although one can consider larger groups
of couplers, which would result in serialization overhead,
we are content with the “free” reduction for now. Accord-
ingly, we assume in the remainder of this article that
serialization of two-qubit gates introduces no overhead in
circuit runtime. Therefore, we focus the rest of our analysis
on the serialization of single-qubit gates.

We note that there are other schemes for two-qubit gates,
which do not rely on controlling a coupler. A promi-
nent example is the cross-resonance gate [68–72], where
one qubit is directly driven at the transition frequency of
another qubit. For the purposes of this work, such gates are
similar to single-qubit gates, and thus partly covered by the
investigation of single-qubit gates in the remainder of this
article. There are also cross-resonance three-qubit gates
[73,74], where multiple qubits are directly driven. Ensur-
ing that such gates can be performed could be achieved
by a suitable grouping of drive lines for single-qubit gates,
with drive lines for neighboring qubits assigned to differ-
ent switches; this type of grouping is one of the options
discussed for single-qubit gates below.

We also note here that three-qubit gates can be per-
formed by simultaneously controlling the two couplers in
a three-qubit chain [75–77]. For such gates, the two cou-
plers involved would need to belong to different switches.
If we use the layout in Fig. 1(b), reducing the number of
coupler lines by a factor of four, half of the qubits (those
surrounded by four couplers belonging to the same switch)
could not act as the middle qubit in these three-qubit gates,
but could act as one of the end qubits. Similarly, the other
half of the qubits could not act as one of the end qubits in
such three-qubit gates, but could act as the middle qubits.
The number of possible three-qubit gates is thus halved in
this setup. A detailed analysis of this kind of trade-off for
three-qubit gates is beyond the scope of the current work.

C. Modeling serialization of single-qubit gates

For single-qubit gates, time multiplexing of control sig-
nals will generally introduce an overhead in the circuit
duration. This can be easily understood, as only one qubit
per switch can be controlled at a time. Effectively, concur-
rent single-qubit gates applied to qubits of the same switch
must be serialized over time.

Numerical analysis of the overhead caused by time-
multiplexed single-qubit control requires a circuit repre-
sentation model of the switch. Therefore, we introduce

two dummy gates: a single-qubit switch delay SDel, cor-
responding to the duration of a switching event, and a
two-qubit switch gate Sw used for bookkeeping active
qubits, each acting logically as the identity. While the
two-qubit switch gate is an auxiliary construct with zero
duration, it adds a dependency edge to the directed acyclic
graph (DAG) that enforces the physical constraint that
qubits sharing a switch cannot be driven simultaneously.
The switch delay gate, in contrast, directly models the
finite switching time tsw experienced by the qubit awaiting
the drive signal.

We illustrate circuit serialization with these dummy
gates in a simple example in Fig. 1(c). First, Fig. 1(c1)
shows a circuit with parallel single-qubit gates, where two
of the qubits share a switch. The resulting serialized circuit
is shown in Fig. 1(c2): after a single-qubit gate is executed
on the first qubit, an Sw gate is applied between the first
and second qubit and then an SDel gate is applied on the
second qubit to account for nonzero switching time before
the actual single-qubit gate is applied on the second qubit.

We determine the circuit execution time by calculating
the critical path, i.e., the longest sequence of operations
from qubit initialization to final measurement, in the cir-
cuit’s DAG representation [78], where individual gate
durations serve as edge weights. The zero-duration Sw
gate does not directly contribute to the critical path length;
however, it enforces temporal dependencies between pre-
viously concurrent single-qubit operations within the same
control group, potentially extending the overall execution
time. In contrast, the SDel gate, applied to the target qubit
during control transitions, introduces a brief delay tsw that
may directly lengthen the critical path by increasing the
cumulative duration of the longest operational sequence.

During the serialization stage, it matters in which order
the single-qubit gates are processed. Since two-qubit gates
are typically longer than single-qubit gates, single-qubit
gates should be prioritized in the order of the smallest
distance to the next two-qubit gate applied to the gate’s
qubit. By applying this heuristic, we bias toward situa-
tions like that depicted in Fig. 1(d), where switching occurs
during a concurrent two-qubit gate and thereby does not
increase the total duration. We provide more details on
our optimization strategy for scheduling single-qubit gates
in Appendix A. This appendix includes a runtime analy-
sis for our heuristic serialization algorithm, which shows
that qubit routing is likely to require more computational
resources than serialization in a full transpilation pipeline.

We employ balanced group sizes where qubits are par-
titioned into groups containing either k or k − 1 qubits,
where k represents the number of qubits per switch. This
approach maximizes switch-capacity utilization, avoid-
ing highly uneven group distributions that would lead to
inefficient hardware resource allocation.

We tested different grouping strategies to assign qubits
to switches. The “trivial” layout creates assignments based
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on qubit indices. Since nearby qubits typically have close
indices, the trivial layout resembles the “clustering” layout
based on qubit proximity. We also considered other lay-
out strategies, but due to comparatively good performance
(low overhead) and ease of reproducibility, we use the triv-
ial layout for all following discussions in the main text. We
refer the interested reader to Appendix B for further details
and performance of other qubit grouping strategies.

D. Benchmarking

Here, we describe the target hardware and circuits used
to quantify the overhead introduced by time multiplexing.
This overhead depends on a variety of circuit and hardware
parameters, but we identify and focus on a few dominant
contributors. The number of qubits per switch, k, is one
such principal factor for the overhead. Since single-qubit
gates are serialized, the number of single-qubit gates N1 in
a circuit is a relevant factor as well. We also define and
consider the gate densities of single- and two-qubit gates
in a quantum circuit,

ρ1 = N1

nD
, ρ2 = 2N2

nD
, ρtotal = ρ1 + ρ2, (1)

with n being the number of qubits, N2 being the number of
two-qubit gates, D being the circuit depth, and ρtotal being
the total gate density.

1. Hardware platforms

The exact duration overhead depends on several param-
eters of the target hardware. First, the native gate set deter-
mines the number of gates in the translated circuit. Second,
the connectivity influences the single- and two-qubit gate
densities of the executable circuit through routing. Third,
the gate durations naturally affect overall execution time.
To cover a range of noisy intermediate-scale quantum
(NISQ) [79] devices, we begin with a relatively small
5 × 5 square grid of 25 qubits and then consider two larger
systems of similar size, an 11 × 11 square grid with 121
qubits and an IBM Eagle device with 127 qubits in a
heavy-hexagon layout.

For the square-grid architecture, we divide the native
gates into three groups and assume their durations as fol-
lows: (i) two-qubit gates with a duration of 200 ns, (ii)
single-qubit gates with a duration of 20 ns, and (iii) the
virtual RZ gate that can be merged into adjacent gates as
a phase shift and takes zero time to execute [80]. The first
group includes two-qubit gates {CZ, iSWAP} that can both
be executed with a simple flux-tunable coupler configu-
ration [59,81]. The second group consists of single-qubit
gates {RX, RY, H} with finite duration, implemented via
microwave pulses on the qubit.

These choices are motivated by experimental devel-
opments. Google devices use single-qubit gates with

durations between 18 and 25 ns (see the Supplementary
Material of Ref. [56]). While flux-driven two-qubit gates
have decreased their duration from around 200 ns in early
demonstrations [59,82] down to 40–50 ns in more recent
work [83,84], many alternative approaches remain slower.
Since flux-tunable devices are susceptible to decoherence
due to flux noise, fully microwave-driven couplers have
been developed. These tend to have longer gate times,
with recent implementations reporting between 200 and
380 ns [85,86]. Novel cat-transmon hybrid architectures
also exhibit comparatively long gate times in the range
of 200–400 ns [87,88]. Systems with long-range couplings
have recently demonstrated two-qubit gates with durations
between 160 and 430 ns [89,90], and a recently intro-
duced multielement coupler similarly reports a duration
of about 340 ns [91]. A two-qubit gate duration of 200 ns,
therefore, represents a conservative but realistic estimate.
Differences in absolute gate durations do not change the
qualitative behavior and scaling of the serialization over-
head, although the absolute overhead times are affected, as
further discussed in Sec. III C.

For IBM’s Eagle platform [57] with a heavy-hexagon
coupling map, we use the Brisbane quantum processor.
This processor has single-qubit gates SX and Xwith a fixed
duration of 60 ns, and two-qubit gate ECR with a duration
of 660 ns [92].

2. Benchmarking circuits

We use two different sets of circuits to estimate the
overhead introduced by time-multiplexing qubit control:
(a) random circuits and (b) examples of quantum algo-
rithms provided in the standard benchmarking set MQT
Bench [54].

We generate the random circuits in native gates of
the target hardware with single-qubit and two-qubit gate
weights 0.7 and 0.3, respectively. At each generation step,
a decision between a single- and two-qubit gate is made
according to the weights; then, a corresponding gate is
drawn from the native gate set and added to the back of
the circuit. By this procedure, we generate sparse random
circuits with a single-qubit gate density ρ1 of up to 0.35
for the 25-qubit square grid and up to 0.25 for the larger
architectures. We then optimize the random circuits by
first using qiskit’s default transpiler pass managers on opti-
mization level 2 for the 25-qubit device and on level 1 for
the larger devices to receive the target quantum circuit.

For the square-grid architecture, we retrieved the MQT
Bench circuits in a hardware-independent form and trans-
lated them; for the IBM Eagle architecture, we retrieved
the circuits directly in native gates. Afterward, we routed
each native-gate circuit according to the hardware cou-
pling map before serialization. We performed the steps
separately to measure the overhead arising from both rout-
ing and serialization. Results are reported as the median

020308-5



RICHTER, STRANDBERG, GASPARINETTI, and KOCKUM PRX QUANTUM 7, 020308 (2026)

over multiple transpiler seeds, in order to average out
variations due to heuristic qubit routing.

Routing is a well-known source of overhead, and we
compare the runtime overheads arising from routing and
serialization. Because routing is a necessary step for phys-
ically executing a circuit, we analyze both the absolute
runtime overhead of serialization and its value relative to
the runtime of the routed circuit.

III. RESULTS FOR IMPACT OF TIME
MULTIPLEXING ON SINGLE-QUBIT GATES

In this section, we present our results on time multiplex-
ing for single-qubit gates, using the benchmarks described
in Sec. II D and the compilation procedure shown in
Sec. II C. As discussed in Sec. II D 1, we ran benchmarks
on both grid and heavy-hexagon qubit layouts. We focus
on the results for grid layouts here and defer the results for
the heavy-hexagon layout to Appendix D, since the two
layouts yield quite similar behavior for the quantities we
are interested in. Some additional results for grid layouts
are shown in Appendix C.

We begin with results for random circuits in Sec. III A
and then continue with results for quantum algorithms
from MQT Bench in Sec. III B. Finally, in Sec. III C, we
discuss our observations on how the time-multiplexing
overhead scales as a function of different parameters.

A. Random circuits

Figure 2 displays the overhead due to time multiplexing
of single-qubit control for random circuits, as a function
of the number of gates in the circuit. The panels in the
left column of the figure [Figs. 2(a), 2(c), and 2(e)] show
results for a 5 × 5 square grid, while the panels in the
right column [Figs. 2(b), 2(d), and 2(f)] show results for
an 11 × 11 square grid. We provide similar results for
a heavy-hexagon layout with 127 qubits in Fig. 17 in
Appendix D.

In Figs. 2(a) and 2(b), we plot the overhead, in millisec-
onds, due to serialization of single-qubit gates, for different
numbers of qubits per switch. For all cases, we observe that
this overhead increases linearly with the number of gates in
the circuits, with a steeper slope for more qubits per switch.
These behaviors are expected since the number of gates
requiring serialization is proportional to the total number
of gates, and switches controlling more qubits require more
serialization. We return in Sec. III C to the question of how
exactly the overhead scales with the number of qubits per
switch.

In Figs. 2(c) and 2(d), we show the ratio between the
duration of the serialized circuits and the duration of the
routed circuits, as a function of the number of gates in the
circuit. Again, we find a pattern that holds in all cases: with

the exception of some minor variations for a small number
of gates in the circuit, this ratio remains constant when the
number of gates in the circuit grows. This pattern is con-
sistent with the linear growth of the serialization overhead
observed in the top row of Fig. 2, since we also expect the
depth of the routed circuit to grow approximately linearly
with the number of gates in the original circuit (for a fixed
gate density). The value of the overhead ratio scales with
the size of the processor, with more overhead for the larger
processor. For example, reducing the number of lines by
half gives an overhead factor of 1.3 for the 5 × 5 grid and
1.6 for the 11 × 11.

In Figs. 2(e) and 2(f), we display examples of the full
breakdown of the contributions to the total circuit dura-
tion from routing and serialization, for selected numbers
of gates and qubits per switch. From these plots, we see
that the routing results in a substantial overhead in circuit
duration compared to the translated circuit, which helps put
the overhead from serialization into perspective. For both
the 5 × 5 and 11 × 11 square grids, having two qubits per
switch results in less serialization overhead than routing
overhead. The number of qubits per switch that result in
serialization overhead equal to the routing overhead dif-
fers for the two grid sizes: for the 5 × 5 grid, we see from
Fig. 2(c) that it is around nine; for the 11 × 11 grid, we
see from Fig. 2(d) that it is around three. We attribute this
difference to the scaling for routing overhead with grid
size.

To further understand how the overhead behaves as a
function of qubit number for larger NISQ devices, we
show in Fig. 3(a) the overhead components from rout-
ing and serialization for square-grid architectures of sizes
between 5 × 5 and 33 × 33 qubits. Here, we used random
circuits of fixed depth (250), fixed single-qubit gate den-
sity (ρ1 = 0.20), and fixed two-qubit density (ρ2 = 0.26).
These parameters were chosen such that they match the
depth and gate densities of the 5 × 5 grid in Fig. 2 for 2500
random gates and the 11 × 11 grid for 10 000 gates. The
average duration of a fixed-depth circuit is independent of
the number of qubits before routing and serialization since
the gate densities are fixed; the simulated duration of the
target circuits is seen as a horizontal line in Fig. 3(a).

In Fig. 3(a), we fitted the overhead of routing and serial-
ization for three different k using power-law functions. The
fitted exponents, shown in the legend of Fig. 3(a), indicate
that the serialization overhead only grows very slightly
faster (as ∼n1.4–n1.5, with n being the number of qubits)
than the routing overhead (∼n1.3) for k ≤ 8 in random cir-
cuits with the chosen depth and gate densities. Naturally,
the routing of random circuits containing randomly chosen
pairs of qubits for two-qubit gates becomes more expen-
sive for larger devices, since these qubit pairs may be
separated by larger distances. Similarly, keeping the depth
and gate densities constant, a random circuit spanning a
larger device will contain more single-qubit gates requiring
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(a) (b)

(c) (d)

(e) (f)

FIG. 2. Overhead from time-multiplexing single-qubit control for square-grid architectures (left column: 5 × 5 grid; right column:
11 × 11 grid). Each data point displayed is the median over 100 random circuit seeds; shaded areas show the interquartile range.
(a) and (b) Serialization overhead as an increase in circuit duration compared to the routed circuit, as a function of the number of gates
in random circuits. (c) and (d) The same serialization overhead as in (a) and (d), but now shown relative to the routed circuit duration,
as a function of the number of gates in random circuits. (e) and (f) Breakdown of total circuit duration: translated circuit (dark gray),
qubit routing overhead (light blue), and serialization overhead for k qubits per switch (blue, green, yellow), for random circuits with
three different gate counts. The procedure for generating and compiling the circuits is detailed in Sec. II.

serialization. The relative overhead by serialization, plot-
ted in Fig. 3(b), displays a slow sublinear growth in system
size (∼n0.1–n0.2; the difference between the scalings for the
serialization and routing overheads). For 1000 qubits, the
total circuit duration is under twice the routed duration for
k = 2 and about three times the routed duration for k = 4.

B. Quantum algorithms

In Fig. 4, we show results for time-multiplexing over-
head for quantum algorithms in the MQT Bench set, on
an 11 × 11 square grid. We provide similar results for
a 5 × 5 square grid in Fig. 14 in Appendix C and for

a heavy-hexagon layout with 127 qubits in Fig. 18 in
Appendix D.

In Fig. 4(a), we plot the total circuit duration when using
different numbers of qubits per switch (colored markers)
and compare it to the duration of the routed circuit (black
crosses), for the different algorithms in the MQT Bench set
(ordered according to the number of gates in the original
circuits, with the fewest gates on the left). The total cir-
cuit duration and absolute multiplexing overhead can be
compared to qubit coherence times to give insights into
the effect of multiplexing on algorithmic fidelity [47]. We
observe from the plot that the serialization overhead dif-
fers a lot from algorithm to algorithm. For a zoomed-in
view of the cases with 2 and 4 qubits per switch, see
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(a) (b)

FIG. 3. Serialization and routing overhead for random circuits on square-grid architectures as a function of the number of qubits.
Target circuits are randomly generated with fixed depth and gate densities (details in the main text). Vertical gray lines indicate the
5 × 5 and 11 × 11 grids from Fig. 2. Each data point is the median over 20 circuit instances; error bars show the interquartile range.
(a) Absolute overhead in seconds from routing (black) and serialization for different numbers of qubits per switch k (colored). The
horizontal gray line shows the median duration of the unrouted target circuits. The overheads follow power-law scaling with fitted
exponents shown in the legend. (b) Relative overhead, defined as the ratio of serialized circuit duration to routed circuit duration.
Dashed lines show the estimated scalings from the power-law fits in (a).

Fig. 15(a) in Appendix C; the corresponding plots for a
5 × 5 square grid and for a heavy-hexagon layout with 127
qubits are given in Fig. 15(b) in Appendix C and in Fig. 19
in Appendix D, respectively.

To better understand how different algorithms give rise
to different serialization overhead, we plot the data from
Fig. 4(a) in terms of the relative overhead factor, defined
as the ratio of serialized (and routed) circuit duration to
routed circuit duration in Fig. 4(b), and display, for each
quantum algorithm, the single- and two-qubit gate densi-
ties ρ1 and ρ2 along with the total gate density ρtotal [see
Eq. (1)]. Here, a pattern emerges: higher gate densities
generally result in higher serialization overhead. This is
expected since sparse circuits (with low gate density) have
little need for serialization.

In Fig. 5, we provide a different perspective on the data
in Fig. 4(b). Here, we display the distribution of serializa-
tion overhead relative to the routed circuit duration, for six
different numbers of qubits per switch, ranging from 2 to
121. As the number of qubits per switch increases, large
serialization overheads become increasingly common. We
provide the corresponding results for a 5 × 5 square grid
in Fig. 16 in Appendix C and for a heavy-hexagon layout
with 127 qubits in Fig. 20 in Appendix D.

We also examine the routing and serialization overheads
for a prominent algorithm, the quantum Fourier transform
(QFT), for larger numbers of qubits, to study how the over-
head scales with qubit count and compare it to the behavior
observed for random circuits in Fig. 3. In contrast to the
random circuits with fixed depth and fixed gate densities,

the depth of QFT circuits grows linearly with the number
of qubits for the translated (but unrouted) circuit, as shown
by the orange line in Fig. 6(a). Due to the circuit struc-
ture, the gate densities decrease for larger device sizes (not
plotted). This results in a different overhead scaling than
for random circuits.

For the QFT, the cost for routing and serialization is pre-
dominantly linear up to around 100 qubits. Then, for larger
devices, starting from the 121-qubit square-grid to dismiss
finite-size effects for small circuits, we fit a power law anal-
ogously to the random circuits in Fig. 6(a). We observe
exponents very close to one for both routing and serial-
ization overheads. As a consequence, we see in Fig. 6(b)
that the relative overhead by serialization compared to the
routed circuit duration is almost constant for k = 2 and
k = 4 for larger n, and growing very slowly for k = 8. This
illustrates that the QFT exhibits more favorable scaling
of serialization overhead with the number of qubits com-
pared to random circuits and that this scaling is dependent
on the selected circuit type. We also emphasize that these
are worst-case scalings since our scheduling described in
Appendix A does not claim to be optimal.

C. Scaling behavior

We further explore the functional dependence of the
serialization overhead on the dominant parameters. As
could be expected, we observe that the overhead increases
linearly with the number of single-qubit gates N1 in the
routed circuit and the single-qubit gate time t1q. We saw
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(a)

(b)

FIG. 4. Impact of time multiplexing on execution of quantum algorithms from the MQT Bench set for an 11 × 11 grid. (a) Total
circuit duration for serialized routed circuits (colored markers) and routed circuits without serialization (black crosses and dashed line)
across different quantum algorithms, ordered by increasing gate count. (b) Relative overhead of serialization compared to the routed
circuit duration (markers, left axis), with shaded areas indicating gate densities (ρ1 pink, ρ2 blue, ρtotal green; right axis) and different
marker colors indicating different numbers of qubits per switch. The data points are medians over 20 transpiler seeds. The full names
of the quantum algorithms are listed in Table II in Appendix F.

this behavior in Figs. 2(a) and 2(b) for 5 × 5 and 11 × 11
grids, respectively. We further show that this linear depen-
dence holds for the 11 × 11 grid with random circuits in
Fig. 7 and with circuits from MQT Bench in Fig. 8, where
data points are compared to the predicted linear function
(solid lines) for different numbers of qubits per switch.

Naively, one might also expect a linear scaling of the
serialization overhead in the number of qubits per switch
k, since each of the k qubits must be addressed sequentially
(illustrated in Fig. 22 in Appendix F). However, this turns
out to not hold in general. For all benchmark circuits, we
observe a logarithmic scaling in k, as shown by the solid
lines in Figs. 7 and 8. For the MQT Bench circuits in Fig. 8,
the solid lines are fits to the function pN1t1q log(k) with
fitting parameter p . The rest of the benchmarks in the MQT
Bench set follow the same scaling, as we show in detail in
Appendix F.

The reduction from linear to logarithmic scaling in k
arises from the interplay between single- and two-qubit
gates. Two-qubit gates impose a structure on the circuit,
introducing idle time slots where some qubits are natu-
rally inactive. In contrast, a circuit composed solely of

single-qubit gates exhibits no dependencies, allowing all
gates to be executed as soon as possible, making the cir-
cuit automatically dense. In this case, the overhead indeed
scales linearly ∼ N1t1qk, as confirmed by benchmarks
including only single-qubit gates. Besides this structural
effect related to the gate density, two-qubit gates intro-
duce another important mechanism that was mentioned in
the discussion of efficient serialization in Sec. II C: dur-
ing a two-qubit gate, sequences of single-qubit gates on
other qubits can be performed without increasing the over-
all circuit duration. Together, these two effects can account
for the observed logarithmic scaling in k of the serializa-
tion overhead. A simple numerical toy model reproduces
this behavior, as we show in Appendix F, although not
all parameter regimes fit the analytical reference equally
well. Moreover, the dependence on two-qubit gate dura-
tion does not appear to be universal across all benchmarks,
and it seems likely that the overall circuit density should
be included in a complete model.

While these observations explain a sublinear scaling
in k, the logarithmic form is not immediately obvious. It
can be rationalized using arguments from queueing theory,
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(a) (b)

(c) (d)

(e) (f)

FIG. 5. Distribution of time-multiplexing overhead across
switch sizes on an 11 × 11 grid, for the quantum algorithms
from MQT Bench shown in Fig. 4, using 20 different transpila-
tion seeds. The histograms show the relative overhead (the ratio
of serialized to routed circuit duration) for different numbers of
qubits per switch. The +n notation to the right in the bottom
histograms indicates n additional counts beyond the histogram
limits.

where extreme-value methods are applied to analyze max-
imum waiting times. In queueing models, the waiting time
or queue length is treated as a random variable, and in
many standard settings, the asymptotic behavior of the

queue-length distribution has an exponentially decaying
tail [93]. These methods are also used to analyze multi-
plexing and other types of signal transmission in classical
communication networks [94,95]. Practically, these prop-
erties of queues mean that the probability of encountering
a very long queue decreases exponentially with its length,
making long delays rare. In Appendix F, we present a
heuristic derivation of how this leads to logarithmic scal-
ing. Alternatively, in queueing-theory terms, each switch
in our time-multiplexing setup can be viewed as a server
that sequentially processes single-qubit gates (jobs) from
multiple qubits (clients). The serialization of gates on a
given switch generates waiting times, and the total cir-
cuit duration is determined by the maximum waiting time
across all switches. It can be calculated that the expecta-
tion value of the maximum waiting time is logarithmic in
the number of clients (qubits) [96].

D. Effect of gate and switch durations

For the simulations described above, we selected a ratio
between single- and two-qubit gate durations t2q = 10 t1q
(see Sec. II D 1). In Fig. 9, we present the relative overhead
for different t2q/t1q ratios for Shor’s algorithm, Quantum
approximate optimization algorithm (QAOA), and graph-
state preparation. The plots show that larger t2q/t1q ratios
result in lower overhead, likely because more single-qubit
gates can be executed serially during the longer two-qubit

(a) (b)

FIG. 6. Scaling of serialization and routing overhead for the quantum Fourier transform on square-grid architectures with different
numbers of qubits. Vertical gray lines indicate the 11 × 11 and 5 × 5 grids from Figs. 4 and 14. Each data point is the median over
20 different transpiler seeds resulting in different routed crcuits; shaded regions show the interquartile range. (a) Absolute overhead
from routing (black) and serialization for different numbers of qubits per switch k (colored), along with the native circuit duration
(orange), which shows the increase in execution time for the target quantum Fourier transform circuit translated to the native gate set,
before routing. The overheads follow power-law scaling with fitted exponents shown in the legend. We dismiss data dominated by
finite-size effects from devices smaller than 11 × 11 for the fit to capture asymptotic scaling. (b) Relative overhead, defined as the ratio
of serialized circuit duration to routed circuit duration. For k = 2 and k = 4, the predominantly linear growth of the overheads results
in an almost constant relative overhead by serialization.
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FIG. 7. Scaling of serialization overhead for random circuits
on an 11 × 11 square grid. For each gate count, 100 random cir-
cuits were generated. The number of single-qubit gates N routed

1
is retrieved after routing, with slight variations due to optimiza-
tions and routing. The serialization overhead scales linearly with
N routed

1 and the single-qubit gate duration t1q, but logarithmically
with qubits per switch k. Predictions (solid lines) align well with
the data without additional scaling factors.

gates, effectively hiding the serialization cost. The func-
tional scaling with qubits per switch k does not appear
to be affected by different ratios; it remains approximately
logarithmic, but with different multiplicative factors.

All circuits considered so far have used a switch delay
time tsw = 2 ns, corresponding to the time it takes for
a switching event to occur. This is fast but realistic for
state-of-the-art devices [34]. The impact of longer switch
times of up to 100 ns, modeled by the SDel gate in the
serialized circuit, is shown in Fig. 10, again for Shor’s
algorithm, QAOA, and graph-state preparation on the 11 ×
11 square grid. From Fig. 10, we see that the overhead
depends linearly on the switch time, with a steeper increase

FIG. 8. Scaling of serialization overhead for selected quantum
algorithms from the MQT Bench set on an 11 × 11 grid. The
overhead is fitted using an additional (compared to Fig. 7) scaling
factor p (values shown next to each fit line) and scales logarith-
mically with qubits per switch k. The complete data for all MQT
Bench algorithms is shown in Fig. 24 in Appendix F.

when there are more qubits per switch. The scaling of the
overhead with the number of qubits per switch remains
approximately logarithmic.

IV. SUMMARY AND CONCLUSION

We have quantified an important trade-off that occurs
when scaling up quantum computers: the impact on quan-
tum circuit duration (and hence performance) from reduc-
ing the number of control lines. For quantum computers
to outperform modern supercomputers, a large number of
qubits will be required, even for problems where quan-
tum advantage is theoretically achievable. The strength of
classical computing is in many ways due to the invention
of the integrated circuit, which enabled the integration of

(a) (b) (c)

FIG. 9. Relative overhead by serialization compared to the routed circuit duration, as a function of qubits per switch, for differ-
ent ratios of two-qubit to single-qubit gate durations, t2q and t1q, respectively, for selected algorithms on an 11 × 11 grid. (a) Shor’s
algorithm. (b) Quantum approximate optimization algorithm. (c) Graph-state preparation. For increasing t2q, the overhead by serial-
ization decreases as serialized single-qubit gates are more likely to be concurrent with a two-qubit gate. The insets show the single-
and two-qubit gate densities of the circuit. Note the logarithmic x axis. Each marker represents the median over 30 seeds.
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(a) (b) (c)

FIG. 10. Relative overhead by serialization compared to the routed circuit duration, as a function of qubits per switch, for different
switch delay times tsw, for selected algorithms on an 11 × 11 grid with t2q = 10 t1q. (a) Shor’s algorithm. (b) Quantum approximate
optimization algorithm. (c) Graph-state preparation. Note the logarithmic x axis. Each marker represents the median over 30 seeds and
shaded areas correspond to the inter-quartile range. The insets show serialization overhead as a function of tsw for 2, 10, and 121 qubits
per switch, color corresponding to the vertical dashed lines in the main plot. These plots confirm a linear dependence of the relative
overhead on the switch delay time.

millions of transistors on a small chip surface while sig-
nificantly reducing the number of external connections.
Similarly, scaling up quantum computers requires more
efficient control schemes than the current approach, where
the number of control terminals at room temperature scale
linearly with the number of qubits. To address this chal-
lenge, on-chip signal routing or multiplexing can be used
to reduce wiring complexity and enable practical scaling of
both superconducting- and semiconductor-based quantum
computing platforms [97,98].

The trade-off we quantified occurs since a scalable archi-
tecture with shared control lines limits the possibility of
gate parallelization. This leads to increased circuit run-
times, increasing exposure to decoherence, and therefore
the impact on algorithm execution needs to be assessed.
To this end, we quantified the serialization overhead for
a range of standard benchmark quantum algorithms and
random quantum circuits on three NISQ devices: a 5 × 5-
qubit square grid, an 11 × 11-qubit square grid, and IBM’s
127-qubit Eagle heavy-hexagon layout. In some cases,
we also explored larger qubit numbers, up to 33 × 33-
qubit square grids. We assumed a hierarchy of time scales
common to such devices: two-qubit gates take longer to
execute than single-qubit gates, which in turn are slower
than the switching delay in multiplexed control. We veri-
fied that our scaling results were robust to variations of the
specific times when they respected this hierarchy.

For two-qubit gates, strategic placement of controlled
couplers mediating these gates on switches enables
serialization of operations without incurring any duration
overhead, eliminating the trade-off, up to a limit of cou-
plers per switch set by the connectivity between qubits.
For a square-grid layout, the number of control lines can

be reduced by a factor of four without affecting the cir-
cuit, since each qubit is connected to four other qubits,
but only can be involved in a two-qubit gate with one of
them at a time. Although more couplers per switch will
lead to serialization overhead, affected also by the density
of two-qubit gates in the quantum circuit to be executed,
we deemed the “free” reduction sufficient to warrant more
focus on single-qubit gates. Thus, we only studied over-
head from serialization of single-qubit gates in the rest of
the article.

For the serialization overhead for single-qubit gates, we
found a surprisingly benign, logarithmic scaling with the
number k of qubits per switch. Only when the quantum cir-
cuits are close to fully saturated with just single-qubit gates
does the scaling become linear with k. We understand the
logarithmic scaling with k from queueing theory: the dura-
tion overhead corresponds to the maximum waiting time
for all gates to be executed and that waiting time scales
logarithmically. Furthermore, we found that the scaling
of the serialization overhead with qubit number n also is
benign. The exact scaling will depend on the circuit, but in
the examples we tested, the relative serialization overhead
either stayed constant or only grew weakly sublinearly
in n.

Together, these findings for single- and two-qubit gates
constitute the key results of our work: the number of
control lines in a quantum computer can be significantly
reduced without introducing much overhead in execu-
tion time for quantum algorithms. In other words, the
trade-off we studied turns out to be manageable, which
opens up for scaling quantum computers to large sizes.
Additionally, multiplexing can be combined with moving
signal generation into the cryostat, where further reduced
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wiring would make integration even more practical
[16,99,100].

We can make several further observations for specific
quantum algorithms, which can be used as input for co-
design of quantum processors and algorithms. Among the
most well-known benchmark algorithms, GHZ state gen-
eration and quantum neural networks showed the lowest
serialization overhead for single-qubit gates. For these
algorithms, the overhead is small when using two qubits
per switch, which halves the number of drive lines and
provides a significant hardware reduction. Specifically, the
circuit duration is extended only between 2 and 3 µs on the
121-qubit grid and 127-qubit heavy-hexagon architectures,
while it is completely negligible for the 25-qubit grid.

Graph-state preparation adds 5 µs for the 121-qubit grid
and nearly an order of magnitude more, 60 µs, for the
Eagle architecture, while remaining minor on the 25-qubit
grid (165 ns). These numbers can be compared with state-
of-the-art coherence times for superconducting qubits,
which are in the range of hundreds of microseconds.

Several other prominent algorithms exhibit overheads
that could be problematic with short coherence times. For
the larger devices, QFT adds between 0.25 and 1.2 ms, and
the additional duration for serialized QAOA exceeds 1 ms
on the 121-qubit grid and approaches 9 ms on Eagle.

In general, the 127-qubit Eagle generally shows larger
overhead than the 121-qubit grid, and both are higher
than for the small grid. This is likely because running
algorithms on more qubits requires more gates, and the
overhead scales linearly with the number of gates. Eagle’s
overhead exceeds the 121-qubit grid on all benchmarks
except W-state preparation, where both are of the order of
tens of microseconds. Since Eagle only has six more qubits
than the large grid, it remains unclear whether the differ-
ence is due primarily to the layout difference or the qubit
count, but the lower connectivity leads to larger routing
overhead for the Eagle layout.

V. OUTLOOK

There are several directions for future work that could
be explored. One direction is to use queueing-theory meth-
ods and other analytical tools to more accurately model and
optimize serialization of both single- and two-qubit gates.
Further numerical studies could also help further elucidate
the scaling of circuit duration overhead as a function of the
number of control lines, the layout of the quantum proces-
sor, the gate densities in the quantum circuit, the switching
time, the single-qubit gate time, and the two-qubit gate
time. All of these factors can vary between hardware
implementations, so a more detailed quantification of their
impact would be valuable for choosing quantum processor
architectures to scale up.

When scaling up with the goal of building a
fault-tolerant quantum computer, the impact of time

multiplexing on quantum error correction should be stud-
ied further using the framework we have introduced here.
For a fixed number of control lines, there would be a trade-
off between how large code distance one could achieve
by using many qubits and how much the serialization
overhead would degrade the performance of such a longer-
distance code; see Appendix E. The analysis of such a
trade-off would depend heavily on details of the hardware,
e.g., gate times for different types of gates, the error bud-
get for these gates, and other error sources. For particular
hardware layouts and error-correction codes, there can be
highly optimized arrangements of operations in time and
space [101].

Another natural direction for future work is to inte-
grate serialization directly into routing and compilation
algorithms, enabling global optimization of both qubit
placement and control-line allocation. Here, factors such as
coherence times varying across a quantum processor could
be taken into account. The setup we studied could also be
combined with frequency multiplexing to further reduce
the number of lines [102].
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APPENDIX A: COMPILATION STRATEGIES FOR
MINIMIZING SERIALIZATION OVERHEAD FOR

SINGLE-QUBIT GATES

Here, we provide further details about the algorithms
we considered and used for minimizing serialization over-
head for single-qubit gates. We can reduce the overhead
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from switch delays significantly by leveraging the tem-
poral overlap between switching operations and concur-
rent two-qubit gates. Since two-qubit gates have durations
equivalent to multiple single-qubit operations plus switch-
ing time in most situations we consider in this article (see
Sec. II D 1), the transition of control between qubits can
often be scheduled during these longer operations with-
out extending the total circuit duration. Our serialization
model always places a zero-duration two-qubit switch gate
between the source qubit and the target qubit to enforce
temporal dependencies. When an actual two-qubit gate
already exists between these qubits, the switch gate does
not introduce an additional constraint. More importantly,
if a two-qubit gate involves one qubit in the switching pair
but not the other, the temporal dependency created by Sw
does not cause serialization since the coupler control is
distinct from the qubit control, and the zero duration of
the switch gate ensures that there is no increase in total
execution time.

The switch delay gate SDel would normally increase
the circuit duration by the switch response time. However,
this delay can be hidden when switching occurs during
concurrent two-qubit operations. We implement two opti-
mization strategies to imitate this effect: (a) omit the delay
gate when both qubits involved in the switch are simulta-
neously engaged in two-qubit gates and (b) omit the delay

(a) (b)

(c) (d)

FIG. 11. Comparison of optimization strategies for serializa-
tion overhead on an 11 × 11 square grid with [(a) and (c)] 1000
and [(b) and (d)] 10 000 random gates, using [(a) and (b)] 13
and [(c) and (d)] 121 qubits per switch. Strategies 1 and 2 use
default gate ordering, while 3 and 4 prioritize single-qubit gates
based on layer distance to the next two-qubit gate. Strategies 2
and 4 employ delay-gate removal when switching occurs during
two-qubit gate execution.

gate when the temporal position of a neighboring two-
qubit gate exceeds the temporal position of the single-qubit
predecessor plus the switching duration. These optimiza-
tions ensure that control transitions are scheduled within
existing idle periods, minimizing the impact on overall
circuit execution time and representing a realistic switch
scheduling.

In Fig. 11, we show examples of the impact on serial-
ization overhead of using these strategies for improving
the compilation. We compare results from using the default
gate order (orange) to either using optimized delay removal
(blue), adjusting gate order (green), or doing both (purple).
From the plots, we see that both optimizations reduce the
serialization overhead, with the major contribution coming
from adjusting the gate order.

The adjusted gate order via a topological sort of the
nodes (gates) in the DAG dominates the overall runtime
of the presented serialization algorithm. Using a priority-
queue-based algorithm, this sort imposes a total runtime
complexity of the serialization stage as O(N log N ) in the
number of gates N , or, alternatively, O(D · n · (log D +
log n)) in the depth D and the number of qubits n, since
N = O(D · n). This quasilinear scaling adds a negligi-
ble classical runtime overhead to the total transpilation
pipeline, where heuristic qubit routing with LightSABRE
alone requires O(D · n5/2) time [104,105].

APPENDIX B: STRATEGIES FOR GROUPING
QUBITS

Here, we provide details on and comparisons between
the four strategies we have explored for grouping qubits,
i.e., to assign groups of k qubits to switches for control of
single-qubit gates. In Fig. 12, we illustrate three of these
strategies: trivial, clustered, and dispersed layouts. As dis-
cussed in Sec. II C, we are solely using the trivial layout,
which is built by assigning qubits to groups following their
index. Since qubit indices are typically assigned by row-
major counting, such layouts are relatively clustered. The
clustered layouts are created using a heuristic balanced
clustering algorithm with swap refinements to improve the
number of fully connected clusters and the connectedness
of each cluster subgraph over the trivial layouts. The dis-
persed layouts are based on an algorithm that finds the
dmax-distance coloring using a d-coloring algorithm and
using the maximal d for which such a layout can be found.
Finally, the fourth grouping strategy is a random layout,
i.e., distributing the qubits randomly among the switches.

In Fig. 13, we compare the performance of the described
layouts through their influence on the serialization over-
head, using random circuits and a few selected quantum
algorithms from the MQT Bench set. For most algorithms,
the overhead is similar for the different layouts. In general,
the influence of the chosen layout decreases for increas-
ing k until the same value is reached for k = n, where n
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(a) (b)

(c) (d)

FIG. 12. Different strategies for grouping qubits on switches
for single-qubit control, illustrated for 26 qubits per switch.
(a) Trivial layout for an 11 × 11 grid. (b) Clustered layout for
an 11 × 11 grid. (c) Dispersed layout for a 127-qubit heavy-
hexagon architecture. (d) Clustered layout for a 127-qubit heavy-
hexagon architecture.

is the total number of qubits on the processor. Among the
selected quantum algorithms, only the circuit that imple-
ments Shor’s algorithm shows large deviations for small k.
In this case, the dispersed layout adds only 10 µs serializa-
tion overhead for k = 2 to the circuit execution while other
layouts add up to 30 ms, which is related to the structure
of the circuits in this algorithm. For the other algorithms,
including random circuits, we see that the trivial and clus-
tered layouts tend to yield somewhat lower overhead. This
observation is the reason we selected the trivial layout for
all other investigations in this article.

APPENDIX C: ADDITIONAL RESULTS FOR
SQUARE-GRID QUBIT LAYOUTS

In this appendix, we present additional results for the
5 × 5 and 11 × 11 square-grid qubit layouts, complement-
ing the plots shown in Sec. III.

First, in Fig. 14, we show the MQT Bench results for
the 5 × 5 grid, in the same style as for the 11 × 11 grid
in Fig. 4. Figure 14(a) shows the total circuit duration
for different numbers of qubits per switch for the quan-
tum algorithms in MQT Bench. Figure 14(b) shows the
relative increase in circuit duration due to serialization
(the ratio of serialized to routed circuit duration). The
results for the 5 × 5 grid display the same patterns as those
for the 11 × 11 grid: serialization overhead varies widely
between algorithms, but tends to be larger for algorithms

FIG. 13. Comparison of the performance of different qubit-to-
switch layouts (different markers) on an 11 × 11 grid. The plot
shows serialization overhead for four types of algorithms (differ-
ent colors). With the notable exception of Shor’s algorithm, the
clustered and trivial layouts show similarly low overhead, below
that of the random and dispersed layouts.

with higher gate densities. However, we note that the abso-
lute and relative serialization overhead is smaller for the
5 × 5 grid than for the 11 × 11 grid, even for the same
number of qubits per switch. We attribute the difference in
absolute serialization overhead to the fact that the bench-
mark circuits are longer for more qubits; for the difference
in relative serialization overhead, we note that it is consis-
tent with the pattern seen in the bottom row in Fig. 2, as
discussed at the end of Sec. III A.

Next, we zoom in on the results in Fig. 4(a) and plot the
duration of only the serialization overhead for the cases
of 2 and 4 qubits per switch in Fig. 15(a). We provide
the same type of plot for the 5 × 5 grid by zooming in
on Fig. 14(a) to plot the serialization overhead for 2 and
4 qubits per switch in Fig. 15(b). These low numbers of
qubits per switch are the most likely to be used in the first
implementations of time-multiplexed qubit control, which
makes extracting the duration of the serialization overhead
particularly important here, allowing comparison to state-
of-the-art qubit coherence time to judge the feasibility of
using switches.

Finally, in the same style as Fig. 5, we present the data
from Fig. 14(b) in another form in Fig. 16. Here, we dis-
play histograms showing the distribution of serialization
overhead relative to the routed circuit duration, for six dif-
ferent numbers of qubits per switch, ranging from 2 to 25.
These results for the 5 × 5 grid follow the same pattern
as those for the 11 × 11 grid in Fig. 5: as the number of
qubits per switch increases, large serialization overheads
gradually become increasingly common.
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(a)

(b)

FIG. 14. Impact of time multiplexing on execution of quantum algorithms from the MQT Bench set for a 5 × 5 grid. (a) Total circuit
duration for serialized routed circuits (colored markers) and routed circuits without serialization (black crosses and dashed line) across
different quantum algorithms, ordered by increasing gate count. (b) Relative overhead of serialization compared to the routed circuit
duration (markers, left axis), with shaded areas indicating gate densities (ρ1 pink, ρ2 blue, ρtotal green; right axis) and different marker
colors indicating different numbers of qubits per switch. The data points are medians over 20 transpiler seeds. The full names of the
quantum algorithms are listed in Table II in Appendix F.

APPENDIX D: RESULTS FOR A
HEAVY-HEXAGON QUBIT LAYOUT

In this appendix, we present results for serialization
overhead with 127 qubits in a heavy-hexagon layout, cor-
responding to those shown for 5 × 5 and 11 × 11 square-
grid layouts in Sec. III and in Appendix C. Note that
the number of qubits is almost the same for this heavy-
hexagon layout as for the 11 × 11 square-grid layout.

In Fig. 17, we show the overhead due to time mul-
tiplexing for random circuits, in the way as we did for
square grids in Fig. 2. We observe the same patterns for
the heavy-hexagon layout in Fig. 17 as for the square
grids in Fig. 2: in Fig. 17(a), we see that the serializa-
tion overhead increases linearly with the number of gates
in the circuits; in Fig. 17(b), we see that the ratio between
the duration of the serialized circuits and the duration of
the routed circuit remains constant as a function of the
number of gates in the circuits (after some minor varia-
tion at the start); in Fig. 17(c), we see that routing itself
gives a substantial overhead compared to the uncompiled
circuit, but that having more than 2 qubits per switch gives

an even larger overhead. Compared to the results for the
11 × 11 square-grid layout in the right column of Fig. 2,
the absolute serialization overhead is longer here for the
127-qubit heavy-hexagon layout, but the relative over-
head compared to routing is quite similar. The reason for
the increased routing overhead is the sparser connectivity
of the heavy-hexagon layout compared to the square-grid
layout.

Next, in Fig. 18, we show the MQT Bench results for
the heavy-hexagon layout, in the same style as for the
11 × 11 square grid in Fig. 4 and for the 5 × 5 square grid
in Fig. 14 in Appendix C. Figure 18(a) shows the total cir-
cuit duration for different numbers of qubits per switch for
the quantum algorithms in MQT Bench, while Fig. 18(b)
shows the serialization overhead for the same cases, rel-
ative to the duration of the routed circuit. The results for
the heavy-hexagon layout display the same patterns as
those for the 5 × 5 and 11 × 11 square grids: serialization
overhead varies widely between algorithms, but tends to
be larger for algorithms with higher gate densities. Com-
pared to the 11 × 11 square grid in Fig. 4, we note that
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(a)

(b)

FIG. 15. Serialization overhead, in seconds, for the cases of 2 (blue squares) and 4 (orange circles) qubits per switch, for quantum
algorithms from the MQT Bench set on an (a) 11 × 11 and (b) 5 × 5 square grid of qubits. Exact numerical values for k = 2 are shown
in Table I. The full names of the quantum algorithms are listed in Table II in Appendix F.

TABLE I. Serialization overhead for different platforms and
algorithms with k = 2 qubits/switch. All values in ms. The
full names of the quantum algorithms are listed in Table II in
Appendix F.

Algorithm 5 × 5 11 × 11 127 Hex

bmw_quark_cardinality 0.000 0.008 0.011
bmw_quark_copula 0.047 1.166 5.299
bv 0.000 0.002 0.018
cdkm_ripple_carry_adder 0.002 0.016 0.045
dj 0.000 0.008 0.024
draper_qft_adder 0.020 0.542 1.501
full_adder 0.002 0.016 0.045
ghz 0.000 0.002 0.002
graphstate 0.000 0.005 0.060
half_adder 0.028 0.286 1.726
hhl 0.072 0.767 2.173
hrs_cumulative_multiplier 0.038 1.169 6.996
modular_adder 0.023 0.443 1.531
qaoa 0.044 1.561 9.028
qft 0.041 0.227 0.908
qftentangled 0.050 0.259 1.199
qnn 0.000 0.002 0.003
qpeexact 0.039 0.240 1.042
qpeinexact 0.042 0.240 0.989
randomcircuit 0.225 8.916 59.625
rg_qft_multiplier 0.070 8.696 33.883
shor 0.275 46.323 168.742
vbe_ripple_carry_adder 0.005 0.023 0.086
vqe_real_amp 0.004 0.024 0.081
vqe_su2 0.004 0.024 0.090
vqe_two_local 0.107 2.827 15.829
wstate 0.002 0.029 0.014

the absolute serialization overhead is larger for the heavy-
hexagon layout, while the relative serialization overhead
is more or less the same across algorithms for both cases.
Just as in the paragraph above, we attribute the differ-
ence in absolute serialization overhead to the increased
routing overhead due to the sparser connectivity of the
heavy-hexagon layout.

(a) (b)

(c) (d)

(e) (f)

FIG. 16. Distribution of time-multiplexing overhead across
switch sizes on a 5 × 5 grid, for the quantum algorithms from
MQT Bench shown in Fig. 14. The histograms show the relative
overhead (the ratio of serialized to routed circuit duration) for
different numbers of qubits per switch. The +n notation to the
right in the bottom right histogram indicates n additional counts
beyond the histogram limits.
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(a)

(b)

(c)

FIG. 17. Overhead from time-multiplexing single-qubit con-
trol for a 127-qubit heavy-hexagon architecture. Each data point
displayed is the median over 100 seeds creating random circuits;
shaded areas show the interquartile range. (a) Serialization over-
head (increase in circuit duration compared to the routed circuit),
as a function of the number of gates in random circuits. (b) The
same serialization overhead as in (a), but now shown relative
to the duration of the routed circuit, as a function of the num-
ber of gates in random circuits. (c) Breakdown of total circuit
duration: translated circuit (black), qubit routing overhead (light
blue), and serialization overhead (blue, green, yellow), for three
different numbers of gates in random circuits. The procedure for
generating and compiling the circuits is detailed in Sec. II.

We now zoom in on the results in Fig. 18(a) and plot the
duration of only the serialization overhead for the cases of
2 and 4 qubits per switch in Fig. 19, in the same way as
we did for the 11 × 11 grid in Fig. 15(a) and for the 5 × 5
grid in Fig. 15(b). We see that the results for the 127-qubit
heavy-hexagon layout are quite similar to those for the

11 × 11 grid, with slightly longer serialization overheads
in the heavy-hexagon case.

Finally, in the same style as Fig. 5 for the 11 × 11 grid
and Fig. 16 in Appendix C for the 5 × 5 grid, we present
the data from Fig. 18(b) in another form in Fig. 20. Here,
we display histograms showing the distribution of serial-
ization overhead relative to the routed circuit duration, for
six different numbers of qubits per switch, ranging from 2
to 127. These results for the heavy-hexagon layout follow
the same pattern as those for the 11 × 11 grid in Fig. 5
and the 5 × 5 grid in Fig. 16: as the number of qubits
per switch increases, large serialization overheads grad-
ually become increasingly common. The distributions in
the different histograms are very similar to those in the
corresponding histograms for the 11 × 11 grid in Fig. 5.

APPENDIX E: COMPATIBILITY OF
SWITCH-BASED MULTIPLEXING WITH

THE SURFACE CODE

The surface code is a stabilizer code with a relatively
simple realization on a two-dimensional lattice. It oper-
ates on a square-grid layout of alternating data qubits and
measurement qubits, each with nearest-neighbor couplings
used for two-qubit gates. The measurement qubits are used
to read out the stabilizers. In the surface code, the four two-
qubit gates required for a single stabilizer measurement are
already performed one after the other, as they involve the
same measurement qubit [67]. As such, one can reduce
coupler drive lines by a factor of four without incurring
any overhead in execution time; compare Fig. 1(b).

Additionally, if data qubits in a distance-d rotated sur-
face code [107,108] are connected to d shared switches in
the pattern illustrated in Fig. 21, logical XL and ZL gates
can be executed without additional duration.

If one increases the number of qubits per switch beyond
what can be done without overhead as discussed above,
there will be a trade-off between the increase in code dis-
tance one achieves and how much additional error the
serialization introduces, as mentioned in Sec. V. For the
surface code, the logical error rate

PL ∝
(

p
pth

)d/2

, (E1)

where p is the single-qubit error rate, pth is the error thresh-
old below which quantum error becomes beneficial, and d
is the code distance [67]. The code distance d grows as

√
n,

where n is the number of qubits. So if some physical limit
prevents us from adding more control lines for the qubits,
adding switches will enable increasing the number of
qubits by some factor s, and the code distance will increase
by a factor of

√
s. At the same time, adding switches will

increase p , since the serialization will increase the time
required to run one step of the error-correction cycle. If the
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(a)

(b)

FIG. 18. Impact of time multiplexing on execution of quantum algorithms from the MQT Bench set for a 127-qubit heavy-hexagon
layout. (a) Total circuit duration for serialized routed circuits (colored markers) and routed circuits without serialization (black crosses
and dashed line) across different quantum algorithms, ordered by increasing gate count. (b) Relative overhead of serialization compared
to the routed circuit duration [(markers, left axis)], with shaded areas indicating gate densities (ρ1 pink, ρ2 blue, ρtotal green; right axis)
and different marker colors indicating different numbers of qubits per switch. The data points are medians over 20 transpiler seeds. The
full names of the quantum algorithms are listed in Table II in Appendix F.

serialization overhead is low enough, as our results in this
work indicate that it may very well be, and p is sufficiently

FIG. 19. Serialization overhead, in seconds, for the cases of
2 (blue squares) and 4 (orange circles) qubits per switch, for
quantum algorithms from the MQT Bench set on a 127-qubit
heavy-hexagon architecture. Exact numerical values for k = 2
are shown in Table I. The full names of the quantum algorithms
are listed in Table II in Appendix F.

far below pth to begin with, the increase in code distance
will dominate, such that the trade-off becomes favorable
and adding switches reduces the logical error rate PL.

To be more specific, we note that a rotated surface code
with code distance d on a square grid of qubits requires
d2 data qubits and d2 − 1 measurement qubits [107,108].
Without switches, ∼4d2 control lines are then needed for
the two-qubit gates between neighboring data and mea-
surement qubits, and 2d2 − 1 control lines are needed for
the single-qubit gates on data and measurement qubits.
Adding switches that collect k control lines for single-qubit
gates per switch or K control lines for two-qubit gates per
switch, and keeping the number of control lines constant,
we then find that we can increase the number of qubits
from ∼2d2 to ∼2D2, where the new code distance

D = d

√
3

2
K + 1

k

. (E2)

So if we only reduce the number of coupler drive lines by a
factor K = 4 (which, as we showed above, does not incur
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(a) (b)

(c) (d)

(e) (f)

FIG. 20. Distribution of time-multiplexing overhead across
switch sizes on a 127-qubit heavy-hexagon architecture, for the
quantum algorithms from MQT Bench shown in Fig. 18. The
histograms show the relative overhead (the ratio of serialized
to routed circuit duration) for different numbers of qubits per
switch. The +n notation to the right in the same histograms
indicates n additional counts beyond the histogram limits.

any serialization overhead) and do not add any switches
for single-qubit gates (i.e., set k = 1), we can increase the
code distance by a factor

√
2. Increasing K and k fur-

ther beyond that yields even larger code distances, but also
some serialization overhead, so the benefit will depend on
the parameters in Eq. (E1) and the impact these changes
have on some of these parameters.

APPENDIX F: MODELING THE OVERHEAD
SCALING

Here, we present the numerical toy model and the ana-
lytical derivation we use to understand the scaling of
serialization overhead with the number of qubits per switch

FIG. 21. The circles correspond to data qubits in a distance
d = 5 rotated surface code. The five different patterns represent
five different switches to which the qubit drive lines are con-
nected. Compare Fig. 1 in Ref. [106]. Logical XL and ZL gates can
be executed with concurrent single-qubit gates as participating
qubits are allocated to different switches.

(a) (b)

FIG. 22. Serialization of a dense circuit. (a) Circuit with unit
gate density. (b) The serialized circuit shows extended duration
linear in qubits per switch and single-qubit gates.

k, discussed in Sec. III C. We also provide further data to
complement Fig. 8 in that section.

1. Numerical modeling of overhead scaling

For a dense circuit with many single-qubit gates, as
illustrated in Fig. 22, not much optimization is possible and
we expect a linear scaling in k for the serialization over-
head. However, for lower gate densities, more optimization
of gate ordering and placement becomes possible. To illus-
trate the difference between these cases, we put together a
simple numerical model.

We model the circuit generation and overhead calcu-
lation as follows. First, we set a circuit depth and loop
through layers of the circuit. For each qubit in each layer,

FIG. 23. Overhead scaling with number of qubits per switch k
for a simple numerical model on a 5 × 5 grid. The single-qubit
gate probability is fixed to p1 = 0.2, roughly corresponding to
the gate density. For a nonzero two-qubit gate probability p2 =
0.01 and two-qubit gate duration t2 larger than single-qubit gate
duration t1, the overhead scales as log k (round markers, orange).
For p2 = 0 (squares, blue), the scaling is linear in k. The results
are averaged over 1000 random samples. The reference curves
are scaled to match the data.
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(a) (b) (c)

FIG. 24. Scaling of serialization overhead for the quantum algorithms from the MQT Bench set on (a) a 5 × 5 grid, (b) an 11 × 11
grid, and (c) a 127 qubit heavy-hexagon layout. Numbers label for different quantum algorithms, as listed in Table II. The fit function
is T�(k) = pN routed

1 t1q log(k). The fit parameters p for all fitted lines (solid curves) are listed in Table II.

we add a single-qubit gate with probability p1. Assuming
a square grid, we then add a two-qubit gate on nearest-
neighbor pairs with probability p2. We normalize units of
time such that t1 = 1.

For each layer in the circuit, we perform two calcula-
tions. First, we calculate the ideal runtime, which is unity
if there are only parallel single-qubit gates, and t2 if there is
a two-qubit gate. Second, we calculate the serialized time
per layer. If there is a two-qubit gate, we take the maximum

of t2 and the number of single-qubit gates on a switch.
If there is no two-qubit gate, the serialized runtime is the
number of single-qubit gates. We sum over layers to obtain
the serialized runtime over ideal runtime (overhead factor).

In Fig. 23, we show scaling behaviors for selected
parameters using this simple numerical model. We see
from the plot that when there are only single-qubit gates,
the serialization overhead grows linearly with k, but when
there are some two-qubit gates present, and the density of
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TABLE II. Full names of the quantum algorithms in the MQT Bench set used in this article, along with the indices used to label them
in Fig. 24 and the values for the fitting parameter p for the fits in that figure.

Index Label Quantum algorithm 5 × 5 grid 11 × 11 grid Heavy hexagon

0 shor_58q Shor’s factorization, 58 qubits 0.005(0) 0.643(10) 3.587(64)
1 randomcircuit Random circuit (2n depth) 0.019(0) 1.052(5) 6.230(46)
2 vqe_two_local VQE two-local ansatz 0.050(2) 1.389(15) 8.049(109)
3 rg_qft_multiplier Ruiz-Garcia QFT multiplier 0.003(0) 0.337(4) 1.337(15)
4 hhl HHL linear system solver 0.080(1) 1.034(5) 3.318(30)
5 hrs_cumulative_multiplier HRS cumulative multiplier 0.007(0) 0.197(3) 1.152(10)
6 qaoa QAOA optimization 0.038(0) 1.308(15) 7.764(93)
7 qftentangled QFT on GHZ state 0.133(4) 0.940(5) 4.534(83)
8 qft Quantum Fourier transform 0.130(3) 0.960(6) 4.222(96)
9 qpeexact QPE (exact phase) 0.118(3) 0.920(10) 4.356(89)
10 bmw_quark_copula QUARK copula model 0.043(2) 1.356(11) 6.705(45)
11 qpeinexact QPE (inexact phase) 0.114(2) 0.920(10) 4.500(73)
12 half_adder Half adder 0.054(1) 0.811(6) 4.618(46)
13 modular_adder Modular adder 0.042(1) 0.994(5) 3.928(48)
14 draper_qft_adder Draper QFT adder 0.037(0) 1.108(8) 3.514(51)
15 vbe_ripple_carry_adder VBE ripple carry adder 0.087(2) 0.503(8) 2.077(50)
16 vqe_real_amp VQE real amplitudes 0.051(6) 0.634(9) 1.090(33)
17 vqe_su2 VQE efficient SU(2) 0.047(6) 0.578(9) 1.021(32)
18 cdkm_ripple_carry_adder CDKM ripple carry adder 0.034(1) 0.265(3) 0.795(10)
19 full_adder Full adder 0.034(1) 0.265(3) 0.795(10)
20 wstate W state preparation 0.040(5) 0.700(27) 0.486(6)
21 graphstate Graph state preparation 0.030(2) 1.043(14) 7.447(80)
22 dj Deutsch-Jozsa algorithm 0.018(0) 0.441(4) 0.877(11)
23 bmw_quark_cardinality QUARK cardinality model 0.004(1) 0.080(3) 0.302(14)
24 qnn Quantum neural network 0.002(1) 0.066(3) 0.105(6)
25 ghz GHZ state preparation 0.002(1) 0.097(4) 0.094(4)
26 bv Bernstein-Vazirani algorithm 0.010(0) 0.176(4) 2.591(73)

single-qubit gates is not so high, the serialization overhead
instead grows logarithmically with k.

2. Further supporting data

In Fig. 24, we expand on the selection in Fig. 8, show-
ing the full data for all algorithms from the MQT Bench
set, and for all three quantum processor layouts considered
in this article, for scaling of serialization overhead with the
number of qubits per switch k. From these plots and the
fits there (solid curves), we see that the logarithmic scal-
ing with k is prevalent. We provide the fitting parameter
for each case, along with the full names for the quantum
algorithms considered, in Table II.

3. Queueing-theory-inspired derivation of the
logarithmic scaling

We sketch a derivation of how the worst-case overhead
duration scales with the number of qubits per switch k,
where the overhead corresponds to the maximum wait-
ing time. We use results from extreme-value theory [109]
and queueing theory, in particular, the standard result that
steady-state waiting-time distributions in stable queues
often exhibit exponential tail decay [96,110,111].

Let W1, . . . , Wk be waiting times for k qubits on a switch,
each with an exponential tail,

Pr(W > x) ∼ e−ηx, x → ∞, (F1)

where η is a constant called the asymptotic decay rate.
For simplicity, we set η = 1. Define the maximum waiting
time

Mk = max{W1, . . . , Wk}. (F2)

For a given circuit layer, the serialization overhead is deter-
mined by the maximum waiting time across all switches,
since the layer cannot complete before the last queued gate
is executed. As such, we let Mk represent the waiting time
for the worst-case scenario where all k qubits assigned to a
switch are queued. We have

Pr(Mk < x) = Pr(Mk ≤ x)

= Pr(W ≤ x)k

= [1 − Pr(W > x)]k

= [1 − e−x]k.

(F3)
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It can be shown that

Pr(Mk < x + log k) =
(

1 − e−x

k

)k

→
k→∞

exp{−e−x} = �(x), (F4)

where �(x) is the Gumbel distribution, one of the standard
extreme-value distributions [109]. As such, we have

Mk
d= log k + Z, (F5)

where the equality denotes convergence in distribution,
and Z is a random variable of the Gumbel distribution. As
such, the expectation value of the maximum waiting time
is

E[Mk] = log k + E[Z], (F6)

with the expectation value of the Gumbel random variable
E[Z] = 0.5772 (Euler’s constant) [96]. This implies that
in the asymptotic limit, the expected serialization over-
head grows logarithmically with the number of qubits per
switch k.
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