
PHYSICAL REVIEW A 114, 012603 (2026)

Quantum strategies to overcome classical multiplexing limits

Tzula B. Propp ,1,2 Jeroen Grimbergen ,1 Emil R. Hellebek ,3 Junior R. Gonzales-Ureta ,4 Janice van Dam ,1

Joshua A. Slater ,4 Anders S. Sørensen ,3 and Stephanie D. C. Wehner1

1QuTech, Kavli Institute of Nanoscience TUDelft, Lorentzweg 1, 2628 CJ Delft, Netherlands
2Leiden Institute of Physics Leiden University, 2333 CA Leiden, The Netherlands

3Center for Hybrid Quantum Networks (Hy-Q), Niels Bohr Institute,
University of Copenhagen, Jagtvej 155A, Copenhagen DK-2200, Denmark

4Q*Bird, Delftechpark 1, 2628 XJ, Delft, The Netherlands

(Received 16 February 2026; accepted 15 June 2026; published 6 July 2026)

Near-term quantum networks face a bottleneck due to low quantum communication rates. This degrades
performance both by lowering operating speeds and increasing qubit storage time in noisy memories, making
some quantum internet applications infeasible. One way to circumvent this bottleneck is multiplexing: combining
multiple signals into a single signal to improve the overall rate. Standard multiplexing techniques are classical
in that they do not make use of coherence between quantum channels nor account for decoherence rates
that vary during a protocol’s execution. In this paper, we first derive semiclassical limits to multiplexing for
many-qubit protocols and then introduce two techniques: single click quantum multiplexing and multiserver
multiplexing. These can enable beyond-classical multiplexing advantages. We illustrate these techniques through
three example applications: (1) entanglement generation between two asymetric quantum network nodes (i.e.,
repeaters or quantum servers with unequal memories), (2) remote state preparation between many end user
devices and a single quantum node, and (3) remote state preparation between one end user device and many
internetworked quantum nodes. By utilizing many noisy internetworked quantum devices instead of fewer
low-noise devices, our multiplexing strategies enable new paths towards achieving high-speed many-qubit
quantum network applications.
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I. INTRODUCTION

Multiplexing is a canonical technique to multiplicatively
improve channel capacity [1,2]; by laying down M times as
much fiber or by multiplexing signals into M copropagating
frequencies, M times as many classical bits may be transmit-
ted per second [3], improving the execution rate of the overall
protocol or application. In quantum science, classical multi-
plexing of flying qubits (i.e., photonic qubit encodings [4–6])
allows independent quantum signals to copropagate in a
channel, e.g., by utilizing separate time-bins [7] [Fig. 1(a)],
spatial modes [8], or frequencies [9]. This improves the rate
of transmitted quantum information along a quantum net-
work [10–14], as well as enables new device capabilities (e.g.,
number resolution in single photon detectors [15]).

A quantum internet will enable quantum secured applica-
tions for and between end users going beyond what can be
done with a single quantum computer [17,18], including blind
quantum computation (BQC) [19–22], private distributed
quantum sensing [23], secure position verification [24], and

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

quantum key distribution [25]. High qubit transmission rates
are vital to many-qubit quantum internet experiments because
quantum information is intrinsically fragile [26], degrading in
time due to decoherence [27]. Infidelic storage of qubits intro-
duces a cost to storing qubits, either in terms of the fidelity of
the reconstituted state or in a quantum error correction over-
head [28–30]. Commonly, one introduces cutoffs to quantum
network protocols such that after a time window of w attempts
passes qubits are discarded, improving the fidelity at the
cost of decreased protocol execution rate [31–33]. End users
possess either small quantum computers or photonic clients:
devices with low quantum capabilities enabling transmission
of many qubits to untrusted remote quantum servers, either
directly or via quantum repeater chains that distribute en-
tanglement over long distances [5]. Recently, various classes
of photonic client designs have been proposed and explored
both theoretically and experimentally [34–36]. While some
of these client designs require the client to measure [35] or
perform unitaries on single photons [34], others only require
the client to emit a weak coherent pulse (WCP) [36]. These
same clients can implement the recently proposed single click
and double-single click protocols for remote state preparation
(RSP) [16], which are analogous to the single click scheme
for remote entanglement generation (EG) previously stud-
ied [37–39] and implemented [40,41].

These new single click protocols are also amenable to a
qualitatively different form of multiplexing: quantum mul-
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FIG. 1. Four schematic illustrations of multiplexing between two
parties. (a) Remote state preparation between a client equipped
with a laser (left) and a node equipped with a quantum memory
(right) is performed using an intermediate measurement station as
in Ref. [16]. Traditional time-bin multiplexing allows many attempts
to be performed provided one can fit more pulses in the beamline.
(b) Quantum multiplexing between two nodes (left and right) with
asymmetric available memories enable higher entanglement gener-
ation rates. (c) Quantum multiplexing between several clients (left)
and one server (right) allows the server to provide higher rates of
remote state preparation in the face of high demand. (d) Multiserver
multiplexing improves the rate at which a single client (left) can
perform s-qubit remote state preparation on a collection of quantum
server nodes (right) due to fast interserver connections, especially for
color centers where entanglement generation with a node degrades
the quality of qubits already stored in that node. Though in all
cases we consider photonic clients that emits weak coherent pulses
(WCPs), we emphasize clients utilizing single photon emitters also
benefit from quantum and multiserver multiplexing.

tiplexing, first introduced in Ref. [42] for many-qubit EG.
Although classical multiplexing makes use of many signals to
transmit information in parallel, quantum multiplexing makes
use of coherence between spatial modes. This can make use of
unutilized network resources in asymmetric connections and
achieve an increase in the rate of RSP and EG. As we will

show in Sec. III, for example, by creating a superposition of
zero and one photons and splitting it over many spatial modes,

ξ |∅〉 +
√

1 − ξ 2 |1〉 → ξ |∅〉 +
∑

k

√
1 − ξ 2

M
|1k〉 , (1)

one client or emitter in a repeater is able to interact with
multiple quantum memories simultaneously, improving the
rate-fidelity trade-off for both RSP and EG on top of what is
achievable with classical multiplexing. This can implemented
using simple linear optics (beam splitters and Bell-state ana-
lyzers). For WCP clients, this is not a true superposition of
zero and one photons but also includes higher-order terms
degrading performance.

Trivially, WCP clients also possess the ability to interface
with multiple quantum servers in a single shot, regardless
of what RSP protocol they utilize; a coherent state |α〉 can

be transformed into a product of coherent states |α/
√

M〉⊗M

using a beam splitter array. This enables parallelization of
quantum experiments and can greatly improve the rate of
quantum protocol (i.e., BQC) execution for internetworked
servers.

Crucially, the two properties above (splitting a quantum
state across modes and measurements, and interfacing a single
device to multiple servers) enable multiplexing advantages
for quantum protocols beyond what is usually possible in de-
vices. First, they allow asymmetric nodes (e.g., with unequal
memory registers) to use quantum resources more efficiently.
Second, they enable workarounds for situations where quan-
tum information stored in a node is degraded by interaction
with other qubits in that node, as is the case for color cen-
ters [43–46].

This paper is organized as follows. We begin by in-
troducing two semiclassical limits to multiplexing, using
multiplexing with temporal modes on a WCP-based RSP pro-
tocol as an illustrative example. Next, we introduce single
click quantum multiplexing and illustrate it through two use
cases, both making use of single click protocols: EG between
asymetric quantum nodes and RSP between M client devices
(which may or may not be collaborating) and a single quantum
node. Last, we introduce multiserver multiplexing and study
RSP between one client and many servers as a use case where
WCP clients provide a novel benefit over other photonic client
designs.1

Throughout this paper, we will study the improvement in-
troduced by multiplexing to the rate of execution of a quantum
protocol. We quantify this by the multiplexing improvement

1Additionally, WCP-based clients enable asymmetric Bell-state
measurement placement as discussed elsewhere [16]. This gives a
further advantage with the classical temporal multiplexing achiev-
able; WCP clients (being memoryless) do not need to wait for the
Bell-state measurement to finish before making another attempt.
Since the server only needs to preserve the qubit long enough for
confirmation of a success or failure from the Bell-state measurement
station, it can rapidly cycle the qubits used for failed RSP attempts
increasing the number of temporal modes available for classical
multiplexing.
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factor ms: The ratio of the multiplexed s-qubit protocol execu-
tion rate to the unmultiplexed s-qubit protocol execution rate.
Mathematically, we define

ms = Rs|F (M )

Rs|F (1)
(2)

for a s-qubit protocol, with Rs|F (M ) the maximum rate achiev-
able at a desired minimum final-state fidelity F , M the abstract
multiplexing resource, and all functions implicitly depending
on many experimental parameters. For single-qubit protocols
we drop the subscript and denote the advantage m.

In this paper, we determine when ms can surpass the semi-
classical limits introduced in the next section and study the
behavior of ms as M is varied. In general, the linear case ms ∝
M corresponds to fully parallelized independent experiments
with identical resources without multiplexing and serves as an
upper bound for the single-qubit multiplexing improvement
(s = 1) but not for the many-qubit equivalents (s > 1) as we
shall see shortly.

II. SEMICLASSICAL MULTIPLEXING FOR QUANTUM
COMMUNICATIONS

Classical multiplexing techniques for quantum signals are
ubiquitous in quantum science and broadly applicable to
quantum networks. Informally, we say that semiclassical mul-
tiplexing of a quantum signal makes use of multiple quantum
channels in parallel. We formalize this idea in the two-party
case as follows.

Definition 1 (Two-party semiclassical multiplexing). Sup-
pose there are two parties A and B that can transmit signals
encoded in quantum states ρ̂Ai and ρ̂Bi that live in sets of
Hilbert spaces {HAi}M

i=1 and {HBi}M
i=1, respectively. Then a

semiclassical multiplexing protocol between parties A and
B produces output quantum states conditioned on the out-
comes of measurements of states in the direct sum space⊕M

i=1 HAi ⊗ HBi .
Emphatically, the above definition allows for states with

coherence across each joint Hilbert space HABi = HAi ⊗ HBi

individually, but not across the full Hilbert space spanned by⊗
i HABi , hence the semiclassicality of this form of multiplex-

ing for quantum signals.
There are extensive studies of the impact of and limits

to multiplexing in, e.g., parameter estimation [47], Bayesian
experiment design [48], and machine learning [49], as well
as in quantum repeater chains making use of various strate-
gies [50], quantum key distribution experiments [51], and
quantum network and internet protocols in general making
use of time-bin [52] and spectral [53] multiplexing, especially
in the presence of decoherence [12]. However, to the authors
knowledge there is no calculation of limits to the rate improve-
ment [that is, ms as defined in Eq. (2)] achievable, especially in
the presence of a finite window or minimum final-state fidelity
constraint for quantum communications protocols.

Before introducing our quantum techniques and strategies,
we begin by introducing classical limits that attempt answer
the following question: Given an M-fold multiplexing of a
physical signal, what is the maximum improvement to the

quantum communication2 protocol or application execution
rate given a target fidelity achievable without classical or
quantum correlations between attempts, i.e., what is the maxi-
mum value of Eq. (2) without introducing additional quantum
features?3 We here first go through a concrete, illustrative
example of temporal multiplexing and then introduce and
discuss our semiclassical limits, leaving the full derivations
to Appendix A.

A. Example: Temporal multiplexing for remote state
rreparation with weak coherent pulses

As an illustrative warm up to quantum and multiserver
multiplexing, we calculate the semiclassical limits Eq. (6) and
Eq. (8) for a specific model: RSP between a client and server
making use of temporal mode multiplexing.

RSP is a (theoretically) straightforward quantum protocol
to securely prepare arbitrary quantum states on a server [54].
While in principle RSP can be used to create any quantum
state, in practice preparing equatorial superposition states,

|+θ 〉 = 1√
2

(|0〉 + eiθ |1〉), (3)

for θ ∈ { kπ
4 }k=0...7 is sufficient to enable BQC [55].4 If an

angle θ ′ is instead required by the client, then the client
transmits the angle θ ′ − θ to the server, preserving the opacity
of the qubit state. By preparing s such states and perform-
ing CZ gates between them, a s-qubit graph state is formed.
Furthermore, BQC can be made verifiably blind if the states
can be prepared, stored, and manipulated with sufficiently
high fidelity [22,56], necessitating very fast RSP rates in the
presence of significant decoherence.

By using multiplexed temporal modes as in Fig. 1(a), it is
possible to improve the rate of single-qubit RSP and s-qubit
RSP. We first consider batching M RSP attempts. If a WCP
client making use of the single click or double click RSP pro-
tocol, then temporal multiplexing does not require a memory
overhead on the quantum node.

Without multiplexing, a single RSP attempt takes a time
τ ∼ 2L/c, with L the maximum distance from the client or
server to the measurement station. Asymmetric measurement
station placement next to the server enables M attempts to be
made within the time τ without requiring additional server
memories, since the server knows whether the RSP attempt
succeeded or failed before the client. Typically for WCP
clients,5 one can fit at most M � τγ independent pulses in
the beamline, with γ = 1/T1 the FWHM of the pulse(s).

2With quantum communication protocols themselves of course
forming subroutines of delegated quantum computation protocols.

3For example, quantum correlations between attempts, addressing-
dependent decoherence rates.

4Notably, both direct transmission of a qubit and teleportation also
enable BQC. However, these require the client to have one (or more)
genuine qubits, whereas RSP does not require the client to have a
qubit themself.

5In principle one could try to overclock temporal multiplexing
to such an extent that subsequent pulses overlap, but this will
rapidly introduce errors degrading success probability and will not
be considered here. Furthermore, in practice this is precluded by the
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If in the unmultiplexed case each attempt taking duration τ

succeeds with probability p in creating a state with minimum
fidelity F , then the rate achievable is R|F (1) = p/τ . Assuming
that the multiplexed protocol takes the same duration τ to
perform a batch of M attempts (each of duration τM = τ/M ),
that each attempt within the batch succeeds with probability
p and results in a state with the same minimum fidelity F ,
and the batched attempt is successful if any nonzero number
of the M batched attempts are successful, then the success
probability of each batch is 1 − (1 − p)M giving a maximum
rate R|F (M ) = [1 − (1 − p)M]/τ . Thus we find

m = 1 − (1 − p)M

p
� M (4)

with equality with the upper bound only in the limit p → 0.
Physically, this upper limit m = M corresponds to the case
where there are M independent copies of the same single-
qubit protocol or experiment run in parallel and demonstrates
the power of multiplexing; we can achieve a speedup as if we
had many copies of an experimental apparatus by reusing the
protocol across temporal or spatial modes.

We now consider the same protocol, but iterated to produce
s successful executions, i.e., an s-qubit RSP state. Assuming
noisy storage (pure dephasing characterized by a T2 time),
to achieve a given minimum final-state fidelity F it is re-
quired that the s successful attempts occur in a window w.
Indeed, choosing a maximum window size w is equivalent
to picking a minimal accepted final-state fidelity. For exam-
ple, a simple worse-than-worst-case upper bound on w is
to consider all s RSP qubits decohere under a depolarizing
channel for the full window time so that each qubit state
undergoes a transformation ρ → e−wτ/T2ρ + (1 − e−wτ/T2 ) 1̂2 .
Assuming each individual RSP results in a pure qubit state
with fidelity F0 before decoherence, this leads to a requirement
w � T2

τe
Log( (2F0−1)(1−2−s )

Fmin−2−s ). As expected the window increases
with the T2 time of the memory, decreases with the duration
of the attempt τe, and goes to infinity as Fmin → 1

2s .6

We can now reformulate our problem as a window prob-
lem: Given a need to generate s successful single-qubit RSPs
within a window of w attempts, how long must we wait for
a successful s-qubit RSP to complete? This problem is well
studied in Ref. [33] and is not thought to be analytically
solvable in generality. However, in the limit p → 0, one must
wait ∼ 1

(w−1
s−1 )ps attempts on average.

For the multiplexed case, approximately the same fidelity is
achieved with the substitution w → Mw and τ → τ/M; since
we can make M times as many attempts in the same laboratory
clock time, we effectively increase our window by a factor

fluctuation-dissipation theorem; qubits with small T1 times may make
for fast cycle times but are bad for storing information unless other
transitions are used.

6To be clear, this trick of considering all s qubits to undergo simul-
taneous decoherence for the full window w is obviously unphysical
and is done purely to make the maths simple. In reality, only s − 1
qubits are actually held in memory during RSP and at most only one
can be generated in any given time step using temporal multiplexing.

of M while rescaling the duration of each attempt.7 This is
precisely the advantage that classical multiplexing enables:
By making multiple attempts in a shorter time, we decrease
the effective duration of each attempt. Using this approach of
rescaling the duration and the window, we find one must wait
∼ 1

(Mw−1
s−1 )ps attempts on average when multiplexing is used in

the low-success probability limit p → 0. With each individual
attempt taking a time τ/M instead of τ , we thus calculate our
s-qubit multiplexing improvement factor in the p → 0 limit,

ms = M
(Mw−1

s−1

)
(
w−1
s−1

) . (5)

In the opposite limit p → 1, we find ms = M independently of
s. That ms is monotonic in p is intuitive, but mathematically
involved to show rigorously and left to further discussion in
Appendix A.

Assuming a sufficiently stringent fidelity is chosen such
that w � s, for p → 0 we arrive at the tighter bound on the
improvement factor ms � Ms. In this limit, the overall process
is Poissonian and we can give a nice physical interpretation;
we would need Ms independent (that is, not sharing qubits
or resources) copies of an unmultiplexed experimental im-
plementation of this RSP protocol to yield the same rate of
s-qubit delivery that we can achieve with a single multiplexed
implementation making use of M temporal modes. This su-
perlinearity illustrates the resource efficiency of semiclassical
temporal multiplexing for many-qubit protocols.

B. Semiclassical limits to multiplexing
for quantum communications

Semiclassical limit 1. For a single-qubit protocol or appli-
cation over an effective channel, the multiplexing advantage
is semiclassically bounded

m � M � Mc, (6)

with Mc the number of end-to-end channels or copies of a
single channel that can be used simultaneously in a given
attempt and M the number that are utilized.

This limit is straightforward to interpret; at best, using M
multiplexing resources (i.e., modes) yields an improvement
to single-qubit protocol rates equivalent to having M copies
of the full experimental apparatus, and multiplexing resources
are finite. In our previous example of temporal mode multi-
plexing from the prior section, Mc ∼ τγ is simply the number
of pulses that can be fit into an unmultiplexed attempt time τ .

To derive the s-qubit generalization of Eq. (6) we make use
of techniques and results derived in Ref. [33] for the study
of the problem of finding the average number of attempts of
a probabilistic process (e.g., RSP or EG) must be made on
average to achieve s successful executions of a protocol on a
quantum network within a window of w attempts, colloquially

7This is actually an upper bound in performance, as we discuss in
more detail in Appendix A. We use this approach of putting the effect
of multiplexing in the duration of each attempt and the size of the
window—mathematically, demultiplexing the arrivals—to make the
problem amenable to analysis with tools from scan statistics [33,57].
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known as the “window problem” of scan statistics [57]. We
also assume the window size w to be directly proportional to
the coherence time τc so that generation of a state with a given
fidelity is equivalent to generating a state within a specified
window. This assumption of a single fixed window is crucial
to the derivation of the second limit and is the key assumption
we exploit for multiserver multiplexing. Last, we assume that
the rate achievable Rs|F for a protocol improves more slowly
with p (the probability for any individual attempt to succeed)
as the quality of the memory qubits increases, as detailed in
Appendix A.

Semiclassical limit 2. For an s-qubit protocol or appli-
cation over an effective channel, the s-qubit multiplexing
advantage is semiclassically bounded,

ms � M

(
Ms − 1

s − 1

)
� Mc

(
Mcs − 1

s − 1

)
, (7)

with Mc the number of end-to-end channels or copies of a sin-
gle channel that can be used simultaneously in a given attempt
and M the number that are utilized. Furthermore, when the
number of individual qubit attempts w is much larger than the
number of qubits s, ms is bounded by the more stringent limit,

ms � Ms � Ms
c . (8)

Note that both Eq. (7) and Eq. (8) are equivalent to Eq. (6)
for s = 1. For all three expression [Eqs. (6)–(8)], we find
the upper bound is only saturated when the success proba-
bility is asymptotically small, as we derive in Appendix A
and illustrated in the prior section for temporal multiplexing.
Importantly for the near term, this means that the multiplexing
improvement factor defined in Eq. (2) is maximal for quantum
networks with lower-quality rates and memories.

III. SINGLE CLICK QUANTUM MULTIPLEXING

We now turn our attention to the first beyond-classical
multiplexing technique introduced in this paper: single click
quantum multiplexing. Classical multiplexing relies on com-
bining several classical or quantum signals in parallel or
series. In contrast, we define quantum multiplexing as pro-
cesses which utilize coherence between multiplexed quantum
signals (photons, Fock number superpositions, or weak
pulses) to improve performance. This definition is consis-
tent with the original work on quantum multiplexing in
Ref. [42], where a single photon interacting with many mem-
ories can generate many-party entanglement via a reflection
or transmission-based EG scheme [58,59], which can then
be distilled to achieve higher-fidelity entanglement [60]. This
results in higher EG rates with fewer resources consumed
than pairwise EG [61] and has been implemented experimen-
tally [62]. We emphasize that in our work, like these works,
the gains to the rate achieved using quantum multiplexing are
also achievable using semiclassical multiplexing but at the
cost of more resources, e.g., laying down additional fiber.

More precisely, we define quantum multiplexing as fol-
lows.

Definition 2 (Two-party quantum multiplexing). Suppose
there are two parties A and B that can transmit signals
encoded in quantum states ρ̂Ai and ρ̂Bi that live in sets of
Hilbert spaces {HAi}M

i=1 and {HBi}M
i=1, respectively. Then a

quantum multiplexing protocol between parties A and B
produces output quantum states conditioned on the outcomes
of measurement of quantum states in the tensor-product
Hilbert space

⊗M
i=1 HAi ⊗ HBi .

Comparing to Definition 1 we note that the difference be-
tween a semiclassical and a quantum multiplexing protocol is
that with semiclassical multiplexing one produces signals in a
direct sum of Hilbert spaces, while with quantum multiplexing
one produces signals in tensor products of such Hilbert spaces.
The direct sum captures the classical notion of parallelism,
while the tensor product captures the quantum notion of co-
herence across the full Hilbert space, as opposed to only
within each pair of Hilbert spaces HABi = HAi ⊗ HBi ; that
there is still coherence on each joint Hilbert space HABi for
each i emphasizes semiclassicality. The full coherence of the
signal across the entire Hilbert space

⊗
i HABi is the resource

exploited by quantum multiplexing to give a beyond-classical
speedup.8

The double-single click remote state preparation protocol
introduced in Ref. [16] is also a form of quantum multiplexing
technique, albeit a more rudimentary one; here coherence
between multiple temporally separated RSP attempts is ex-
ploited to remove a shared unknown phase and provide a
speedup over the previously established double click RSP
protocol. We can build upon this by exploiting coherence
between parallel spatial modes for a further improvement.

Notably, quantum multiplexing breaks the assumptions
that are used in deriving the semiclassical limits from the prior
section, paving the way for beyond-classical improvement as
we will now demonstrate through two example use cases: be-
tween two server and repeater nodes and between many client
devices and a single node in a quantum network. For both use
cases we consider quantum multiplexed versions of the single
click protocols for EG [34,37] and RSP [16]. As we show in
the coming section, these two protocols can be modified to
improve performance between nodes with asymmetric mem-
ory availabilities as well as a single node providing service to
multiple client devices.

A. Use case: Entanglement generation between two nodes in a
quantum network

We consider the situation in which two physically con-
nected nodes in a quantum network wish to share an entangled
link, but they have different numbers of quantum memories
available for this task as in Fig. 1(b). We assume that node
A [right of Fig. 1(b)] has M > 1 available memories, while
node B [left of Fig. 1(b)] only has 1.9 This situation could

8Note that while we limit ourselves in scope in the main text to
two-party quantum multiplexing, an N-party quantum multiplexing
use case is given in Appendix B. The N-party generalization of
Definition 2 is simply to utilize signals living in an even larger Hilbert
space

⊗N
S=1

⊗MS
i=1 HSi , with the label S denoting the N parties.

9Note that here we do not differentiate between communication
qubits and memory qubits as studied in Ref. [63]. For such systems,
the finite duration of SWAP gates creates a pragmatic limit to the
applicability of single click quantum multiplexing, and our here-
derived results only apply exactly in the fast-SWAP limit.
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arise, for example, when the nodes of the network can dy-
namically reconfigure their memories to connect to different
neighbors depending on the network’s state (which could be
realized through the use of an optical router as described in
Ref. [18]), or if one node is simply larger than the other. With
a standard single click protocol the entanglement generation
attempt can only use one out of the M memories at A. The
remaining M − 1 would remain unused. Single click quantum
multiplexing allows for all the memories at A to be used and
for a higher bright-state or photon emission probability on B’s
side. This gives rise to better performance for entanglement
generation, as we will now show.

The M-to-1 single click quantum multiplexing entangle-
ment generation attempt proceeds as follows. Each memory
at node A, labeled n = 1, . . . , M, emits a single photon when
it is in the bright sate, which happens with probability ξA.
The light is emitted into temporally separated modes, whose
creation operators are denoted a†

n satisfying canonical com-
mutator relations [a†

n, an] = 1, so that the light-matter state is

|ψ〉A =
M∑

n=1

√
1 − ξ 2

A |0n∅〉 + ξAa†
n |1n∅〉 , (9)

with the first index corresponding to the nth qubit held in
memory.

The modes are all coupled into the same optical fiber
that transports them to a heralding station located in between
nodes A and B. The efficiency of the optical channel between
node A and the heralding station is given by ηA ∈ [0, 1]. It
includes all photon loss effects, such as coupling efficiencies
and fiber attenuation. The state of the quantum memories and
their corresponding optical modes at the time that they arrive
at the heralding station is

ρA =
M⊗

n=1

[(√
1 − ξ 2

A |0n∅〉 + √
ηAξAa†

n |1n∅〉 )(H.c.)

+ (1 − ηA)ξ 2
A |1n∅〉 〈1n∅| ], (10)

where |0n〉 and |1n〉 are the qubit states of memory n at A and
|∅〉 denotes the photonic vacuum state.

At the same time that A is emitting its pulses, the memory
B also emits a single pulse with bright-state probability ξB in a
mode described by b†

B. When this pulse arrives at the heralding
station, the combined state of the memory at B and its optical
mode is

ρB = (√
1 − ξ 2

B |∅0B〉 + √
ηBξBb†

B |1B∅〉 )(H.c.)

+ (1 − ηB)ξ 2
B |1B∅〉 〈1B∅| , (11)

where ηB is the efficiency of the optical channel between node
B and the heralding station. Now the crucial step of the single
click quantum multiplexing attempt is to split the photon from
B into an equal superposition of temporal modes that match
the photons coming from the different memories of A. This
step can be effected by using a splitter box that uses only linear
optics, namely beam splitters and delay lines, to transform

b†
B → 1√

M

M∑
n=1

b†
n, (12)

such that each mode described by b†
n can interfere on a beam

splitter with its corresponding a†
n, as in the usual single click

protocol. The interference is described by the beam-splitter
transformation

a†
n → 1√

2
(c†

n + d†
n ), (13)

b†
n → 1√

2
(c†

n − d†
n ), (14)

and the interference is followed by detections of output modes
with creation operators c†

n and d†
n . The losses incurred in the

splitter box are absorbed into ηB.
If of all modes there is a single detection event at, say, c†

k ,
then this yields an entangled state between the memory k at
node A and the memory at node B. More precisely, a single
detection of mode c†

k heralds the state

ρAB|c†
k
= Trn 
=k[〈∅| ckρABc†

k |∅〉]
Tr[〈∅| ckρABc†

k |∅〉] , (15)

where the partial trace in the numerator is taken over all qubits
at node A different from k.

In the lossless case, the numerator of Eq. (15) yields the
unnormalized pure state

|ψAB|c†
k
〉 =

ξB

√
1 − ξ 2

A√
M

|0k1B〉 + ξA

√
1 − ξ 2

B |1k0B〉 . (16)

Through an appropriate choice of ξA and ξB this becomes
the Bell state |�+

AB〉 = 1√
2
(|0k1B〉 + |1k0B〉). In the case with

channel losses, the fidelity to |�+
AB〉 is given by

F = 〈�+
AB| ρAB|c†

k
|�+

AB〉

= 1

2

(
ξB

√
ηB
(
1 − ξ 2

A

)+ ξA

√
MηA

(
1 − ξ 2

B

))2

ξ 2
BηB

(
1 − ηAξ 2

A

)+ ξ 2
AMηA

(
1 − ηBξ 2

B

) .

Given a value for ξA, the fidelity is maximized by setting

ξ 2
B = ηAξ 2

A

ηB/M + (ηA − ηB/M )ξ 2
A

. (17)

Finally, the denominator in Eq. (15) is the probability that the
detector clicks in the mode described by c†

k . The probability
to obtain exactly one click in any of the 2M output modes is
then

Pr[single click] = 2MTr
[〈∅|ckρAB|c†

k
|∅〉]

= MηAξ 2
A

(
1 − ηAξ 2

A

)M−1(
1 − ηBξ 2

B

)
+ ηBξ 2

B

(
1 − ηAξ 2

A

)M
. (18)

The rate at which an entangled state is generated in the M-to-1
single click quantum multiplexing protocol is

R = Pr[single click]

τe
, (19)

where τe is the time needed for a single attempt. Note that in
remainder of the analysis we will set τe = 1 so that the rate
is dimensionless. The rate and maximized fidelity are shown
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FIG. 2. Single click quantum multiplexing between two nodes in a quantum network. (a) Fidelity-rate curves parameterized by ξA for
symmetric channel efficiencies ηA = ηB = η. Solid lines show M = 1, dashed lines show M = 5. The dimensionless rate given here is in
units of the duration of an EG attempt. (b) Multiplexing gain m as function of M for generating link with minimum fidelity Fmin = 0.95
between nodes A and B using M-to-1 quantum multiplexed heralded entanglement generation. The theoretical maximum in the small η limit
is mmax = 2M

M+1 . Any m � 1 exceeds the classical bound.

as curves parameterized by the bright-state parameter ξA in
Fig. 2(a).

The multiplexing gain m for generating an entanglement
link with minimum fidelity Fmin between nodes A and B
using M-to-1 single click quantum multiplexing as described
above is shown in Fig. 2(b) for symmetric channel efficiencies
(ηA = ηB ≡ η). For low channel efficiencies η, single click
quantum multiplexing improves the rate as the number of
memories increase and closely follows the maximum value
for high loss (η = 0.1). We also see that for high channel effi-
ciency (η = 0.9) the rate is decreased by single click quantum
multiplexing except for very high-fidelity target states, so that
single click quantum multiplexing is not generally beneficial.
This is because single click quantum multiplexing requires
a larger bright-state probability to be used, and this quantity
cannot exceed unity.

We find that in the high-loss regime m → 2 as M → ∞.
Indeed, in this regime the fidelity is maximized for small
bright-state probability so that we can expand R and F in ξ 2

A .
Lowest-order expansions yield

R = 2MηAξ 2
A (20)

and

F = 1 − MηA(1 − ηB) + (1 − ηA)ηB

2ηB
ξ 2

A . (21)

In this regime, the rate can thus be expressed as a function of
the fidelity as

R(M, F ) = 4(1 − F )

[
1 − ηB

ηB
+ 1 − ηA

MηA

]−1

. (22)

In the symmetric case, ηA = ηB = η, and in the limit of small
channel efficiency η (that is, high loss), the M dependence of

m is then given by

m(M ) ∼ 2M

M + 1
. (23)

Single click quantum multiplexing can thus improve over
classical multiplexing by at most a factor of 2 in the symmetric
case. However, adding even a single additional qubit (M = 2)
provides a 50% improvement to the rate of EG achievable in
the high-loss regime.

On the other hand, when the channel efficiencies are not
the same, then for small efficiencies ηA and ηB we find from
Eq. (22) that

lim
M→∞

m(M ) = limM→∞ R(M, F )

R(1, F )
∼ 1 + ηB

ηA
. (24)

We observe that the single click quantum multiplexing im-
provement can be larger than 2 only if the link on the side
with only one memory (B) is more efficient than the link
on the side with many memories (A).10 In particular, we see
that the efficiency of the connection to node B, which holds
one memory, remains a bottleneck in the infinite M limit;
as M grows large the probability to receive a photon from
node A also becomes large, but the probability to receive a
photon from B must remain the same. We see that single click
quantum multiplexing is especially useful when it is used to
mitigate a low efficiency on the side with many qubits (A),

10Notably, in the opposite limit where the measurement station is
next to the node with many memories such that ηB � ηA, semiclassi-
cal multiplexing improves the rate by a factor M simply by resetting
the memories after each unsuccessful attempt. Indeed, in the extrem-
ity of this limit where ηA → 1 single click quantum multiplexing
yields no improvement whatsoever as we can see from Eq. (24).
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and indeed diverges as ηA → 0 due to the unmultiplexed rate
going to zero quickly.

This example makes clear that single click quantum mul-
tiplexing is especially useful when the connection to the
few-memory node is efficient, and the connection to the many-
memory node is inefficient. By increasing the number of
memories on the inefficient node we can then boost perfor-
mance. This could possibly be exploited in a network resource
allocation policy; the nodes closest to the heralding station
should use little memories for entanglement generation, while
the nodes far away from the heralding stations should use
many. For example, if one has 10 memories to distribute
between two nodes, then we can now see that the optimal
distribution depends on the ratio of losses, varying between 5
and 5 (symmetric loss) and 1 and 9 (asymptotically asymmet-
ric loss). We emphasize that, given a constant total loss ηAηB

(corresponding to a constant total distance between nodes),
an optimal rate is always achieved through a symmetric dis-
tribution of loss (symmetric Bell-state analyzer placement).
The single click quantum multiplexing strategy is best suited
for cases where either asymmetric loss is unavoidable, e.g.,
quantum networks with different physical platforms with dif-
ferent transduction requirements, asymmetric distances to the
Bell-state analyzer, or in networks where there are already
(unutilized) asymmetric memories.

Our result of an asymptotic constant multiplicative speedup
in Eq. (23) is consistent with the results found in Ref. [12].
Here symmetric emitter-by-emitter multiplexing can have a
linear speedup within a single repeater link. This provides an
upper bound on the speedup as it corresponds to having M
identical copies of the system.11 Notably, Ref. [12] also shows
that the speedup to the total N-repeater chain is polynomial in
M, with the degree of the polynomial given 2N − 1, pointing
towards repeater-chain generalizations of our result above.

In the near term, quantum multiplexing experiments are
feasible using nodes with multiple emitters and phase sta-
bilized optical fiber connections and have already been
implemented in Ref. [62] for the reflection-based quantum
multiplexing EG scheme proposed in Ref. [42]. For example,
the multiplexed entanglement generation implemented exper-
imentally in Ref. [66] could be modified using single click
quantum multiplexed entanglement generation to improve en-
tanglement generation further for the asymmetric case.12

B. Use case: M-Client remote state preparation
with a single server node

We now turn our attention to single click quantum multi-
plexing between M photonic client devices and a single node
attempting single click RSP [16], as depicted in Fig. 1(c). For
simplicity here we consider a situation where the M photonic
client devices are used simultaneously by a single user. In
Appendix B we consider the case where each of the M-client
devices correspond to different users competing for access to
the node, with near-identical results.

The client devices [left of Fig. 1(c)] each emit a WCP
with the same mean photon number |α|2 but choose separate
phases. After introducing channel loss 1 − ηc, the state of the
clients are

|ψc〉 =
M⊗

m=1

|√ηc|α|e−iθm〉 . (25)

Variances in channel losses among the clients can be compen-
sated by changing the mean photon number such that ηc|α|2
is the same for all client devices.

The server [right of Fig. 1(c)] will split their signal into the
M channels corresponding to the M-client devices, each with
(identical) transmission efficiency ηs. This results in a state

ρS =
(√

1 − ξ 2 |0∅〉 +
√

ηs

M
ξ
∑

m

|11m〉
)

(H.c.)

+ (1 − ηs)ξ 2 |1∅〉 〈1∅| , (26)

where ξ is the bright-state probability of the server qubit. We
will now condition on a successful detection in one and only
one of the M channels without photon number resolution.
Thus, we get the transformation

ρRSP|k+ =
∑

n=1 Trm[〈nk+| ρ |nk+〉]∑
n′=1 Tr[〈n′

k+| ρ |n′
k+〉] , (27)

where Trm is over the photonic modes, ρ = |ψc〉 〈ψc| ⊗ ρS ,
and |nk+〉 is the state with n photons in the “plus” detector
mode of the kth channel. We leave the details to the remaining
calculation in Appendix B. After maximizing the fidelity over
the bright-state probability we find

F = 1

2

(
1 +

√
ηsηc|α|2/M

(1 − e−ηc|α|2/2)
[
1 − e−ηc|α|2/2 + ηs

( 2+ηc|α|2
4M + 1 − e−ηc|α|2/2

)]
)

∼ 1 − M(1 − ηs) + ηs

4

4ηs
ηc|α|2, (28)

11At least, without utilizing more advanced multimode generalized Bell-state measurements as in Ref. [64] or tree-state qubit encodings of
qubits as in Ref. [65].

12Notably, in Ref. [66] they consider preparing multiqubit W states via multiple entanglement generation attempts. We can imagine further
generalizing our single click quantum multiplexing method to prepare three-qubit W states in a single attempt by postselecting on two clicks.
Such an implementation of this would be a stepping stone to generalized Bell-state measurements with tree states [64] and teleportation of
logical qubits using more advanced parallelized encodings [65].

012603-8



QUANTUM STRATEGIES TO OVERCOME CLASSICAL … PHYSICAL REVIEW A 114, 012603 (2026)

FIG. 3. Single click quantum multiplexing between several client devices held by a single client and a single node in a quantum network
with a continuous demand for single-qubit RSP. (a) Fidelity-rate curves parameterized by γ = ηc|α|2. Solid lines show M = 1, dashed lines
show M = 5. The dimensionless rate given here is in units of the duration of an RSP attempt. (b) Multiplexing gain m as function of M for
RSP with fidelity Fmin = 1–10−6 using M clients. The theoretical maximum with a perfect server and the classical bound is plotted using the
magenta and black dashed lines, respectively. Similar results are observed for modified network protocols where the client devices are held by
different users with continuous demand (Fig. 5) as well as one-time demand (Fig. 6) are calculated and discussed in Appendix B.

where the last line is the small-α limit. As in the previous analysis, we define the duration τe of each attempt τe to be unity so
that our rate calculated is the same as the probability to get a single click in any of the detectors

R = 4e−(M− 1
2 )ηc|α|2(1 − e−ηc|α|2/2

)[
4M(1 − ηs)

(
1 − e−ηc|α|2/2

)+ ηs(2 + ηc|α|2)
]

4(2 − ηs)
(
1 − e−ηc|α|2/2

)+ ηs

M (2 + ηc|α|2)
∼ 2Mηc|α|2, (29)

where the last form given is the small-α limit. Note that in
practice, the small-α limit is the regime of interest since the
chance that a malicious server determines the state of the RSP
qubit increases with the mean photon number |α|2 for RSP
protocols with WCP clients [67].

We have plotted the rate for our single user controlling all
M devices against the fidelity obtained in Fig. 3(a). This leads
to a mulitplexing advantage but only in the high-fidelity limit:

m(M ) ∼
M
(
1 + 4

ηs
− 4

)
1 + 4M

ηs
− 4M

→ 1 + ηs

4(1 − ηs)
, (30)

where in the second line we take the M → ∞ limit. We plot
the multiplexing factor in Fig. 3(b) and observe it indeed in-
creases with ηs. We get the maximum achievable multiplexing
gain in the limit as ηs → 1, and in the high-fidelity regime,
which yields m(M ) → M.

Intuitively, it is surprising that collaborating client devices
yields any advantage in any regime, as collaborating client
devices are equivalent to a single client device and a beam
splitter, up to phase modulations. However, the additional spa-
tial modes reduce the likelihood of an undetected multiphoton
emission; as the probability of such an error goes as ∼1/M.
This gives a slight improvement of the fidelity at the same
value of ηc|α|2. When increasing ηc|α|2, the probability of
detections in multiple channels increase, which are marked as
unsuccessful heralding patterns. Thus, after a critical value the
rate will decrease when increasing ηc|α|2 if the measurement
stations do not have photon number resolving detectors, as

seen in Fig. 3(a) (but not in Fig. 2(a), where there were
no multiphoton events). However, in the high-fidelity regime
before the critical value, ηc|α|2 � 1 and the improvement in
fidelity has a greater impact than the decrease in rate due to
multiclient photons emitted.

We emphasize that here we have omitted a detailed dis-
cussion of security for WCP-based RSP, which places further
constraints on the values of |α|2 that can be used in any practi-
cal implementation [67] . However, something interesting has
happened in this protocol; as we only have one resource avail-
able at the server side, here multiplexing in the semiclassical
method is impossible. By utilizing the quantum properties of
the single photon from the quantum side, we can improve
performance far beyond the semiclassical multiplexing limit.
Furthermore, we note that there exists no upper limit to the
multiplexing gain for a lossless server. While this is not re-
motely realistic in the near future, it illustrates the potential
benefits of a quantum approach to multiplexing.

IV. MULTISERVER MULTIPLEXING

In the previous section, we introduced single click quan-
tum multiplexing as a new method for improving the rate
of qubit transmission through a network by a factor m, il-
lustrated through two use cases. In this section, we now
introduce a method for multiplexing where the achievable
speedup ms to the s-qubit transmission through a network
is much greater, surpassing the semiclassical limit Eq. (7).
The reason for this is twofold; first, the connections within

012603-9



TZULA B. PROPP et al. PHYSICAL REVIEW A 114, 012603 (2026)

a quantum network are not in general homogeneous in terms
of quality. Second, interactions (e.g., entanglement genera-
tion, remote state preparation) with a server may degrade
the quality of qubits stored therein (e.g., as is the case
for color centers [68,69]); in the language of the window
problem of scan statistics introduced in Sec. II, this means
that utilizing many servers to perform a task that, strictly
speaking, only requires a single server, may increase the ef-
fective window, i.e., number of attempts that can be made
without discarding qubits held in storage, as was first em-
phasized in Ref. [12]. Unlike the quantum multiplexing of
the previous section, multiserver multiplexing does not uti-
lize coherence across modes to achieve a beyond-classical
speedup, i.e., the physical multiplexing technique utilized
is semiclassical; however, multiple server nodes collaborat-
ing here are used to circumvent the addressing kickback
problem prevalent in spin systems [68,69]. This gives a many-
orders-of-magnitude improvement to the rate of s-qubit RSP,
beyond what is possible with a semiclassical multiplexing
strategy.

Unsurprisingly, this large improvement to the s-qubit rate
comes at a cost; multiserver multiplexing between a single
WCP photonic client and M interconnected nodes in a quan-
tum network is the most resource-intensive use case we study.

We now study this situation in detail, and utilize a simple toy
model to both analytically derive ms for s = 2 and numerically
calculate ms for s > 2 for our proposed use case of s-qubit
RSP, which is a prerequisite for BQC.

A. Use case: s-Qubit single-client RSP

As a final use case, we consider multiserver multiplexing
between a single WCP photonic client attempting s-qubit RSP
with a hub of M server nodes as illustrated in Fig. 1(d). Here
we can use multiserver multiplexing to attain beyond-classical
scaling in regimes with fast or efficient interserver links and
memories that are more susceptible to decoherence during
EG-RSP attempts (i.e., color centers).

Unlike the multiplexing based on modifying the single
click entanglement generation [38,41] or remote state prepa-
ration [16], multiplexing a WCP photonic client to multiple
nodes for remote state preparation does not require us to do
anything particularly quantum; we simply put our pulse on a
beam-splitter array so that pulses are transmitted to M nodes
in parallel and increase the power of the laser by a factor
of M to compensate.13 For single click, double click, and
double-single click (in batches of K pulses), this requires a
substitution,

|αeiθ 〉 → |αeiθk 〉⊗M
(single click)

|α/
√

2, α/
√

2eiθ 〉 → |α/
√

2, α/
√

2eiθk 〉⊗M
(double click)

|αeiθk 〉⊗K → |αeiθk 〉KM
(double-single click), (31)

where implicitly the phase θk is assumed to be modulated
to different values over spatial (and for double-single click,
temporal) modes.

Increasing the amplitude within any particular mode intro-
duces errors due to multiphoton events and degrades fidelity.
However, here the additional multiphoton events are detected
in different spatial modes and can be rejected without photon
number resolution, as was the case in Sec. III B.

Since the fidelity is unchanged by multiplexing, it is trivial
to calculate the single-qubit improvement factor m for RSP to
any node in a symmetric network configuration: It is simply
given by

m = M(1 − p)M−1 � M. (32)

Here p is the success probability of a single RSP attempt
(made using either double click or single click protocol) and
M is the number of nodes. Notably, this expression also de-
scribes attempting RSP between a single client and M emitters
within a single node, and the upper bound is saturated in
the low-p limit. Indeed, this is just a more resource-intensive
implementation of the semiclassical limit-saturating speedup
seen for temporal multiplexing in Sec. II A.

In this section, our main subject of interest is the speedup
achieved in preparing s-qubits on a single arbitrary node in
a quantum network. Now we must contend with decoherence
during the storage of the qubit(s) as well as the interconnec-
tivity of the network itself. This is, in general, a nontrivial
problem to solve. Recent work on color centers [43–46] shows

that addressing a color center tends to dramatically reduce
the qubit lifetimes of other qubits stored in the same color
center (which typically contain multiple memory qubits per
communication qubit). This gives rise naturally to several
simple multiplexing strategies to consider, which we denote
σ . The simple strategies we consider are “try and commit”
(σ = t) where a client interacting with M nodes commits to
the first node that yields a success, and “multiplex” (σ = m)
where while there is a qubit stored in a node no attempt is
made by the client to remotely prepare a qubit on it. This list
is by no means exclusive but suffices to illustrate where the
full advantage of multiserver multiplexing lays.14

13This, of course, will change the chance of leaking the value of
θ , but this is straightforward to fix by randomly rotating the phases
from each port, generating a one-time pad. Note that for information
theoretic security of RSP with WCPs a physical implementation
of the “security gadget” proposed in Ref. [67] must be utilized. In
practice, this is accomplished by preparing additional qubits and
performing CZ gates with the output of the s-qubit RSP, forming a
one-time pad via a measurement-based rotation.

14For example, we could also consider a fully multiplexed strategy
where at every instance the client attempts to remotely prepare a state
on every node, including those that already hold qubits. Since this
combines the downsides of both approaches for our toy model we
omit it in this analysis.
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TABLE I. Summary of the optimized success probabilities P
and fidelities F for the single click and double click RSP, as well
as single click EG, protocols in the low-WCP amplitude α, low
bright-state probability and photon emission probability ξ , and high
loss limits [16], as well as for the measurement-only remote state
preparation protocol studied in Ref. [70]. Here we only consider loss
in fidelity inherent to the protocol and not from other sources, e.g.,
depolarizing in fiber, infidelitous server photons. We define ηA/B/s/c

as the efficiency for the left, right, server, and client nodes, including
the effects of loss due to transmission in fiber, and do not include
any multiplexing (which improves the rate by a factor m and leaves
the fidelity unchanged, by definition). For a more in-depth review of
single click entanglement generation see Appendix C.

Protocol Success probability Fidelity

Single click RSP 2ηc|α|2 1 − ηc (4−3ηs )
16ηs

|α|2
Single click EG 2ηAηBξ 2 1 − ξ 2

Double click RSP ηcηs
2 |α|2 1 − ηc

ηs

4−3ηs
16 |α|2

Double-single click RSP 4
3 ηc|α|2 1 − ηc

ηs

4−3ηs
8 |α|2

Measurement-only RSP ηsηc ≈1

We begin by tackling the case of s = 2 analytically be-
fore moving on to s > 2 numerically. In both cases we find
beyond-classical improvement ms � m × Ms.

B. Toy model for s = 2: Analytic solutions

We now introduce a simple toy model for s = 2 qubit
RSP on M server nodes [Fig. 1(d)]. We consider a network
configuration where each server-server and server-client link
has an associated single-qubit RSP or entanglement genera-
tion rate Ri j = Pi j

τe
. This rate implicitly absorbs all single-qubit

multiplexing effects as well as imperfections in the quantum
optical implementation and also explicitly assumes uniform
attempt duration τe between RSP and EG. Here Pi j depends
on the RSP or entanglement generation protocol used, which
are summarized in the low bright-state probability ξ and low
coherent-state amplitude α limit in Table I.

We also associate with each nodes two coherence times τce

and τco corresponding to coherence time with (e) and without
(o) EG-RSP attempts. These, along with other experimental
factors (e.g., nitrogen vacancy center qubit loss via charge
state conversion necessitating charge-resonance checks [68]),
impose two seperate cutoffs (i.e., finite attempt window sizes)
ne and no for each server node, again corresponding to with
(e) and without (o) a qubit held at the server. Considering
these two cutoff times separate instead of using a unified
window w is an approximation made for ease of calculation
but is reasonable for no � ne and τco � τce. For our analytic
toy model, we further consider a highly symmetric network
such that there are only two success probabilities for attempts:
server-server Pss and server-client Psc and assume uniformity
otherwise. These yield analytic rates for the try and commit
σ = t and multiplex σ = m strategies:

R2,M
σ=t = 1 − (1 − Psc)ne

τe
MPsc

+ 1−Psc
Psc

(1 − (1 − Psc)ne − nePsc(1 − Psc)ne )τe + (1 − Psc)ne neτe
(33)

R2,M
σ=m = (1 − (1 − Psc)(M−1)no )(1 − (1 − Pss)ne )/(

τe

MPsc
+ 1 − Psc

Psc

(
1 − (1 − Psc)(M−1)no − (M − 1)noPsc(1 − Psc)(M−1)no

) τe

M − 1
+ (1 − Psc)(M−1)nonoτe

+ (1 − (1 − Psc)(M−1)no )

(
1 − Pss

Pss
(1 − (1 − Pss )ne − nePss(1 − Pss )ne )τe + (1 − Pss )ne neτe

))
. (34)

These expressions must be optimized over the parameters
in the success probabilities Pss/sc and the cutoffs ne and no

(again, subject to physical constraints due to qubit loss) to
maximize the two-qubit RSP rate subject to a minimum fi-
delity constraint.

The infidelity has in general two components: an intrinsic
infidelity from the RSP-EG protocol used as summarized in
Table I, as well as an infidelity due to decoherence during
storage. For an s-qubit protocol

F1,2,...,s = 1

2s

∏
i

(
1 + 〈e

∑
j − ti je

τce
− ti jo

τco 〉ti je,ti jo∀ j
)
, (35)

where ti je/o are the times a qubit is stored in memory of node
j with (e) and without (o) EG-RSP attempts made at the jth
node. In the absence of an adaptive protocol we can assume
separability of the expectation value,〈

e− ti je
τce

− ti jo
τco

〉
ti je,ti jo∀ j =

∏
j

〈
e− ti je

τce

〉
ti je

〈
e− ti jo

τco

〉
ti jo

, (36)

so that each expectation value is then a product of geometric
series depending on ne or no and the success probabilities
conditioned on there being a single success, as failed attempts
of the full protocol do not contribute to infidelity. Removing
subscripts for readability and generality, we have in general,

〈
e
− te/o

τce/o
〉
t =

ne/o∑
n=1

Pe/o
n|1 e

− nτe
τce/o (37)

with

Pe/o
n|1 = (1 − Psc/ss)n−1Psc/ss∑ne/o

n=1(1 − Psc/ss)n−1Psc/ss

= (1 − Psc/ss)n−1 Psc/ss

1 − (1 − Psc/ss)ne/o
, (38)

where in the second line we have made use of the geometric
series formula.
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FIG. 4. Numerical results using the multiserver multiplexing strategy σ = m for distant links for the client-server connection (ηc = 10−3)
and short links for the server-server connections ηs = 10−1. Coherence times with and without EG-RSP are 20 ms and 2.8 s, respectively,
with the full parameter values given in Table II of Appendix D. (a) Rate-fidelity trade-off for a scenario with s = 2 and various numbers of
servers, with rate measured in units of the duration of an EG-RSP attempt τe = 300 ns. Note that for lower fidelities the trade-off saturates;
finite memory lifetimes effect the trade-off by linking reduced single-qubit rates (which effect the multiqubit rates) to a reduced the achievable
final-state fidelity. (b) Comparison between the ms obtained for the cases s = 2 through s = 4 with their corresponding classical bounds Ms.
We included the point ms(M = 1) = 1 for visual reference and otherwise only consider M � s where the multiplexing strategy we define is
unambiguously specified. Note the logarithmic scaling; even for modest values of s and M, multiserver multiplexing results in several orders
of magnitude improvement in protocol execution rate.

With these assumptions, the fidelity constraint Eq. (35) can
be numerically solved for any threshold fidelity,15 which we
will do in the next section (via postselection of the simula-
tion). This is necessary for solving for the full rates given
in Eqs. (33) and (34). However, for finding the multiplexing
advantage we do not need to find the full form of the rate, just
its ratio with the unmultiplexed rate.

Taking the low-success limit such that Psc � 1/ne/o, but
taking Pss large such that 1 − (1 − Pss )ne is close to unity, we
can divide Eqs. (33) and (34) by Eq. (33) with M = 1 (the
unmultiplexed case) to yield the s = 2 multiplexing improve-
ment factors for our two strategies

ms=2,σ=t � M, (39)

ms=2,σ=m � M(M − 1)none/n′
e, (40)

with n′
e the unmultiplexed value of ne given by the fidelity

constraint. In the limit where the coherence times are very
different τco � τce, the cutoffs are approximately the same
n′

e ≈ ne, and we see ms=2,σ=m � M2no in the large-M limit.
Crucially, the σ = m multiplexing strategy surpasses the

classical limit by a constant factor no while exhibiting the
same scaling, while the σ = t try-and-commit strategy does
not even come close to the classical limit. This is due to the
σ = m strategy’s ability to prepare the second qubit faster
despite more intermediate steps: There are more nodes to
attempt with and the internode connections are assumed to be
fast compared to the client-node connections, corresponding
to a dense hub of nodes. Even in this toy model we can see
that the choice of multiplexing strategy can dramatically effect
the scaling with M. Also note that, while the scaling seen in

15There is a subtlety here; unlike the fidelity for a single-qubit
protocol which is typically an average over unmonitored processes,
here the client knows precisely how many attempts were made. Thus
the fidelity here is interpretted as a minimum average quantum-state
fidelity and not as an average (over the number of attempts) average
quantum-state fidelity.

Eq. (39) and Eq. (40) are the same as in the classical limit in
Eq. (8), the constant prefactor no can be quite large in color
centers, where coherence of the order of a minute have been
observed when the node is idle [71].

We also note that while the σ = m multiplexing strategy
gives better performance for the client, it demands more net-
work resources at any given moment; any implementation
of this protocol in a network must consider the needs of all
users using a global network metric such as quantum network
utility [72,73].

C. Toy model for s � 2: Numerical results

Although there are not easily derivable analytic solutions
for s > 2 due to the rapidly nontrivial structure of the window
problem, we can also solve this toy model numerically for
s � 2 by optimizing over experimental parameters. In our
numerical simulations we use parameters that might arise
in situations where the client and the servers (assumed to
be color centers) are separated by relatively long distances
(≈150 km), while the distances between servers are mod-
erately short (<50 km). Further details on the numerical
simulations are given in Appendix D.

In Fig. 4(a) we study the σ = m multiplexing strategy
introduced in the previous section, and explore the trade-off
between rate and fidelity for the s = 2 case for |α|2 � 1/2,
as the risk of a malicious server determining the RSP qubits’
states increases with the mean photon number |α|2 [67]. We
observe that higher fidelities decrease the achievable rate as
expected, and the very clear improvement in rate due to in-
creasing the number of servers.

While a full quantum network simulation (e.g., in Net-
Squid [74]) would be required to reach high qubit numbers,16

we can study the improvement that the multiplexing strategy
(σ = m) achieves for the preparation of two, three, and four

16This is because higher qubit number protocols succeed more
rarely and are harder to directly sample.
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qubits s ∈ {2, 3, 4} using our simple toy model, as shown in
Fig. 4(b), using the toy model numerical simulation given in
Appendix D. In particular we focus our study on the cases
with s � M, since these cases take the most full advantage of
the two different coherence times τco and τco. We observed
that the improvement surpasses the classical limit of Ms in all
cases. Note that the gap between ms and the classical bound
Ms increases with s for the same parameter regime. The reason
for this is threefold: First, a single server (no-multiplexing)
implementation stores each qubits for larger amounts of time
compared to the multiplexing strategy (Psc < Pss). Second,
more qubits means less storage time-per-qubit is permitted for
a fixed, s-independent final-state fidelity F , effectively reduc-
ing the time qubits can be held in storage for. Last, and more
abstractly in the language of the window problem [33], given
a fixed window w, increasing the number of required qubits
s yields a stronger suppression of the rate achievable due to
the finite window; the protocol feels the effects of the window
more strongly as s increases to its maximum theoretical value
s = w, beyond which the protocol is ill defined.

We conclude by noting that we have assumed a highly sym-
metric network protocol and configuration, such that server
and client keep their parameters fixed (Psc, Pss), throughout
the whole protocol. Future work on realistic networks could
use machine learning to characterize realistic networks, which
will lack the nice symmetries that we exploited in this anal-
ysis, as well as adaptively adjusting parameters based on
network performance en vivo.

V. SUMMARY AND OUTLOOK

In this work, we have identified classical limits to the
improvement to a quantum protocol induced by multiplexing,
and introduced two beyond-classical methods for surpass-
ing them: single click quantum multiplexing and multiserver
multiplexing. We have studied the performance of these new
methods by analyzing rate-fidelity trade-offs and scalings with
the multiplexing resource M for simple toy models. Here
we found that single click quantum multiplexing improves
performance by enabling asymmetric resource utilization and
>2-party links and that multiserver multiplexing similarly
improves performance by making use of many interlinked
servers (or one server with multiple communication qubits)
to provide service to a single client, especially for many-
qubit protocols. In both cases, these methods improve the
rate-fidelity trade-off (ubiquitous across almost all domains
quantum science [75–80]17) and can yield an improvement
to the quantum bit or protocol execution rate upper bounded
by limits that we identify. In practice, to achieve the high-
est rate for a quantum network protocol one should make
use of all available multiplexing techniques: semiclassical,
quantum, and multiserver. This is especially important for
measurement-based blind quantum computation where there

17Though interestingly, not for single photon detection, where the
dark count-detection rate trade-off can—at least in principle—be
circumvented through detector design; instead, the rate of detection
impacts which single photon temporal wave packets can be effi-
ciently detected [81].

is a very large overhead in the number of qubits needed [21].
Here multiserver multiplexing especially can improve the un-
favorable scaling due to the many high-fidelity qubits that are
required for noise robust verification.

Furthermore, we have seen in our simple toy model for
multiserver multiplexing how different strategies give rise to
rate improvements ms for symmetric networks. We hope this
will motivate further work studying next-generation multi-
plexing techniques and multiplexing strategies in quantum
networks, e.g., in NetSquid [74], especially for networks
with high degrees of asymmetry [73], employing adaptive
strategies [82], or with pre-existing entanglement [32]. These,
especially in the large-s limit, would form of the basis of
experiments utilizing single click quantum multiplexing and
multiserver multiplexing in long-distance in deployed quan-
tum networks [83,84].

In this paper, we have shown how our next-generation mul-
tiplexing techniques can improve both the single-qubit rates
by a factor m, and the s-qubit rates by a factor ms. In all cases,
this improvement is due not to improved hardware quality at
all, but due to more hardware. For a quantum internet network,
networking lower-quality quantum servers improves their col-
lective performance. This is especially appealing due to recent
developments in software stack development (including de-
ployable local operating systems for quantum nodes [85]) and
manufacturing capabilities [86,87], which pave the way to-
wards scaling up quantum device production and deployment.
Augmented by multiplexing, these enable a possible route
to transition from a prototype dial-up style quantum internet
(slow, unreliable service, limited application) to a widely ap-
plicable broadband style quantum internet (fast, multiplexed,
wide application), all utilizing the same underlying compo-
nents currently in active development.

Furthermore, the nontrivial relationship between the be-
haviors of m and ms with M is indicative of a broader aspect
of quantum network theory. In a classical network protocol the
executes-per-second of a protocol and the bits-per-second of a
link are usually directly connected; in general a linear speedup
in one corresponds to a linear speedup in the other. However,
the quantum bits-per-second and the quantum executes-per-
second may show very different behaviors with M; here we
have seen that the quantum bits-per-second tend towards an
at-most linear speedup with M (i.e., m � M), whereas the
quantum executes-per-second may have a superlinear speedup
(i.e., ms � Ms for s � w). This is due to the relative fragility
of quantum information in comparison to classical informa-
tion [26]; only in the infinite-window limit (i.e., the perfect
memory limit) do we recover a classical relationship be-
tween the quantum bits and executes-per-second. Only when
decoherence is removed—either by perfect memories or by
quantum error corrections—does the scaling become linear
regardless of the number of qubits in the protocol ms ∼ M, as
is the case classically. We hope that this nontrivial relationship
between qubit rates and quantum execution rates on near-term
quantum devices will continue to be studied in future works.

Here we have identified semiclassical limits to the mul-
tiplexing advantage and shown how to exploit quantum
mechanics to break them. However and emphatically, we
have not here identified fundamental Heisenberg limits to the
multiplexing advantage, nor do we claim our quantum and
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multiserver multiplexing methods are optimal in a quantum
sense. One can readily imagine more advanced techniques for
quantum multiplexing that, following the ideas of the original
quantum multiplexing proposal in Ref. [42] or experimental
efforts to coherently manipulate higher-dimensional degrees
of freedom of photons [79,88–90], encode qubits across many
pulse in higher dimensional qudits across servers,18 or multi-
server multiplexing strategies utilizing asymmetric adaptive
strategies and advanced memory configurations to further
improve network performance. Assessing the optimality of
those techniques will require identifying the fundamental lim-
its to multiplexing advantage. It is well known that remote
state preparation is a less demanding task than quantum-state
teleportation, with the latter requiring entanglement between
two parties. Yet the semiclassical limits we have derived for
the multiplexing advantage are identical for both RSP and
EG processes; it is an open question whether Heisenberg-like
quantum limits to multiplexing will reflect this fundamental
difference between RSP and EG. We hope that in addition
to guiding experimental design, this work will inspire theo-
retical development of even better next-generation quantum
and multiserver multiplexing techniques, as well as inspire
researchers to continue the search for the true quantum limits
to multiplexing.
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APPENDIX A: DERIVATION OF SEMICLASSICAL LIMIT
TO MULTIPLEXING

Here we derive rigorously the semiclassical upper bounds
to the multiplexing advantage introduced in Sec. II. Through-
out our paper we have defined the multiplexing advantage ms.

18Indeed, even basic questions like “How many qubits can one en-
code in an N-pulse sequence?” are nontrivial to answer except in the
most basic cases, i.e., if we limit to the zero and one photon-per-pulse
subspace the answer is N if we assume overall phase stability, which
is achieved using the single click protocol [16]. However, while
relaxing phase stabilization should result in N − 1 qubits since the
overall phase constitutes a classical gauge degree of freedom [91], as
of yet there is no protocol for extracting all of the qubits with high
probability and the practical bound may be much lower.

Mathematically, we can define ms through the expression

Rs|F (M ) = msRs|F (1). (A1)

If we are in the regime where almost all instantiations of
the protocol fail, then each implementation may be considered
a Poisson or geometric process. This enables us to interpret
ms physically, in this limit, as the number of unmultiplexed
implementation of the s-qubit quantum protocols that would
need to run in parallel to achieve the same rate as a single
instantiation of the M-fold multiplexed protocol.

We now begin with the derivation of the multiplexing ad-
vantage to the single-qubit rate to prepare or transmit a single
qubit of fidelity F , which we provided a semiclassical limit
for in Eq. (6). Rearranging Eq. (A1) for s = 1, we find

m = RpM |F (M )

Rp|F (1)
. (A2)

Here p is the probability that an unmultiplexed attempt to
generate entanglement or remotely prepare a state succeeds
and pM is the probability that each attempt of the multiplexed
attempts succeed. We can take pM = p to give an upper limit
to m, which we assume henceforth. To reiterate, we also
assume that the classical multiplexing does not negatively
impact the maximum achievable fidelity for the protocol, as
is the case, e.g., for temporal multiplexing, up to a practical
limit imposed by the physics, e.g., how many pulses can fit in
a beamline without overlap and how many spatial or spectral
modes are accessible for multiplexing.

We now recast our unmultiplexed rate Rp|F (1) in terms of
expectation values τp: The time to achieve the first (and here,
only) success, which is a random variable. We assume this to
be a Poisson process as is done in Ref. [33]. In this way for
the unmultiplexed protocol, we can write

Rp|F (1) = 1

E(τp)(τ1 + τc)
(A3)

with τ1 the duration of a single attempt’s propogation time
and τc the duration of any additional classical communication
needed to complete the attempt.

For the multiplexed case Rp|F (M ), the behavior of the
random variable τp will be affected by the exact structure of
the multiplexing, e.g., exact simultaneity as in spectral mode
multiplexing versus sequential as in temporal mode multiplex-
ing. However, we can upper bound the multiplexed rate by
the simultaneous model where all M batched attempts occur
at the same (first) time step, and where a batch succeeds if
any nonzero number of attempts succeed. Thus, Rp|F (M ) �

1
E(τ1−(1−p)M )(τM+τ ′

c ) , with τM the time needed for the M pulses

to propagate and τ ′
c any additional time needed for a shared

communication round for the batch. Thus we calculate the
upper bound of the ratio of the rates

m � E(τp)

E(τ1−(1−p)M )

τ1 + τc

τM + τ ′
c

. (A4)

Since E(τp) = 1/p∀p, we find

m � 1 − (1 − p)M

p

τ1 + τc

τM + τ ′
c

� M
τ1 + τc

τM + τ ′
c

� M (A5)
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as desired. Equality with the first upper bound is achieved in
the limit p → 0, and equality with the second upper bound
is achieved when the time τM + τ ′

c to perform a batch of M
multiplexed attempts takes an equal duration to performing a
single unmultiplexed attempt τ1 + τc (i.e., exact simultaneity).

To derive our second limit Eq. (2) for s-qubit protocols
is more involved and requires using techniques and results
derived in Ref. [33]. There the subject was a general study of
the problem of finding the average number of attempts needed
to achieve s successful executions of a protocol on a quantum
network within w attempts, colloquially known as the “win-
dow problem” of scan statistics [57]. The primary quantity
of interest is the expectation time E(τw,s,p) to get s successes
within a window of w attempts, where each attempt succeeds
with probability p. We begin again with our definition of the
multiplexing advantage, now for an s-qubit protocol,

ms = Rs,pM |F (M )

Rs,p|F (1)
. (A6)

To translate this to a window problem, we assume that genera-
tion of a state with a given minimum fidelity F is equivalent to
generating a state within a specified window w as discussed
in the main text. Notably, this assumption of a single fixed
window is the key assumption we exploit in studying multi-
server multiplexing. To give an upper bound, we also utilize
that the time between successes is minimized when the M
multiplexed attempts are equally spaced in time (as opposed to
“bursty windows” [93]). Intuitively, this lower bounds the ex-
pected time to success by minimizing gaps between attempts
with each attempt being equally likely to be successful, and
allowing for successes to occur within our original attempt
time τ1 + τc, removing the dead communication time from the
unmultiplexed case.

By defining the duration of each of the M unbatched mul-
tiplexed attempts to be τ1M = (τ1 + τc)/M corresponding to
this idealized protocol with no wasted communication time,
we arrive at an initial upper bound for the multiplicative im-
provement factor,

ms � E(τw,s,p)

E(τMw,s,p)

τ1 + τc
τ1+τc

M

= M
E(τw,s,p)

E(τMw,s,p)
≡ m∗

s . (A7)

In this upper limit, we directly observe the effect of multiplex-
ing as increasing the number of attempts we make (i.e., the
window w) by a factor of M while simultaneously reducing
the duration of each attempt by a factor of M. Note that
for s = 1 the dependency on window itself disapears from
E(τw,s,p) and we recover the single-qubit upper limit Eq. (A5):
m∗

s=1 = M.
The task now is to upper bound m∗

s itself for s > 1. To do
this we first consider several limits where the behavior of m∗

s
is easy to describe.

Consider the low-success limit p → 0. Here E(τw,s,p) ∼
1

(w−1
s−1 )ps so that

lim
p→0

m∗
s = M

(Mw−1
s−1

)
(
w−1
s−1

) . (A8)

Note that in the limit w � s, this is upper bounded m∗
s � Ms

with equality only in the large-w limit.

Consider also the opposite limit p → 1, where E(τw,s,p)
becomes approximately independent of the window size, so
that limp→1 m∗

s = M, which we note is strictly less than the
opposite p → 0 limit for M > 1.

As a final limit, consider the infinite window limit w = ∞,
where again E(τw,s,p) becomes independent of the window
size, so that limw→∞ m∗

s = M.
Now we make use of several properties of the expecta-

tion values E(τw,s,p). The first as discussed in Ref. [33] is
that E(τw′,s,p) � E(τw,s,p) for w′ > w, with equality only at
w = ∞ or p = 1. The second is a physically motivated and
numerically verified assumption: that the first derivative of the
expectation values are monotonic with window size, i.e.,

0 � d

d p
E(τw′,s,p) � d

d p
E(τw,s,p), w′ > w, (A9)

with equality only asymptotically as w = ∞ or p = 1. This
assumption aligns with physical intuition; the larger the win-
dow w, the better the behavior of E(τw,s,p) is described by
its asymptotic behavior in the infinite-window limit [33],
which is the regime is where the expectation time E(τw,s,p)
is least sensitive to changes in the success probability p,
scaling linearly E(τw,s,p) ∝ p. More physically, as the quality
of physical memory qubits improves, we expect decreases in
individual success probabilities have less of an impact on the
s-qubit expectation time E(τw,s,p). If this assumption were
not to hold for some system, then it would mean that, for
networks using those systems, improving the memory quality
would increase the sensitivity of the protocol performance to
the effects of decoherence, which seems unphysical.

We now consider what it would mean for m∗
s to be non-

monotonic in p for finite w: namely that there is at least one
nonboundary value of p such that dm∗

s
d p = 0. From its definition

Eq. (A4), this requires

0 =
(

d

d p
E(τw,s,p)

)
E(τMw,s,p) − E(τw,s,p)

(
d

d p
E(τMw,s,p)

)
.

(A10)

Rearranging, we find

d
d pE(τMw,s,p)

d
d pE(τw,s,p)

= E(τMw,s,p)

E(τw,s,p)
. (A11)

However, we know E(τMw,s,p) � E(τw,s,p) and have argued
for d

d pE(τMw,s,p) � d
d pE(τw,s,p), with equalities only at p = 1

or w = ∞. Thus, since the left-hand side is greater than unity
and the right-hand side is less than unity except at p = 1 or
w = ∞, we conclude that for finite w m∗

s is strictly monotonic
in p.

Since the largest value of m∗
s is observed as p → 0, and

ms � m∗
s , we arrive at our limits Eq. (8) and Eq. (7):

ms � M

(Mw−1
s−1

)
(
w−1
s−1

) w�s→ � Ms. (A12)

Last, we note that for any physical implementation of an
experiment using classical multiplexing there is limit to how
much information may be encoded in a channel so that M �
Mc, as is well documented in the literature [1,2,10,11,94–96].
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APPENDIX B: MULTIPLEXING RSP DETAILS

After the transformation in Eq. (27), we obtain the full density matrix

ρRSP|k+ = e−Mηc|α|2

(1 − e−ηc|α|2/2)(1 − ηsξ 2) + ξ 2 ηs

2M

(
1 + ηc|α|2

2

)
{(

1 − e−ηc|α|2/2)(1 − ξ 2)|0〉〈0|

+
√

ηc
ηs

M (1 − ξ 2)

2
|α|ξ (eiθk |1〉〈0| + H.c.) + ξ 2

[
2M

(
1 + ηc|α|2

2

)
+ (1 − ηs)(1 − e−ηc|α|2/2)

]
|1〉〈1|

}
. (B1)

This yields the fidelity to the desired output state |+θk 〉 = (|0〉 + eiθk |1〉)/
√

2 to be

F = 1

2

⎡
⎢⎣1 +

√
ηc

ηs

M (1 − ξ 2)|α|ξ(
1 − e−ηc|α|2/2

)
(1 − ηsξ 2) + ξ 2 ηs

2M

(
1 + ηc|α|2

2

)
⎤
⎥⎦. (B2)

We maximize this fidelity over the bright-state population ξ , to obtain the optimal value

ξ 2 =
(
1 − e−ηc|α|2/2

)
2
(
1 − e−ηc|α|2/2

)+ ηs
[ 1+ηc|α|2/2

2M − (
1 − e−ηc|α|2/2

)] ∼ Mηc

ηs
|α|2, (B3)

where the last form given is the small-α limit. Using the full description in Eq. (B2) yields Eq. (28).
The probability to get a successful detection event for any single client device is

Pr[single channel] = 4e−(M− 1
2 )ηc|α|2(1 − e−ηc|α|2/2

)[
4M(1 − ηs)

(
1 − e−ηc|α|2/2

)+ 2ηs
(
1 + ηc|α|2

2

)]
4M(2 − ηs)

(
1 − e−ηc|α|2/2

)+ 2ηs
(
1 + ηc|α|2

2

) ∼ 2ηc|α|2. (B4)

As in the previous analysis, we define the time of each at-
tempt τe to be unity so that the single client device success
probability is the same as the rate for a specific client device
Rk . Multiplying this number by M yields Eq. (29), as this is
the success probability or rate for any one of the channels to
succeed.

1. Continuous demand

We will now consider two separate cases not studied in
the main text but with very similar results that may be of
particular interest to readers with an eye towards quantum
network protocols and resource allocation. Although in the
main text we assume all photonic client devices to be held by
a single user, here we will assume they are held by individual
users who will either continuously demand RSP qubits on
the server or be content with a single RSP qubit and leave
the protocol after obtaining it, e.g., for a multiparty secure
computation [34]. In the next subsection we will consider that
the clients only demand one qubit, and after obtaining this,
they leave the queue.

We will in this section explicitly write the dependence
on M in the rate, fidelity, and multiplexing improvement for
clarity, i.e., Rk (M ), F (M ), and m(M ). Using the multiplexed
protocol for M clients the rate and fidelity are given by Rk (M )
and F (M ), whereas the rate and fidelity for the nonmulti-
plexed case is Rk (1)/M and F (1).

The rate versus fidelity is plotted in Fig. 5(a). We find in
the high-fidelity regime that

m(M ) ∼ M
(
1 − ηs + ηs

4

)
M(1 − ηs) + ηs

4

→ 1 + ηs

4(1 − ηs)
, (B5)

where again in the last line we consider taking the limit M →
∞. We plot the behavior of m with M in Fig. 5(b). Again,
we see that the multiplexing factor increases as ηs approaches
unity, which is also seen in Fig. 3. Physically, this corresponds
to the single click quantum multiplexing scheme allowing for
an improvement in rate when providing service to multiple
clients as compared to the standard time-sharing method. In
the limit of a perfect efficiency connection to the server, we
find m → M for each user.

2. Single-qubit demand

We now consider single-qubit demand. After successfully
preparing a qubit on the server, the client will not want to pre-
pare any further qubits and thus leaves. In the unmultiplexed
case, the rate and fidelity are the same as in the previous
case, as the time-sharing strategy work similarly. However,
in the multiplexed case after each successful preparation the
number of participating clients changes. Hence, the formula
for the fidelity changes slightly, as it depends on the number
of clients. Thus, after each successful heralding, the BSP and
α are updated to ensure the same target fidelity. The rate of
success is given by

R =
[

M∑
m=1

1

mRk (m)

]−1

, (B6)

where Rk (m) uses updated values for the bright-state proba-
bility and α. With this we can make the rate-fidelity trade-off
plots and the multiplexing advantage; see Figs. 6(a) and 6(b).
The large drop in the rate at specific fidelities is caused by, a
single user no longer being able to get a lower target fidelity.
This sets a lower bound on the target fidelity with this method.
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FIG. 5. Single click quantum multiplexing between several client devices held by different clients and a single node in a quantum network
with continuous RSP demand. (a) Fidelity-rate curves parameterized by γ = ηc|α|2. Here M = 5 clients each with their own photonic client
device continuously compete for access to a single processing node, with both time sharing (solid) and single click quantum multiplexing
(dashed) strategies. (b) Multiplexing gain in this case m as function of M for RSP with fidelity Fmin = 1–10−3 using M competing clients. The
theoretical maximum with a perfect server and the classical bound is plotted using the magenta and red black lines, respectively.

However, as can be seen, at this target fidelity time sharing is
more efficient for the clients than single click quantum multi-
plexing. Compared to continuous demand case studied in the
previous section, we see smaller multiplexing gains because,
on average, fewer users are participating in the protocol at any
given time. In the high-fidelity regime, we find

m(M ) ∼ M
(
1 − 3ηs

4

)
M(1 − ηs) + HM

ηs

4

→ 1 + ηs

4(1 − ηs)
, (B7)

where Hm is the mth harmonic number [97] and the limit is
taken for M → ∞. We can clearly see that this is smaller

than the continuous demand, as Hm > 1. We again note that
m(M ) → M/HM , when ηs → 1 and |α| → 0.

APPENDIX C: REVIEW OF SINGLE CLICK
ENTANGLEMENT GENERATION

Here we briefly review the single click entanglement gener-
ation scheme in more detail assuming perfect photo-detection
(unit efficiency, no dark counts), following closely the expo-
sition given in Ref. [98], to better understand the physics of
interserver links. For a more complete description including
the low loss limits, see Ref. [38]

FIG. 6. Single click quantum multiplexing between several client devices held by different clients and a single node in a quantum network,
where after a successful RSP each client stops participating in the protocol. (a) Fidelity-rate curves parameterized by γ = ηc|α|2. Here M = 5
separate clients each with their own photonic client device compete for access to a single processing node, with both time sharing (solid) and
single click quantum multiplexing (dashed) strategies. After obtaining a single qubit the client leaves the competetion. (b) Multiplexing gain
in this case m as function of M for RSP with fidelity Fmin = 1–10−3 using M competing clients. The theoretical maximum with a perfect server
and the classical bound is plotted using the magenta and black dashed lines, respectively.
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The more common double click entanglement generation
protocol can be implemented on nitrogen vacancy (NV) cen-
ters using the Barrett-Kok scheme is commonly used: A
spin-selective cycling transition is used such that light emitted
from an NV center will also emitted in a superposition of an
early time bin and a late time bin, with the state entangled with
the internal state of the electron [99,100]. Thus, by making use
of the intermediate Bell-state measurement, it is possible for a
remote client to prepare the state of the NV center’s electron
by manipulating the phase θ of the late pulse induced by the

interferometer. Using a sequence of controlled rotations CR
π
2

Y

and CR
π
2
x , the state of the electron can be moved to carbon

atoms in the lattice for longer-term storage.
Single click entanglement generation works similarly, but

instead of encoding quantum information into a single photon
in superposition between two modes (dual rail), it encodes
quantum information in the presence or absence of a pho-
ton (single rail). This requires phase stabilization but works
particularly well in the high-loss limit [37] and has been
implemented in NV centers [101]. One starts by creating the
entangled superposition state between a communication qubit
on a server node and an outgoing optical mode

|β〉 = ξ 2 |0〉server |1〉γ +
√

1 − ξ 2 |1〉server |0〉γ , (C1)

with the first ket referring to the internal state of the server
qubit and the second ket reffering to the state of the optical
field (0/1 denotes the absence or presence of a photon). Ex-
perimentally, ξ 2 is bright-state population of an NV center and
can be tuned to a desired value.

Creating such a state as described by Eq. (C1) at two
server nodes, interfering the resulting lightfields on a beam
splitter and measuring the outputs results in an entangling
measurement between the two nodes. In the absence of dark
counts, the resulting state is (dropping subscripts)

ρ̂SC ≈ FSC |�±〉 〈�±| + (1 − FSC) |00〉 〈00| . (C2)

Here |�±〉 are maximally entangled Bell states with ± deter-
mined by which detector clicks, |00〉 is a classically correlated
(but useless) state where both qubits are in the computational
0 state, and FSC is the Bell-state fidelity. In the high-loss
regime [38], this is given by

FSC = 1
2 (1 − ξ 2)(1 +

√
V )(1 − pph ) (C3)

with V the fringe visibility of a Hong-Ou-Mandel experiment
between the two light fields and pph a dephasing parameter
reducing the quality of the state produced due to dephasing
during the (classical) communication time. Note that to first
order the fidelity FSC is independent of loss in the high-loss
limit (for details, see Ref. [38] as well as Sec. 3.4 of Ref. [98]).
In our analysis in this paper, we have taken V = 1 (perfect
mode-matching) and pph = 0 (no dephasing of the communi-
cation qubit during entanglement generation), so that FSC =
1 − ξ 2. Since we are interested in using this entanglement
to teleport quantum states, we use the results of Horodecki,
Horodecki, and Horodecki [102] that

F = 2FSC + 1

3
= 1 − 2ξ 2

3
. (C4)

TABLE II. List of parameters used in the numerical simulation
and their respective values.

Parameter Value

ηs 10−1

ηcs 10−3

τe 300 ns
τco 2.8 s
τce 20 ms
ne 103

Fmin 0.9

We also consider the rate attainable with single click entan-
glement generation. Defining the (symmetric) single-photon
loss due to transmission to be η, we find that, given a success-
ful initialization of the state Eq. (C1), the probability of the
single click EG protocol succeeding in an attempt is

PSC = 2η(1 − η)(1 − ξ 2)ξ 2 ≈ 2ηξ 2, (C5)

where in the second line we have assumed η � 1. Here the
factor of 2 coming from the fact that a photon coming from
either side results in a success.

Immediately we observe a rate-fidelity trade-off, a higher
value of ξ 2 means a higher percentage of successful entangle-
ment generation attempts, but the quality of the entanglement
generated is reduced proportionally.

APPENDIX D: NUMERICAL SIMULATIONS

Here we give further details about the method used to
estimate the rates in scenarios that use M nodes to prepare
s-qubits using multiserver multiplexing [Figs. 4(a) and 4(b)].
The problem is certainly complex, and conversely in our sim-
ulations we did not use the full parameter space available to
maximize the rates for our toy model. However, our simula-
tions suffice to study the improvement that the multiplexing
strategy achieves and to demonstrate that this advantage is
larger than the classical limit Ms. For this purpose we used the
following parameters for the transmission losses, decoherence
times, and maximum number of attempts (Table II).

We restricted ourselves to cases where the connection be-
tween the client and all available servers are identical, so
that they have the same transmission efficiency ηc (spatial
symmetry). Similarly, the links between servers are all as-
sumed to have the same efficiency, ηs. Moreover, we also
consider that the client (server) uses a fixed |α|2(ξ ) for RSP
(EG) across all rounds of the protocol (temporal symmetry).
We used multiserver multiplexing between server and client
based on single click RSP [16], see Table I, as well as a
target minimum fidelity of 0.9. We assumed servers to be
connected by double click EG and do not consider quantum
multiplexed connections between servers.19 Additionally, we
restricted ourselves to the low-amplitude limit such that |α| �√

1/2, motivated physically by a security requirement as the

19Here we did not include quantum multiplexing between nodes,
but one certainly could do so and study the combined effect of
quantum and multiserver multiplexing advantages.
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ALGORITHM 1. Sampler.

Require: Total number of rounds N , number of servers M, number of qubits s, mean-photon number for the RSP |α|2, bright-state
probability for EG ξ , and the cutoff no.

Ensure: F ∗(α, ξ, no) � Fmin, otherwise return 0.
1: Calculate Psc(α) and Pss(ξ ).
2: Initialize the number of successful preparations nsucc = 0 and the list to collect the number of attempts per trial nt = {}.
3: for i = 1 to N do
4: Draw M samples from a geometric distribution with parameter Psc. These are denoted ri for i = 1, . . . , M.
5: Draw s samples from a geometric distribution with parameter Pss. These are denoted nj for i = 2, . . . , s − 1.
6: Sort ri in increasing order, denote them by r′

i , and select the first s of them. � This represents the s firsts RSPs
7: Calculate the total number of attempts in this round and append it to nt .
8: if r′

s − r′
1 � no and ni � ne, ∀i then � Conditions to consider a success

9: nsucc ←− nsucc + 1 � The trial is considered a success and increment the counter
10: else
11: Do nothing. � The trial is considered a failure
12: end if
13: end for
14: Estimate the probability of success psucc = nsucc/N and the mean number of trials 〈nt 〉.
15: return the rate r(α, ξ, no) = psucc/〈nt 〉.

probability a malicious server could determine the state of the
RSP qubits grows with the mean photon number |α|2 [67]
and alignment with the mean photon number (after loss by
ηc = 10−3) of a recent WCP RSP experiment [36], as well as
prior quantum key distribution experiments [103].

Modeling the idealized server-server connection poses a
question of how idealized to be, as in the no-imperfections
limit the fidelity of the Barret-Kok double click entanglement
generation scheme is unity and the success probability is P =
η2/2 for deterministic quantum emitters [99,104]. However,
implementations in NV centers remain far below these optim-
sitic values even at short distances [105] and have intrinsically
limited fidelity. Other color centers claim better performance,
e.g., P = 0.44 and F = 1 − 10−3 for silicon [106], which we
use as optimistic target values for our simulation.

To calculate the figures presented in Sec. IV C, we made
use of a sampler. This means that for a total number of
rounds N , we draw from geometric distributions the number
of attempts that takes to successfully complete the entire RSP
and EG process. This is where the symmetries were essential.
Because these geometric distributions parametrized by Psc and
Psc are completely defined by |α|2 and ξ , respectively, regard-
less of the number of qubits and servers we only had two
parameters to optimize. Moreover, the third and last parameter
that we used in our optimization is no. This parameter is a
cutoff that defines which rounds were a success and it can be

tuned in order to meet higher requirements in the final fidelity
of the final s-qubit state.

We describe the sampler in pseudocode.
Notice that we simulate the number of attempts it took

to complete a RSP ri, where i is the number of the server.
And, the number attempts to complete an EG step nj , where
j � 2 denotes the qubit that is teleported towards the server
where the first qubit was prepared. The number of attempts
can be recast as time tags in a “wall-time” approach for the
simulations considering that all the RSPs start simultaneously.

The function F ∗ in Algorithm 1 is the fidelity calcu-
lated over the worst-case scenario. This means that all steps,
RSP and EG, take the largest possible number of attempts
(n′

s − n′
1 = no and ti = ne) such that the round has the largest

duration, but it is still a success. For instance, for s = M = 2,
this would mean that we calculate the fidelity of a state with
n2 − n1 = no and t1 = ne. Using F ∗ we ensure that any s-qubit
state prepared will have a fidelity larger than Fmin. Algorithm 1
is repeated over various configurations of (α, ξ, no), and we
choose the configuration that yields the best rates for a given
(s, M ).

Notice that due to the nature of this algorithm and the
fidelity constraints it is likely that we did not obtain the global
maximum of the multiplexed rates. However, our approxima-
tion was sufficient to find cases where the classical bound was
surpassed.
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