communications physics

A Nature Portfolio journal

https://doi.org/10.1038/s42005-025-02222-x

Comparing one- and two-way quantum

repeater architectures

M| Check for updates

Prateek Mantri ® ><, Kenneth Goodenough & Don Towsley

Quantum repeaters are an essential building block for realizing long-distance quantum
communications. However, due to the fragile nature of quantum information, these repeaters suffer
from loss and operational errors. Prior works have classified repeaters into three broad categories
based on their use of probabilistic or near-deterministic methods to mitigate these errors. Besides
differences in classical communication times, these approaches also vary in technological complexity,
with near-deterministic methods requiring more advanced hardware. Recent increases in memory
availability and advances in multiplexed entanglement generation motivate a fresh comparison of one-
way and two-way repeater architectures. In this work, we present a two-way repeater protocol that
combines multiplexing with application-aware distillation, designed for a setting where sufficient high-
quality memory resources are available —reflecting architectural assumptions expected in large-scale
network deployments. We introduce a recursive formulation to track the full probability distribution of
Bell pairs in multiplexed two-way repeater architectures, enabling the performance analysis of
multiplexed repeater schemes which use probabilistic n-to-k distillation. Using this framework, we
compare the proposed two-way protocol with one-way schemes in parameter regimes previously
believed to favour the latter, and find that the two-way architecture consistently outperforms one-way

protocols while requiring lower technological and resource overheads.

Quantum communication is poised to enable transformative applications
in quantum sensing™, distributed quantum computing”, secure
communications™, and quantum secret sharing", among others. As quantum
processors grow in sophistication, a scalable network for quantum information
transfer between spatially separated nodes is becoming increasingly critical.

However, transmitting quantum information over long distances poses
significant challenges, primarily due to losses that grow exponentially with
distance in optical fibers. Unlike classical communication, quantum net-
works cannot employ classical “receive and re-transmit” strategies because
of the no-cloning theorem, which prohibits the duplication of unknown
quantum states. Prior studies have established fundamental limits on direct
quantum information transmission'""?, underscoring the need for innova-
tive solutions such as quantum repeaters.

Quantum repeaters are specialized devices designed to extend the
range of quantum communications by dividing long segments into shorter
segments, thereby mitigating losses through specific quantum gates and
measurement operations. These devices significantly enhance the viability
of long-distance quantum communications by employing shorter, man-
ageable links to create extended connections. However, the implementation
of these operations is fraught with errors, which can restrict the effective

distance for practical quantum communication. To address both loss and
operational errors, researchers have proposed various probabilistic (her-
alded generation and distillation operations) and near-deterministic
(quantum error correction) approaches. These strategies have led to the
development of three generations of quantum repeaters, each with distinct
characteristics and technological requirements""*.

First-generation architectures use probabilistic entanglement genera-
tion to mitigate loss errors and heralded entanglement purification (often
probabilistic) to mitigate operational errors. Second-generation archi-
tectures also use probabilistic entanglement generation but incorporate
near-deterministic quantum error correction to address operational errors.
Third-generation architectures solely rely on near-deterministic quantum
error correction schemes to correct both operation and loss errors. The
probabilistic solutions, while more feasible with current technology,
necessitate heralding and consequently suffer from increased temporal costs
associated with classical communication. In contrast, quantum error
correction-based approaches typically employ one-way signaling and have
the potential to achieve higher secret-key rates. In this manuscript, we focus
on first-generation (referred to in this manuscript as the two-way schemes)
and third-generation (referred to as the one-way schemes) quantum
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repeater architectures. As a special case, we also include a particular variant
of second-generation networks that aims to use multiplexing to establish at
most a single elementary link between the segments. However, this
approach does not employ error correction to protect against opera-
tional noise.

To be viable, one-way schemes typically require almost perfect
operations, along with complex encoding and decoding circuitry with a
large number of measurement and gate operations. Moreover, to be able to
correct for fiber loss errors, one-way schemes also require repeaters to be
more closely spaced compared to two-way schemes'>'®. This trade-off
between complexity and performance motivates a re-examination of both
approaches across relevant parameter regimes. In particular, it is important
to assess whether the purported gains of one-way schemes—despite their
high technological and resource demands—can instead be realized using the
comparatively simpler two-way architectures.

This motivates a thorough comparison between different quantum
repeater approaches. In their pivotal work, Muralidharan et al."* performed
a foundational comparison of the three generations of quantum repeaters,
identifying coupling efficiency (1), gate errors (eg), and gate times () as
critical parameters for evaluation. They delineated the specific parameter
regimes in which each generation is expected to excel. However, as quantum
technologies advance, revisiting these comparisons with updated models
and technologies is essential to ensure accurate assessments and practical
guidance for implementation.

One such example of advances in quantum technology has been in
the area of long-lived memories'””""—a crucial requirement for the
viability of two-way schemes over long distances. Unlike one-way
repeaters, which may only need such memories in the case of slow gate
operations, two-way protocols necessarily depend on memories that
outlive the round-trip classical communication time for heralded
feedback. Most prior analyses of two-way repeater schemes have
focused on scenarios where memory availability is highly constrained,
making memories the most significant cost factor'**. This focus has
shaped the strategy of using multiplexing to maximize the success
probability of at least one successful link per segment'***. This kind of
scheme has also been referred to as the second generation without
encoding or “2G-NC”".

Some studies have explored more aggressive forms of multiplexing
that aim for multiple simultaneous successes per segment®**™,
However, most of these studies analyze throughput in the context of
linear-chain quantum networks with probabilistic swapping realized
through optical circuits, but without any distillation capabilities. In
such networks, a nested swapping schedule provides limited benefit. In
the cases where nested distillation schemes have been considered in the
context of multiple-success multiplexing, deterministic distillation
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Fig. 1 | A schematic of the multiplexed two-way repeater scheme. Each repeater
(denoted R;, etc.) has multiple emitter memories located on both sides. Each of these
memories emits photons, creating a spatially or spectrally multiplexed burst. At the

protocols are often used to simplify calculations’”. Some protocols
also employ blind operations—where the repeater proceeds without
waiting for classical information, typically at the cost of an exponen-
tially decreasing success probability—when considering a nested
swapping schedule, simplifying the computation of the number of Bell
pairs delivered and the time required”*”. To the best of our knowledge,
no prior work has performed a detailed comparison between one-way
and multiplexed two-way protocols (MTPs) under such considerations.

In this manuscript, we investigate the performance of multiplexed two-
way (first-generation) and one-way (third-generation) quantum repeater
architectures in parameter regimes where one-way schemes have previously
been considered advantageous. We consider a nested swapping protocol
tailored for a setting in which a sufficient number of high-quality quantum
memories are available—reflecting the architectural assumptions expected
in practical large-scale network deployments. This protocol supports flex-
ible distillation scheduling optimized for different service metrics, such as
secret-key rate or fidelity thresholds. We aim to provide an even-handed
performance comparison between these architectures under conditions that
reflect large-scale network implementations. To support this, we introduce a
recursive numerical framework that captures the full probability distribu-
tion of the number of available Bell pairs at each stage of the protocol. This
framework enables a fine-grained comparison of architectures using per-
formance metrics relevant to real-world deployment.

Methods

Two-way repeater architecture

In this manuscript, we consider a linear network with each repeater station
being equipped with a large number of optically active memories or emit-
ters. These memories emit photons, which are then sent to a station located
at the midpoint of the link connecting the two repeater stations. At this
midpoint station, photons from two different repeaters are entangled and
measured together, effectively creating a Bell pair link shared between the
repeaters (see Fig. 1).

Multiplexing for exactly one success across the network (2G-NC).
Multiplexing is a well-known technique in telecommunications and
computer networks, where multiple information channels are combined
over a shared medium. Multiplexed quantum repeaters can be used to
overcome the probabilistic loss errors associated with signal decay in
optical fibers. This is achieved by attempting multiple Bell pair generation
attempts in parallel through either spatial, time-bin, or frequency mul-
tiplexing. Due to poor rates associated with entanglement generation
sources, various proposals have been made over time for the use of
multiplexing to improve rates in quantum repeaters”~". The most basic
of these proposals involves parallelizing operations and sending multiple
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midpoint between any two repeaters, an array of Bell state analyzers exists to
entangle photons coming from both sides. Only a fraction of photons from either
side survive the journey and reach the midpoint station.
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Fig. 2 | Expected number of surviving Bell pairs per shot versus inter-repeater
distance in a quantum relay network. a Results for 128 multiplexed elementary
links; b Results for 256 multiplexed elementary links. The y-axis denotes the
expectation of the minimum number of Bell pairs generated across all segments.
With deterministic swapping operations, the minimum number of Bell pairs across
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segments also translates into the number of Bell pairs delivered end-to-end. The x-
axis denotes the inter-repeater spacing, and N denotes the number of segments. The
yellow dashed line shows an upper bound used by prior analyses to approximate the
number of Bell pairs delivered.

photons over an optical fiber (using time-division, spectral, or spatial
multiplexing), performing Bell State Measurements (BSMs), effectively
creating entanglement between multiple matter qubits. To simplify
analysis, these techniques often focus on using multiplexing to maximize
the success of at least one Bell pair, with only one Bell pair kept between
repeaters in the event of multiple successes. Moreover, this technique
requires spatial or temporal multiplexing, which is often realized using
lossy optical switches, adding further loss”. However, a recent proposal
by Chen et al.”' uses spectral multiplexing and parallel entanglement
creation to achieve high transmission rates without the added losses
usually incurred from spatial or temporal multiplexing methods.

Another line of thought has explored multiplexing for quantum net-
works in multiple degrees of freedom of a single photon™*. This scheme uses a
single photonic pulse to entangle multiple pairs of remote memories, mini-
mizing the need for extensive spatial channels and precise temporal coordi-
nation. These proposals simplify the infrastructure needs while enhancing the
rate at which entangled pairs can be generated in a quantum network. Fur-
thermore, these techniques have also been extended to one-way schemes™*.

In Muralidharan et al. 2016", the authors categorize the use of mul-
tiplexing in a two-way protocol as a “second generation without encoding”
(2G-NC) scheme. This approach primarily aims to improve the probability
of generating exactly one Bell pair between neighboring repeater stations
(see Eq. (2) in subsection “Multiplexing with exactly one success—2G-NC”).
It has been shown to be effective in regimes with moderate to low gate errors
and low coupling efficiency. To benchmark the MTP considered in the
manuscript, we have conducted a comparative analysis using the 2G-NC
protocol (see Results). Consistent with the formulation in ref. 14, we do not
incorporate entanglement distillation into the 2G-NC scheme (see subsec-
tion “Distillation”).

Multiplexing for more than one success. In this manuscript, we pri-
marily focus on multiplexing schemes that allow for the creation of multiple
Bell pairs across segments. The emphasis lies in using multiplexed channels
to generate multiple elementary links and not just to boost the success
probability of single elementary link generation. This effectively reduces the
inefficiencies associated with the basic multiplexing scheme. In our setup, we
consider generating these multiplexed links across segments at the same time
or with an insignificant time delay. By insignificant time delay, we mean that
the time difference between entangled photons arriving at the midpoint
station is significantly smaller than the elementary link propagation delay and
memory decoherence times, as may be achieved through spatial, spectral, or

time-division multiplexing. This corresponds to an idealized synchronization
of photon arrival times at the midpoint station. While this assumption
simplifies the analysis and is common in theoretical models'****, achieving
such synchronization experimentally remains challenging. However, recent
progress in photonic memory and emission timing control”** indicates that
synchronized operation is a realistic target for near-future implementations.

This enhancement allows us to balance the qubit resources required in
one-way repeaters vis-a-vis two-way repeaters and to more accurately
estimate end-to-end performance by tracking the full probability distribu-
tion of successful links. While multiplexing can enhance delivery rates, the
number of end-to-end Bell pairs that can be delivered decreases as the
number of segments increases in a linear relay network. Figure 2 shows the
expected number of end-to-end Bell pairs that can be delivered in a single
shot for a linear quantum relay network with deterministic swapping
operations, for varying numbers of segments. The yellow dashed line
denotes an approximate number of end-to-end Bell pairs by the quantity
M - my, where M is the multiplexed channels and m, is the elementary link
success probability. This quantity has been used by some prior analyses™ as
an upper bound for the expected Bell pairs that a quantum relay network can
deliver. As evident from Fig. 2, keeping track of the probability distribution
allows us to provide a more precise expectation of output Bell pairs than the
models considered in prior works.

Another important consideration is that end-to-end links created
using a relay approach will potentially suffer a decay in fidelity owing to
swapping operations—we address this in subsection “Link propagation”. To
deliver as many high-fidelity end-to-end Bell pairs as possible, one may need
to consider distillation operations (see subsection “Distillation”). However,
distillation schemes like DEJMPS are inherently probabilistic with success
rates dependent upon the fidelity of the input Bell pairs. This makes an exact
analysis difficult. To calculate and optimize repeater schemes, it is important
to determine the probability distribution of the number of successfully
distilled pairs at each step. We model the number of available Bell pairs as a
random variable, with a distribution affected by non-deterministic opera-
tions (see Egs. (1) and (10) in subsection “Recursive formulation of the
probability distribution”).

In subsection “Recursive formulation of the probability distribution,”
we present a recursive formulation that builds upon the idea of tracking
probability distributions and incorporates additional elements such as dis-
tillation (see subsection “Distillation”) and nested swapping (see subsection
“Link propagation”). This formulation provides a more comprehensive
framework for modeling the dynamics of Bell pair generation, distillation,
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Fig. 3 | Schematic of a nested swapping protocol. We start with N elementary
segments, each of length [,. The red boxes represent a swapping operation. Based on
the decision variable D;, distillation may be performed before a swapping operation.

Each swapping operation doubles the length of the link. This process is repeated until
an end-to-end link is established.

and swapping, allowing for a detailed analysis of the overall system perfor-
mance. By integrating these elements, our recursive approach offers a sig-
nificant improvement over previous models, enabling more accurate
predictions and better optimization of quantum communication protocols.

Elementary link generation. In this setup, we use a meet-in-the-middle
protocol with spatial (or spectral) multiplexing. Each repeater has an
ensemble of emitters located on either side. This ensemble has a gen-
eration frequency v, where it generates M photons entangled with M
emitters in v~' time. This generation cycle of producing M multiplexed
pairsin v~' time is referred to as a burst. One photon from each entangled
photon pair thus generated is then sent to a Bell state analyzer located
exactly midway between any two repeater stations, hereinafter referred to
as the midpoint analyzer. We further assume emissions are synchronized
across the chain, and the photons arrive at the midpoint station at the
same time, and are able to effectively remove the “which-path-infor-
mation.” The midpoint analyzer then performs parallel BSMs on all M
incoming photons from each side with a success probability of 1/2,
and communicates the result to both repeater stations. There is also a
need for an optical switch to separate the various multiplexing modes
to the respective detectors at the analyzers. This switching operation
could be lossy depending on the multiplexing or the detectors used.
Recent advances in detection technology” have shown promise for
building large detector arrays with spatial resolution that can potentially
allow us to forego the need for optical switches. While an explicit analysis
has not been done, our proposed protocol is also compatible with a
midpoint source (MPS) scheme like Zero-Added Loss Multiplexing’,
and will provide similar results. We also assume that time-bin dual-rail
encoding is used for each multiplexed channel, primarily since it allows
for protection against depolarization of the photon in the channel.
However, if a polarization-based encoding is used, the elementary link
generation equations will have to be updated to accommodate relevant
noise models.

Link propagation. Two-way repeaters use a swap operation for link
propagation. A swap operation involves performing a controlled-NOT
(CNOT) gate on the halves of two Bell pairs situated at a middle repeater,
and measuring the involved qubits at the middle repeater to create a
longer link. Depending upon the technology used, this swap operation
may be probabilistic or deterministic; however, for simplicity, we only
consider deterministic swapping operations in our setup.

In our protocol, we use a nested swap strategy based on the
Innsbruck Protocol'®. The Innsbruck protocol involves a series of
entanglement swaps where qubits initially entangled with nearby nodes
are used to establish entanglement with more distant nodes through
intermediary swaps. This yields a nested structure where the network is
divided into N =2" segments (see Fig. 3). This nested swap procedure
allows for the establishment of long-range entanglement connections
between nodes that are not directly adjacent. By recursively applying
entanglement swap operations, the protocol facilitates the generation of
entangled links across the entire network. Prior works have studied
swapping schedules other than nested swapping, like Swap ASAP***,
sequential generation and swapping™*, hybrid strategies’, among oth-
ers. However, nested schemes perform better than several other swapping
schemes, especially in settings where the swapping operations are
probabilistic, and repeaters are equipped with distillation, by providing
an entanglement distribution rate that decays polynomially rather than
exponentially in distance™. Moreover, a nested swapping schedule allows
for node synchronization for generation, swapping, and distillation
operations. It is because of these reasons, coupled with an ease of analysis,
that we have chosen a nested swapping schedule for our protocol.

Our protocol diverges from the standard Innsbruck protocol in two
ways—(1) distillation may or may not be performed at each level depending
on the expected quality of the Bell states (see subsection “Recursive for-
mulation of the probability distribution”) (2) all links are created in parallel
with multiple links shared between two stations, in a single burst with no
interaction between bursts. In our protocol, we consider swaps as deter-
ministic operations that allow us to save on the associated classical com-
munication time costs. However, it is important to note that unless one has
perfect elementary links, swaps, even in the case of perfect gate and mea-
surement operations, cause an exponential decay in the fidelity with each
swap™. In the absence of a means to improve fidelity, this exponential decay
makes quantum networks based solely on swaps impractical for long-range
communications. Subsections “Gate operations” and “Measurement
operations” in the Supplementary Methods explain the models used for gate
and measurement operations, and Supplementary Eq. (9) has been used for
modeling the swapping operations.

Distillation. The degradation in entanglement fidelity due to imperfect
operations (such as swaps) or imperfect memories used for storing the
entangled qubits can be mitigated by using distillation. In a distillation
operation, a larger number (1) of Bell pairs is transformed to achieve a
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smaller number (k) of higher fidelity Bell pairs. While significant
improvements have been made in the field of distillation”"™, in this
paper, for ease of analysis, we use one of the basic schemes called the
DEJMPS protocol (n=2, k=1)"" (see Supplementary Eq. (7) in the
“Distillation” subsection in Supplementary Methods). The DEJPMS
protocol is typically employed in an iterative fashion until a threshold
fidelity is achieved or a threshold number of Bell pairs have been
exhausted to create a higher fidelity pair. However, since most of our
evaluation focuses on high-input-fidelity Bell pairs, we have considered
only a maximum of a single round of distillation before swapping. Our
protocol is easily modified to account for multiple rounds of distillation,
ie., performing as many distillation rounds until the fidelity of all
available Bell pairs reaches above the threshold fidelity, or we run out of
multiplexed Bell pairs available.

A critical consideration is the temporal overhead introduced by
executing DEJMPS. In deterministic distillation protocols, classical com-
munication is needed to relay Pauli correction information between parties.
However, this exchange does not introduce latency, allowing operations to
proceed without delay. In contrast, probabilistic distillation protocols
impose stricter timing requirements, as the success or failure of the dis-
tillation must be communicated to determine subsequent actions. This
requirement can create a significant bottleneck in two-way architectures. To
address these temporal costs, one approach is to operate in a “blind” mode*".
However, in our protocol, the distillation operations are conducted with
“informed” decisions™”.

Deterministic distillation protocols might offer better performance
than probabilistic protocols like DEJMPS on metrics such as secret-key rates
and memory usage over time. However, deterministic distillation protocols
typically require a large number of input entangled states for creating a
higher fidelity state. Another possibility is to utilize a combination of
deterministic and probabilistic distillation schemes with high-fidelity output
states.

Another important consideration in two-way repeaters is the
decision whether to distill or not before performing a swap. Given a
higher initial fidelity, it is possible to perform multiple swaps and
increase the length of the link before the fidelity drops to a level
where distillation might be required. For a nested two-way protocol,
this decision is made at each nesting level, determining whether one
or multiple rounds of distillation are required to deliver Bell pairs
end-to-end. Typically, this decision is not reactive and does not
depend on real-time measurement outcomes or classical information
from other network nodes. Instead, it is pre-computed prior to run-
time based on factors such as the expected fidelity, number of mul-
tiplexed channels available, operational noise, and the number of
repeaters.

As discussed in subsection “Multiplexing for more than one success,”
and further explained in subsection “Recursive formulation of the prob-
ability distribution,” it is possible to keep track of the probability distribution
of the number of Bell pairs. This probability distribution can be further
optimized over the decision to distill based on a key service metric (such as
the secret-key rate per shot or fidelity threshold). In the proposed protocol,
this decision parameter is pre-determined for all nested levels and is taken to
be a static network-wide agreement. This decision can be made using any
rule that might be suitable for the application and the metric to be optimized.
As examples, we have included two case scenarios in our analysis for
deciding when to perform distillation—(1) comparing expected secret-key
rates with and without distillation for a chain with 2"~ segments, where i is
the nesting level, and n = log, N for an N elementary segment linear net-
work (see Eq. (12) in subsection “Recursive formulation of the probability
distribution”). This is primarily driven by the fact that secret-key rate
combines both throughput and fidelity into a single metric, making it a
useful metric to optimize. This rule has been referred to in this manuscript as
the SKR rule. (2) comparing the fidelity of links to a pre-determined fidelity
threshold, where the decision to distill is contingent upon the link quality
being less than the threshold (referred to in this manuscript as the Fy;, rule).

This approach could potentially be useful in a scenario where the quality of
links above a certain threshold is desired as a service metric*”. Both of these
policies can be further optimized with an objective to maximize the end-to-
end secret-key rate or number of Bell pairs while considering various pos-
sible distillation schedules and protocols. Furthermore, since we consider
distillation, we need to keep track of the Bell pairs sacrificed when a round of
distillation is performed. For a general n’ -to-k" distillation scheme, each
successive distillation round reduces the number of available Bell pairs by a
factor of at least 1/[n’/k']—see Supplementary Egs. (14) and (15) in the
Supplementary Materials for details.

Quality of memory. The temporal costs associated with classical com-
munication with distillation require Bell states to be held in long-lived
memories that do not undergo significant decoherence. Degradation in
memory quality is usually characterized by T and T, times. The T; time
denotes the thermal relaxation time—the time it takes for the excited state
|1) to relax back to the ground state |0). The T, time is the dephasing time
that captures the loss of coherence due to dephasing in a quantum
memory. In this manuscript, we only consider dephasing noise (see the
“Memory Decoherence” subsection in the Supplementary Methods in
the Supplementary Materials).

Termination. The protocol concludes once one or more Bell pairs are
successfully established between the end stations. However, there
may be cases where repeater stations lack enough Bell pairs to per-
form distillation. We explore various termination strategies for such
scenarios when the number of Bell pairs in a segment drops below a
certain threshold (R;) for any nesting level i. If the static distillation
schedule—pre-determined based on a distillation rule such as a
fidelity threshold F, or the SKR rule outlined in this manuscript—
requires at least one round of distillation at the current or higher
nesting levels, the protocol must adapt accordingly. Using this fra-
mework, we propose three potential termination strategies:

o Strategy I: Repeater stations in the affected segment send classical
messages instructing Alice, Bob, and all intermediate repeaters to halt
all operations related to the burst. As these messages propagate, the
repeater stations release the memory resources associated with
the burst.

o Strategy 2: A variation of the first strategy involves the repeaters per-
forming entanglement swaps and notifying their counterpart stations
to perform additional swaps without distillation. Here, counterparties
refer to repeaters that share a Bell pair with the initiating repeater. This
approach allows repeaters holding k links to proceed similarly, ulti-
mately establishing k end-to-end links. However, because this strategy
bypasses the static distillation schedule, the established links will likely
be of lower quality.

o Strategy 3: Another option is to allow unaffected segments to proceed
without interruption. Specifically, repeater stations can continue per-
forming distillation and swapping operations in segments where the
number of Bell pairs k > R;. Repeater stations learn about the failure on
a segment as and when they do, minimizing classical communication
time compared to Strategy 1. Also, this strategy requires fewer
resources than Strategy 2, reducing the need for gates and other
operations, while freeing up memory for future bursts.

The threshold R; can be set based on the minimum number of Bell pairs
required for the chosen n'-to-k" distillation scheme (such that R;>n').
Alternatively, this threshold may be optimized using the static distillation
decision schedule, ensuring that termination does not occur at any nesting
level. We have selected Strategy 3 because it minimizes classical commu-
nication time, potentially avoids unnecessary gate and measurement
operations, and frees up memory resources for future bursts. However, this
strategy sets a lower bound on performance. While computationally chal-
lenging, a more efficient termination strategy that optimizes resource usage
could be developed in future work.
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Recursive formulation of the probability distribution

We consider a linear network with N = 2" links. Let M = m2"*" denote the
number of multiplexed channels available at each elementary link in a single
shot, with m > 1. Note, this assumption can be relaxed if distillation is not
required on all levels, to M taken to be less than m2"". We consider a nested
pumping distillation protocol that performs at most one distillation round at
each level.

Let Y; denote the number of Bell pairs on a segment at level i, with
pix = P(Y; = k) denoting the probability of having exactly k Bell pairs at level
i. Let 7y denote the probability that a link-level Bell pair generation attempt
succeeds, and let 7, = 1 — 7. Then,

M
poAk=<k)n’5ﬁ34*k7 k=0,1,...,M. (1)

Multiplexing with exactly one success—2G-NC. For 2G-NC, the
focus is on creating at least one bell pair in all segments. Further,
using a similar setup assumed in", it is assumed that there are no
distillation operations, and since swapping operations are deterministic,
we perform a network-wide swap simultaneously on the single
link created, thus creating an end-to-end bell pair with a success prob-
ability,

N
M

Success Prob. ,onc) = <ZP0J<) , k=0,1,....M
k=1

S LAWE ! 2
= <Z(k>ﬂ0ﬁg”_ ) , using Eq. (1)

=(1-po) = (-7"

Multiplexing with more than one success, along with distillation. In
order to calculate p;;, we first determine the effect of a distillation
operation at level i whenever it is performed. This is captured by g 4,

M)2 /2 i
qi,k:P(Xi:k):zpij<U§c )d{;d}//l )
=2k

(€)

ief{0,---,n); k=0,1,..., [ M/2"],

where X; denotes the number of Bell pairs produced by one distillation step
atlevel i when performed, and d; is the probability of a successful distillation
step. This equation can be extended to reflect the case when no distillation is
performed at that level. That is,

Z}Z’zkp,.j( UfJ )4,%“”“ * D=1

Piks D;=0

q;.k=P(Xi=k)={ i=0,...,mk=0,1,..., [M,/2],
(4)

where M; = |[M/ 22,:0 DJJ for i > 0, and D; is the indicator function for
distillation,

We now consider a protocol that terminates whenever Y; < R; where R;
denotes a termination threshold for each level i segment. Let,

r; = Probability of reset atlevel i conditioned on reaching level i,
p;’k =P(Y; = k| noresetatlevels 0, 1,...,1),
q;; = Probability of having k distilled pairs conditioned on reaching level i.

Now,
Ro=1 /o
M
fo=Z( .)n’ono / ©)
=0 \J
and
M
k=M—k
1—r,), k=R
Pos = ((k)”""O )/( o) O Vke{o,1,...,M).
0, k<R,
(7)
Now, as defined eatlier,
q;; =P(Y; = k| noresetatlevels 0, 1,... 1),
M, (21N stk _ 8
= Ef:""”( k )d"d" o b=l Vk e {0,1,..., M,/2]}. ®)
Pl D, =0

Ro-1(,, 2 , M, _
= { 1=0 ((QHJ) +2q01, 200 ‘1,71.,)-, D=1 st.R;<R_, Vie{l,...,n).
0

D=0
(©)]
Now,
{ (@ + 20, 0) /0= 1), D=1 & k=R,
P = a0+ 2000 S Pl D=0 & kzr, YKE(0- M
0, k<R,
(10)
Now, let f; be the probability of reset at level i,
1—(1—r)V ,i=0
fi= (11)

¢ il N
1-@1- ri)%) [ma- "j)% , otherwise.
=0

The decision to distill D; can be computed using any criterion best suited for

the application. As examples, we have considered two conditions—(1)
D=1

Fy  Z
D,=0

F; where F; is the fidelity at the ith level and Fj, is a pre-decided

D=1
threshold fidelity, (2) SKR! =
D;=0
at level i without distillation, and SKR! is the secret-key rate at level i after
distillation. Using Supplementary Eq. (12) in the Supplementary Materials,

SKR;, where SKR; is the secret-key rate

D 0, if no distillation at level i 0
. = =0U,. y n ) .
! 1, if distillation at level i this SKR-based decision rule can be further elaborated as,
To note, for the current analysis, we have a static value of D; = 0, wheni =n. D, =1
Now, SKR! = SKR;

D;=0

1) 2 i— o i1 D=1 !
pix = (. l'k)z Gk Sk ity ,i=lmk=0,1,..,M, D =1 (12)
Pir ) + 20018 2k Piayy D=0 ) 4 1 1>
Le., rsecure(pi ) . E(Yy ) < rsemre(pi) ' E(Yi)7
(5)
D,=0
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Fig. 4 | Teleportation-based error correction Bell Measurement

(TEC) circuit for the one-way quantum repeater [~ M}t{? R

architecture. R and S denote the incoming and Incoming | ey '

locally prepared code blocks, respectively, each [V} : [ p

encoded using the same (n, m) quantum parity code s ! M3 |

(QPC). Syndrome measurements are denoted by Local | D E : & EI_:_

My, z. The incoming logical qubit |y), , which may 10} E ] E E

have suffered photon loss during transmission Local i E e e ! Outeoine
through the optical fiber, is coupled to a freshly [+) E T @ \f) °©
prepared logical Bell pair via transversal CNOT ‘ L Nemeee-e- . o
operations and logical Bell measurements. The local Logical Bell Preparation

logical states are prepared using a fault-tolerant
encoding circuit. Based on the measurement out-
comes, a Pauli correction—denoted by the unitary U
—is applied to the untouched half of the Bell pair,
yielding a clean outgoing logical state that preserves
the original quantum information. This state is then
downloaded onto photonic qubits and transmitted
to the next repeater node.

where p; is the two-qubit state shared between two parties before distillation
atlevel i, Y] denote the number of Bell pairs on a segment at level i after one
round of distillation, piT is the state after distillation at level i, 7qure(p)
denotes the secret-key fraction for a two-qubit state p, and

i

Ml
E(v)=JJa—rm-> k-py
k=R,

= 13

i v M2 (13)
Eyh=T[a=r- Y kg

j=0 k=R

To note, for both cases listed above, we do not distill when equality holds.

One-way repeater architecture

First proposed by Munro et al."*’, one-way repeater architectures use near-
deterministic methods to handle loss and operational errors. One funda-
mental difference between this scheme and a two-way scheme is its
requirement for only forward or one-way classical communication. This
need for one-way classical communication can further be eliminated if
recovery operations on the errors accumulated in the preceding segment are
performed at each repeater, resulting in only forward flow of quantum
information. To tackle errors, in a one-way scheme, the quantum state to be
transmitted is encoded in a logical qubit (qudit) using several physical qubits
(qudits). For our analysis, we only consider a Bell pair of which one qubit is
encoded and transmitted, while the other stays with the initiating party.
Depending upon the nature of errors, there are various quantum error
correction codes that can be used to encode the Bell pair and protect against
these specific anticipated errors. For our comparison, we focus on Quantum
Parity Codes (QPCs)'***. QPCs are generalized Shor Codes, and are capable
of supporting teleportation-based error correction (TEC)™. A general form
of an (n, m) QPC encodes the logical qubits as |0); = (|+); + |—)L)/ﬁ
and [1); = (|+); — |-);)/~/2, with

= 27z (057 +10°") 5 1=), = 5 (1027 = 1)) ™",

QPCs can be used to recover any encoded state under erasure noise as long
as the following two conditions are met—(1) at least one qubit must arrive
for each sub-block; (2) at least one sub-block must arrive with no loss. QPCs
areloss tolerant™, which is particularly useful to counter erasure losses in the
optical fiber. They can also be prepared fault-tolerantly””. This error
tolerance makes QPCs well suited for the one-way architecture, which must
correct for loss and gate errors in the absence of heralding or two-way

feedback. The logical teleportation procedure implemented at each repeater

allows the encoded Bell state to be re-encoded and forwarded, while also
correcting for errors introduced in the previous segment. This process
proceeds recursively along the chain, enabling end-to-end entanglement to
be generated without the need for any backward classical signaling.

To achieve this feed-forward functionality, a TEC scheme is used. In
this scheme, each repeater node corrects errors from the preceding segment
and prepares a clean, re-encoded logical state to be forwarded downstream.
This process allows for pipelined, segment-wise error correction and pre-
serves the fidelity of end-to-end entanglement across a chain of repeaters.
The TEC protocol works by transferring the quantum state of an incoming
encoded block to a freshly prepared logical qubit, using a combination of
entanglement, measurement, and Pauli frame updates. The flow of opera-
tions at each repeater follows these four steps:

1. Photon loss detection: A quantum non-demolition measurement is
first applied to the incoming logical qubit |y') , to detect photon losses.
This allows identification of missing physical qubits without disturbing
the surviving ones.

2. Preparation of logical Bell pair: Locally, a fresh encoded Bell state is
prepared using a |+); and a |0); block. One half of this pair will
eventually carry the teleported state forward.

3. Entangling operations and logical Bell measurement: The surviving
photons of the incoming state are coupled to the |0); block via
transversal controlled-NOT (CNOT) gates. A logical Bell measure-
ment is then performed: the incoming block is measured in the logical
X-basis and the entangled block in the logical Z-basis, implemented via
individual measurements on the physical qubits.

4. Correction via Pauli frame: Based on the measurement outcomes, an
appropriate Pauli correction is applied—either physically or virtually—
to the untouched [+); block. This restores the logical state and yields a
high-fidelity outgoing qubit, ready for the next transmission segment.

A schematic circuit diagram of the TEC operation is shown in Fig. 4.
This segment-wise error correction process repeats recursively across all
repeater nodes, ensuring that errors do not accumulate along the chain. For
a detailed explanation on syndromes in QPCs, see Namiki et al.””. In our
analysis, we assume the codes are prepared fault-tolerantly, and require the
same setup as outlined in Muralidharan et al."” and Namiki et al.”. For
simplicity, similar to the two-way protocol outlined earlier, we assume
spatial multiplexing such that all incoming photons from a block arrive at
the repeater at the same time or with negligible time delay. The scheme is
compatible with spectral and time-bin multiplexing; however, in those cases,
switching losses may need to be explicitly accounted for. Since error cor-
rection takes place locally at each repeater, the scheme places more
demanding requirements on repeater placements, operation fidelities and
speeds, particularly as the code size increases. Nonetheless, for future
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Fig. 5 | Performance of multiplexed two-way protocol (MTP) with distance using
secret-key rate as the metric. The number of segments is shown in different colors
and denoted by N. The plots in the top row consider a low gate error scenario with a
gate error rate (e) of 10~* or 0.01%, and the bottom row plots show the performance
with moderate gate errors (e =10"" or 0.1%). The different columns show the

performance in different coupling regimes, starting with a perfect coupling (1. =1),

with the coupling coefficient reducing when moving from left to right

(. €1{1,0.9,0.5,0.3}). In this setup, we used the protocol based on one-way BB84*’
Secret-key rate to inform the distillation decision-making process, allowing a
maximum of one round of distillation at any level of nesting. Also, in this setup, no
distillation is performed at the end level of nesting.

networks where high-quality operations can be realized, QPC-based one-
way schemes offer excellent potential for low-latency transmission. Fur-
thermore, similar to the strategy outlined in ref. 15, we use codes that deliver
the highest key rate using the least number of qubits for our comparison.

Results
Parameter regime
We develop a model of our protocol in “Methods” and use it to compare its
performance with that of the one-way scheme. As outlined in subsections
“Distillation” and “Recursive formulation of the probability distribution” in
“Methods,” we optimize the decision to perform distillation using a service
metric (e.g, secret-key rate or fidelity threshold). Although the model yields
entanglement delivery rate and average fidelity, we will use secret-key rate as
our metric throughout this section. Our choice of secret-key rate as the
primary performance metric is guided by the necessity of establishing a
network capable of consistently delivering high-quality Bell pairs at a rapid
pace. Secret-key rate combines fidelity (link quality) and entanglement
delivery rate (quantity) into a single metric, making it a straightforward
choice for measuring performance. See the Secret-key Rate subsection in
the Supplementary Methods section of Supplementary Materials for details.

In Fig. 5, we show the secret-key rate of the MTP across different ranges
of coupling coefficients, gate and measurement noise, for distances up to
10* km. We note that the coupling efficiency and gate errors affect secret-key
rate in qualitatively different ways. Secret-key rate decreases as coupling
efficiency decreases in a uniform manner over all segment lengths, whereas
increasing gate errors asymmetrically affect more segmented networks.

In this section, we outline the parameter regime and the model
assumptions for the results presented in subsections “Performance eva-
luation using secret-key rates” and “Comparison of resource costs,” where

we compare the performance of the MTP with one-way schemes. For our
comparison, we have selected different QPCs optimized for specific dis-
tances for different parameter settings of coupling efficiency, gate, and
measurement noise. Furthermore, in our analysis we mainly focus on the
parameter regime, demonstrated in prior works to be advantageous for one-
way repeater schemes; specifically, as identified by Muralidharan et al.”, this
regime corresponds to coupling efficiency #, > 0.9, gate error €5 < 107, and
gate time t;<10°s.

For this comparison, keeping in line with the analysis in ref. 14, we
assume high initial fidelity (computed as F=1-—1.125¢5), gate error
ec€{107*, 107’}, measurement error &=0.25¢ coupling coefficient
1 € {1, 0.9}. Moreover, in this analysis, we have chosen a realizable deco-
herence time with T, =1 s. This parameter choice has been experimentally
demonstrated in hardware platforms like trapped ions and Rydberg
atoms”. In our analysis, we consider optimal architectures for both one- and
two-way schemes. For the one-way scheme, for each distance, an optimal
(n, m) QPC is chosen that minimizes the total number of qubits required to
deliver a unit secret-key, with the search parameters constrained to
n <70, m <20, and the inter-repeater spacing constrained between 1 and
4km. For the multiplexed two-way scheme (MTP), a maximum of
1024 segments and 1024 multiplexed channels have been considered, pri-
marily to limit computational costs. For 2G-NC, we use a numerical search
for selecting the optimal number of multiplexed channels (ranging between
1 and 1024) that minimizes the total number of qubits required over the
linear network to deliver a unit secret-key. Furthermore, to make this
comparison, for both QPC and MTP, only the envelopes of the best per-
forming configuration (in terms of inter-repeater spacing, and additionally
for QPC the specific (1, m) code), evaluated using secret-key rate (SKR) per
channel use per burst as the performance metric, have been considered.
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Fig. 6 | Performance comparison between one- and two-way schemes using the
secret-key rate as the metric. The red dashed line shows the performance by the
optimal Quantum Parity Codes (QPC), the blue dotted line represents the optimal
performance for the non-encoded second generation scheme “2G-NC,” the solid
lines are the envelope for the secret-key rates for multiplexed two-way scheme
(MTP) with two different distillation rules with black solid line representing the
fidelity threshold rule, and the gray solid line representing the SKR rule. To note, for
the fidelity threshold rule, we use Fy;, = 0.95. For both MTP schemes and the 2G-NC,

the envelope has been taken over with a different number of elementary segments
varying between 2 and 1024. For each distance, a specific (n, m) QPC is chosen,
optimizing for the total number of qubits required with the search parameters
constrained to n < 70, m < 20. For the MTP schemes and the 2G-NC, a maximum of
1024 multiplexed channels has been considered. Compared to the QPC and the 2G-
NG, the MTP schemes deliver better secret-key rates per channel use per burst in all
parameter regimes.

Summary of assumptions

* Our protocol assumes unconstrained availability of quantum
emitters/memories at all repeaters. In our analysis, we treat
memory availability as an upper-bound resource, characterized
by the total number of memories per repeater (2Mv), where M
denotes the number of multiplexing channels and v is the source
frequency. This would reduce memory requirements consider-
ably. Note that we require a memory availability corresponding
to the worst-case scenario of all links succeeding and all other
probabilistic events succeeding. In a nested distillation scheme,
the actual number of memories in practice used per cycle
depends on the repeater’s position in the chain, with repeaters
located at half-way typically storing Bell pairs for longer
durations, and storage times decreasing with each recursive
midpoint. Furthermore, this assumes a worst-case scenario
where all elementary links and distillation operators succeed. In
practice, one would want to have enough memories to guarantee
that all states can be kept with sufficiently high probability.
Although we recognize that optimizations in swap scheduling
could potentially reduce the memory overhead, our present
analysis serves as an upper-bound study, with detailed memory
scheduling optimizations deferred to future work.

* We assume high cooperativity for the cavity-enhanced memories.
Cavities have shown promise in realization of quantum networks™”,
enabling implementations of efficient multi-qubit gates****, fast storage
and readouts”.

* Weassume switching to be perfect, for both inter-memory connectivity
at the repeater, and in case of spectral or temporal multiplexing, the
switching required to connect incoming photons to the appropriate
memory. Furthermore, we do not account for delays associated with
performing CNOT gate operations between any two qubits. These
delay costs can be non-trivial with current hardware technology,
especially if the relative distance between the selected qubits on the
register is large. The primary reason for not accounting for these delays
is that we assume fast gate operations for both one-way and two-way
schemes. Both one-way and two-way schemes will be proportionally
hit by temporal costs associated with these two-qubit gate operations.

* Weassume detectors are perfect and that the probability of success of a
BSA is exactly 1/2 at the midpoint stations.

* We assume that detectors and quantum memories can be reset in a
time smaller than the inverse of the source frequency v. We further
assume that qubit readout times are sufficiently fast such that they are
negligible with respect to the inverse of the source frequency v. This
allows for pipeline operations where the only bottleneck is the source’s
ability to generate bursts. This assumption is motivated by the
requirement for the network to operate in a steady state. In our
model, a continuous and robust stream of end-to-end Bell pairs is
generated by ensuring that memories are quickly reset once a burst of
operations has concluded. By requiring the reset time to be smaller than
the inverse of the source frequency, we ensure ready availability of
memories for the subsequent cycle, thereby reducing unnecessary
memory overhead.

* Weassume that the optical losses in the fiber in transit are the same for
all frequencies in the case where spectral multiplexing is used. We
further assume that the optical fiber does not contribute to any other
form of noise except erasure. We assume the speed of light in fiber to be
200,000 km/s.

* We assume deterministic swap gates. Several proposals that use high
cooperativity cavities have shown potential for achieving such gates**".

+ Memory decoherence time T is assumed to be 157"

* We assume fast gate and measurement operations (gate and mea-
surement time t; << 107°s).

¢ Measurement errors f are assumed to be a quarter of gate errors €, ie.,
£=025¢."

+ Elementary link fidelity is estimated to be 1 —1.25¢5"* using depolarized
states for elementary link Bell pairs.

* Fiber attenuation length has been taken as 20 km.

Costs

Prior works have mostly focused on memory-constrained regimes, and have
considered memories as the most significant cost factor'****’. However,
promising developments in multiple hardware platforms since'”'* have
weakened these assumptions. It is critical that better cost metrics be con-
sidered to evaluate the performance of different repeater architectures.
While a detailed cost analysis (accounting for environmental noise, hard-
ware requirements, labor, physical infrastructure, and software develop-
ment and upkeep) would be the most appropriate approach, we believe the
following high-level metrics can still serve as a guidepost for comparing
quantum network deployments:
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Fig. 7 | Comparing hardware costs between one- and two-way quantum repeaters.
Number of a repeaters, and b qubits required per burst for each unit secret-key
delivered for optimal performance for one- and two-way repeater architectures. The
red dashed line shows the number of repeaters required for the optimal Quantum
Parity Code (QPC), the blue dotted line shows the number of repeaters required for
optimal performance for 2G-NC, the black and the gray solid lines are the envelopes
for the number of repeaters required for the optimal performing multiplexed two-
way schemes (MTP) using a Fy, = 0.95 and a SKR-based distillation decision rule

respectively. To note, we do not consider the ancilla qubits required for state pre-
paration or teleportation-based error correction for QPC, and the estimation pre-
sented here is a lower bound. For all long-distance parameter regimes considered,
the MTP requires significantly less number of repeaters and qubits than the QPC.
Compared to the 2G-NC, the MTP (SKR rule) scheme requires a similar number of
repeaters but less number of qubits for delivering a unit secret-key. To note, MTP
using the Fy, rule requires slightly more repeaters than the MTP based on the SKR
rule, and the 2G-NC protocol, but a lower number of repeaters than the QPC.

. Cost of repeater installations, including acquisition of land and phy-
sical infrastructure, maintenance, temperature requirements, among
others. This is captured in our metric of the number of repeaters
required for delivery.

. Memory costs, including initialization costs and residence times. Here,
residence time refers to the duration for which a memory remains
engaged. Since one-way and two-way repeater architectures require
vastly different types of quantum memories in the parameter regime of
fast gate operations and readout, we capture these costs using the
metric of the number of qubits required to deliver a single Bell pair.

. Number of 2-qubit gates, circuit size, and usage. In our analysis, we
have only considered 2-qubit gates as the appropriate measure, since
both QPC and two-way nested schemes will require 2-qubit gate
operations.

. Number of measurement operations. In ref. 65, the authors identify the
number of measurement operations as a potential candidate for eval-
uating link costs in the context of routing in quantum networks. The
authors use simulations to establish the relationship between mea-
surement count and overall network performance, highlighting this
metric’s potential for assessing resource consumption when deter-
mining the optimal path for data transmission.

e. Cost of operating a repeater, including energy and ongoing main-
tenance. Although not explicitly considered in our current analysis,
these operational costs are expected to play a significant role in practical
deployments, and a detailed evaluation is left for future work.

Performance evaluation using secret-key rates

We use two different flavors of the MTP based on two different distillation
decision rules—(1) a rule based on secret-key rate (2) a rule based on fidelity
threshold (see subsection “Multiplexing with more than one success, along
with distillation” in “Methods” and Eq. (12) for details), where we distill
when the fidelity drops below the threshold value. For the fidelity threshold,
we have used the threshold of 0.95, based on a visual search on a small set of
threshold values (see Supplementary Note 1 in Supplementary Materials for
performance plots using fidelity thresholds other than 0.95). As shown in
Fig. 6, the MTP repeater schemes outperform the protocol based on the
optimal QPCs for all considered parameter regimes. These differences in
performance range between one to two orders of magnitude, depending on
the gate errors and coupling efficiencies considered. In the case of moderate
gate errors and long distances, understanding this gain in the context of
associated costs, as analyzed in subsection “Comparison of resource costs”
in Results, is important. We also find that the MTP outperforms the
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Fig. 8 | Comparing operation costs between one- and two-way quantum repea-
ters. Number of a two-qubit gates, and b measurement operations required per burst
for each unit secret-key delivered for one- and two-way repeater architectures. The
red dashed line shows the number of repeaters required for the optimal Quantum
Parity Code (QPC), the blue dotted line shows the number of repeaters required for
optimal performance for 2G-NC, the black and the gray solid lines are the envelopes
for the highest deliverable secret-key rate for multiplexed two-way schemes (MTP)

using a Fyy, = 0.95 and a SKR-based distillation decision rule respectively. To note, for
QPCs, we have not considered gate operations required for state preparation or gate
operations on ancilla qubits, and the estimation presented here is a lower bound. For
(almost) all parameter regimes considered, the optimal QPC-based protocol
requires a higher number of two-qubit gates and measurement operations than
the MTP.

multiplexing protocol aimed at single elementary link generation (referred
to as 2G-NCin ref. 14) across the entire parameter regime considered in the
manuscript. To note, both the SKR and the Fy, = 0.95 rule are probably non-
optimal, and an optimal distillation schedule can be achieved using a
numerical search. Furthermore, since we have limited the number of dis-
tillation rounds to a maximum of one per nesting level, potential
improvements in the performance could be made if this constraint is
relaxed.

Comparison of resource costs

In this subsection, we compare different costs, i.e., the number of repeaters,
the number of two-qubit gates, and the number of measurement operations.
Figures 7 and 8 demonstrate that the resources required for the one-way
schemes are significantly higher than the equivalently multiplexed two-way
schemes. Fig. 7a compares the number of repeaters required for the optimal
secret-key rates shown in Fig. 6. As shown in the plots, the QPC-based
system requires a significantly larger number of repeaters compared to the
multiplexed two-way (MTP) system. This difference in the required number
of repeaters becomes more pronounced as imperfections in coupling and
gate efficiency increase in the system. Note that 2G-NC requires a slightly
less or equal number of repeaters compared to the MTP schemes in
most parameter regimes. In Fig. 7b, we compare the qubit resources

required to deliver a unit secret-key for different gate and coupling
efficiencies. In this analysis, we consider a lower bound on the number
of qubit resources required for QPC, since we do not consider the ancilla
qubits required for state preparation and teleportation-based error correc-
tion. We observe from the graphs that the QPC-based system requires
more qubit resources for all parameter regimes considered. However,
if ancilla qubits are included, it is likely that the two-way scheme will
perform even better. It should also be noted that the number of qubits
required per unit secret-key delivered has been used as the metric
of comparison in Muralidharan et al.'“. Using the number of qubits
required as the sole cost metric, it might be straightforward to see the
attractiveness of the MTP compared to the QPC and the 2G-NC protocol.
Figure 8a, b presents the estimated number of measurements and 2-qubit
gate operations per unit secret-key delivered required to maximize secret-
key rate as a function of distance. As with the number of repeaters and
qubits, we find that the QPC-based one-way scheme requires significantly
more gate and measurement operations across most parameter regimes
considered, with the possible exception of low gate errors for distances
<50 km. For all other considered parameter regimes, these differences in
gates and measurement costs range between one and two orders of mag-
nitude, with the MTP posing lower resource requirements compared to
both QPC and the 2G-NC.
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Conclusion

The rapid development of quantum technologies has spurred efforts to
establish robust quantum networks. The choice of repeater architecture
significantly impacts the scalability and reliability of these networks. A
comprehensive comparison between different repeater architectures is
essential to understand their strengths and weaknesses under varying
conditions, including error rates, resource availability, and communication
latency. Such an analysis can guide the design of practical quantum net-
works by highlighting where specific architectures excel or falter, and pro-
viding insights into the trade-offs between performance and technological
complexity.

Pioneering work by Muralidharan et al."* compared one-way and two-
way schemes, identifying parameter regimes where each scheme could be
advantageous. However, Muralidharan’s setup assumes a memory-
constrained regime and does not utilize the full power of multiplexing.
Studies considering multiplexing have focused on maximizing the success
probability of a single elementary link or have not incorporated nested
purification'**>’. Where such considerations have been made, distillation
operations have often been assumed deterministic***. This study aims to
clarify the performance expectations of multiplexed two-way and one-way
repeater architectures, providing a framework to make informed decisions
when selecting the optimal architecture based on application requirements.

In this manuscript, we consider a two-way protocol that leverages the
power of multiplexing with an application-aware decision parameter for
distillation. Additionally, we present a thorough evaluation of performance
differences between one-way and MTPs using relevant metrics such as the
secret-key rate, number of repeaters, qubits, and gate and measurement
operations. Focusing on the regime identified in prior work as favorable to
one-way schemes, we demonstrate that the multiplexed two-way repeater
scheme, in an unconstrained memory regime, outperforms one-way
schemes even under conditions previously believed to favor the latter.
Furthermore, these performance gains can be realized with lower resource
requirements, making two-way schemes a more attractive alternative.

While our findings suggest that multiplexed two-way schemes are
potentially a near-universal choice across various parameter regimes, the
performance achieved in our analysis may be sub-optimal. Our study
focused on basic protocols and requires further exploration to identify
additional areas for improvement. For instance, our current analysis does
not utilize any adaptive mechanisms at the link level for decision-making to
optimize overall performance. Additionally, we only considered a basic
DEJMPS protocol with a maximum of a single round performed at any
nested level. These simplifying assumptions preserve analytical clarity but
likely leave room for significant performance improvements. More
advanced distillation schemes*” could improve performance while
simultaneously lowering resource requirements. Moreover, our distillation
scheduling may not be optimal and could be improved to enhance per-
formance and reduce costs. We also assume perfect synchronization of
emissions and neglect delays due to local gate connectivity, which may
require further attention in experimental implementations.

Our choice of physical parameters—such as long memory coherence
times, efficient photon coupling, and high-fidelity gates—reflects recent
experimental achievements in platforms like diamond NV centers, silicon
T-centers, and other solid-state systems”***. Although engineering all these
capabilities simultaneously in a scalable system remains challenging, they
are not mutually incompatible. Therefore, our parameter set represents an
optimistic but feasible near-term scenario that has been partially realized in
current experimental platforms.

Building on the framework proposed in this study, future work can focus
on improving network performance by introducing optimizations in distilla-
tion scheduling or selecting more efficient distillation protocols. Extending this
framework to an asynchronous setup or a connectionless protocol might
provide interesting insights and potential improvements. Another important
direction is to consider architectures involving free-space or satellite-based
links, which may differ in coupling efficiencies, loss characteristics, and syn-
chronization challenges. A detailed exploration of hybrid terrestrial-space

quantum networks would help assess the practicality of repeater architectures
in global-scale scenarios and is a compelling direction for future study. We
recommend exploring these extensions in future research.

Data availability

All the data presented in this paper can be generated with a customized code
(see “Code availability” statement).
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