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ABSTRACT Quantum datacenter (QDC) architectures must support communication among quantum
processing units (QPUs) under limited communication qubits, optical switching and measurement
resources, probabilistic entanglement generation, and physical-layer noise. This paper presents Q-REFINE,
a framework for Quantum Resource Exploration via Factorial & Iterative N-factor Experiments. Its
measure is the completion rate, the rate at which requests are served with at least a threshold fidelity.
For a given QDC topology, Q-REFINE asks which physical-layer factors and their combinations change
this rate most, and over what range improving each factor still pays off. Q-REFINE combines a discrete-
event simulator, controllable inter-QPU request workloads, topology instances with explicit switches and
measurement units, and a design of experiments (DOE). We apply it to Fat-tree, Clos, QFly, BCube
and DCell. Load selection fixes, with every factor at its best level, the smallest concurrency limit whose
completion rate is within 5% of the best while at most 5% of requests go unserved. At that limit, a
full-factorial DOE finds which factor combinations serve any request and how much each factor raises
the rate, and one-factor-at-a-time sweeps show over what range each improvement pays off. Emitted-pair
fidelity, Hong—Ou—Mandel visibility and memory coherence time jointly decide whether any request is
served. The emission efficiency raises the rate most, 8.4-9.5 times between its two DOE levels, and a
higher attempt rate pays off only with a short communication-qubit cooldown time. Although we use
a particular workload, performance metric, and configurations, the framework applies to any workload,
metric(s), or configurations.

INDEX TERMS Quantum Datacenter Design Optimization, Quantum Factorial Analysis and Configura-
tion Tuning, Quantum Multi-factor Optimization and Design, Quantum Resource Analysis via Factorial
Testing, Quantum networks, Quantum Datacenter sensitivity analysis.

. INTRODUCTION

Quantum datacenters (QDCs) are a systems-level approach
to scaling quantum computation beyond a single quantum
processing unit (QPU) [1]-[3]. A QDC connects multiple
QPUs via an optical interconnect, enabling entanglement to
be established between processors for non-local operations.
In this setting, performance depends not only on the quality
of individual QPUs, but also on how the interconnect is
built and operated, because the topology, optical compo-
nents, communication qubits, switching and measurement
resources, and physical-layer parameters all shape the rate
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and fidelity of inter-QPU communication.

This design space is difficult to reason about because
architectural and physical effects are coupled. Changing the
topology changes the number of switches, optical links,
measurement resources, possible relay points, and shared
bottlenecks encountered by a request. Changing physical-
layer parameters such as loss, emission efficiency, attempt
rate, memory coherence, and dark-count rate changes the
probability, timing, and final fidelity of entanglement gen-
eration. A designer therefore needs, for each topology,
the answers to two questions, namely which physical-layer
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factors and combinations of factors most change the rate at
which requests are served above a fidelity threshold, and
over what range improving each factor still pays off.

Prior work has examined several pieces of this problem.
QDC architecture studies compare topologies such as Clos,
Fat-tree, BCube, QFly, DCell, and related designs [1]-
[6], [7], [8]. Scheduling and compilation studies examine
how distributed quantum programs can be mapped and
coordinated across QPUs [9], [10]-[13]. Quantum-network
simulators provide detailed models of noisy links, com-
munication protocols, and resource management [14]—[19].
These works show that both topology and physical-layer
assumptions matter. Still, none of them answers these two
questions for a QDC topology, where many requests contend
for shared switch ports and Bell-state measurement (BSM)
units under a controlled workload.

This paper addresses that gap with Q-REFINE, a frame-
work for Quantum Resource Exploration via Factorial &
Iterative N-factor Experiments. We apply Q-REFINE to five
topology families, Fat-tree, Clos, QFly, BCube and DCell,
and answer both questions for each family at a load selected
for it. Each family keeps the switches, links and relay
QPUs its construction requires, because these belong to the
topology, so the results describe each family on its own and
do not rank them.

The results of any performance analysis depend on three
key decisions by the analyst, namely the configuration,
the workload and the metric. Any change to one of these
can significantly affect the conclusions. Also, there are no
standard configurations, workloads, or metrics. So each of
these can be questioned. Therefore, our goal here is not to
sell particular conclusions but to show a methodology or
framework that can be applied to any other configuration,
workload, or set of metrics.

In summary, this paper makes five contributions to
architecture-level QDC evaluation:

1. We define a three-stage design-optimization workflow
(contributions 3-5) that applies to each QDC topology
family under the same endpoint pool, workload, BSM
total and factor ranges (Section III-C).

2. We implement a discrete-event simulator of how a
QDC admits requests, reserves their paths, and gen-
erates, stores and joins entanglement (Section III).
Unlike the tools we review, it couples a link model
whose cost grows far more slowly than the number
of attempts to a switch fabric whose ports and BSM
units the requests contend for (Section II-C).

3. Because the concurrency limit, the number of requests
that may compete for resources at once, sets how
strongly requests contend, the first stage (load se-
lection) sweeps it for each topology at the favorable
corner, where every factor is at its favorable level, its
best quality within the range studied, and selects for
each topology the limit at which the completion rate
stops rising.

4. At the selected concurrency limit, we conduct a 2N
full-factorial design of experiments (DOE) over the
eleven physical-layer factors, each at a favorable and
a less favorable level, to find which combinations
serve any request and how much each factor and each
interaction multiplies the completion rate where they
do.

5. One-factor-at-a-time (OFAT) sweeps vary each factor
over its range with every other factor at its favorable
level, and show where along its range each factor stops
raising the completion rate.

While DOE is quite common in medical and agricultural
studies, its use in computer systems is rare. To our knowl-
edge, a full-factorial DOE has not been used to attribute
QDC interconnect performance to physical-layer factors and
their interactions. For details of how to use DOE and its
variations, see Jain [20].

The remainder of the paper is organized as follows.
Section II reviews QDC architecture studies, execution and
orchestration work, simulation frameworks, and the gap Q-
REFINE addresses. Section III defines design optimization
and the Q-REFINE framework, including its three stages,
the topologies, the workload and the simulator’s models.
Section IV describes how the simulator is implemented,
including its modules, one run as pseudocode, and why
each run is reproducible. Section V defines the experimental
design, including the main evaluation setting, the physical-
layer factors and fidelity threshold, load selection, and the
DOE and OFAT methods. Section VI presents the load-
response and factor-sensitivity results. Section VII discusses
design implications, limitations, and future extensions. Sec-
tion VIII concludes the paper. Appendices A—G give the
validation against event-level simulators, the link-model
derivations, the evaluation settings, the simulator’s modules,
other sizes, the factor ranges with their sources and DOE
levels, and additional results.

Il. RELATED WORK

A. QUANTUM DATACENTER ARCHITECTURES AND
TOPOLOGY STUDIES

At design time, QDC architecture studies define how QPUs,
optical switches, measurement resources, and shared en-
tanglement resources can be organized inside a datacenter.
QDC architectures fall into two broad categories. In switch-
centric architectures, every request is carried by a shared
optical-switch fabric, and the QPUs act only as endpoints.
In server-centric architectures, QPUs also act as relays that
join adjacent links by entanglement swapping, so a request’s
path can pass through other QPUs.

Shapourian et al. [2] present a scalable architecture
that separates switch-centric and server-centric designs and
connects entanglement generation to network orchestration.
Sakuma et al. [4] introduce Q-Fly, a Dragonfly-style optical
interconnect that routes photons either within a local Bell-
state analyzer pool or across low-diameter inter-group paths.
Xin and Zhang [5] study a fat-tree architecture in which leaf
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switches, swapping spine switches, and queue scheduling
jointly manage entanglement requests and quantum memory.

Other architecture studies evaluate how topology choices
affect communication and execution behavior under specific
hardware assumptions. Pouryousef et al. [1] benchmark
QFly, BCube, Clos, and Fat-tree under quantum-hardware
constraints, including optical loss, coherence-limited retries,
limited communication resources, and topology-induced
contention. Cacciapuoti et al. [3] explain why QDC net-
works differ from classical datacenter networks, emphasiz-
ing entanglement generation, quantum memory, and dis-
tributed execution as core constraints. Together, these stud-
ies show that topology shapes the contention requests meet.

B. DISTRIBUTED EXECUTION AND ORCHESTRATION
Given a QDC architecture, another line of work studies how
distributed quantum programs are partitioned, placed, and
coordinated across QPUs. Communication-reduction meth-
ods address this problem before runtime execution begins.
Kaur et al. [10] reduce Einstein—Podolsky—Rosen (EPR) pair
demand by optimizing circuit partitioning across multiple
QPUs with graph partitioning and integer programming.
Burt et al. [11] generalize this view by treating gate tele-
portation and state teleportation within a unified graph-based
framework. AutoComm [12] identifies burst communication
patterns in distributed quantum programs and uses them to
reduce communication cost and latency.

Runtime scheduling and orchestration studies then ex-
amine how inter-QPU communication is handled once ex-
ecution begins. Pouryousef et al. [9] compare static and
dynamic entanglement scheduling for remote gate execu-
tion under probabilistic entanglement generation, limited
communication qubits, switch reconfiguration delay, and
topology-induced contention. Zhang et al. [7], [8] develop
SwitchQNet to connect circuit execution with reconfigurable
switch control in switch-based QDC architectures. Chen
et al. [13] study adaptive resource orchestration with cen-
tralized entanglement resources, shared memory, parallel
entanglement attempts, and opportunistic caching. Yang et
al. [6] formulate QDC scheduling with a mixed-integer
linear programming model and propose the Least Resource
First (LRF) scheduler and its group variant, Group LRF
(GLRF), for DCell, showing that lightweight heuristics can
reduce solver overhead while preserving scheduling quality.

These studies optimize how communication is reduced,
scheduled, or coordinated for a given architecture or work-
load. They are complementary to the present study, which
does not propose a new compiler or scheduler. Instead, we
hold the rules for admitting, routing and reserving requests
fixed and ask the two questions of Section I for each
topology.

C. QUANTUM NETWORK AND DISTRIBUTED-QUANTUM
SIMULATION TOOLS

Simulation tools provide another foundation for QDC eval-
uation. NetSquid [14] supports discrete-event simulation
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of quantum networks and modular quantum-computing
systems, including noisy channels, decoherence, control
protocols, and application-level behavior. SeQUeNCe [15]
provides hardware, entanglement-management, resource-
management, network-management, and application mod-
ules for quantum-network studies. QuISP [16] targets large-
scale quantum-internet protocols in noisy and heterogeneous
repeater networks. SimQN [17] provides network-layer sim-
ulation support for quantum key distribution protocols,
entanglement distribution, routing, and resource allocation.

Distributed quantum computing simulators are mov-
ing closer to application execution. Ferrari and Amoretti
[21] present a framework for simulating distributed
quantum-computing systems and define QPU-utilization
and quantum-network-utilization metrics for job scheduling.
Zhang et al. [19] developed SimDisQ, an end-to-end dis-
tributed quantum-circuit simulator that connects circuit-level
simulation, heterogeneous backends, noisy communication,
and distributed execution. Avis et al. [22] come closest
to our questions, deriving minimum hardware-parameter
requirements for a repeater chain with NetSquid; they do
not model many requests contending for a shared switch
fabric.

These tools target detailed protocol and network behavior,
job scheduling or end-to-end circuit execution. Our two
questions (Section I) place three requirements on a simu-
lator.

First, the design space is defined by parameters, not by
platforms. Its ranges come from several hardware platforms,
such as trapped ions and NV centers, so the link model must
expose one set of parameters that each platform reaches
by combining its own measured quantities, as Avis et al.
do when they collect a node’s hardware losses into one
photon-detection probability [22]. We model every link with
the double-click scheme, which all these platforms have
demonstrated, so one link model with these parameters
serves each of them. Results then read as requirements on
parameters rather than as verdicts on platforms.

Second, the simulator must stay fast when attempts rarely
succeed, because every combination of a factorial design is
run many times. A link needs on average 1/P,.. attempts,
where P, .. is the probability that one attempt heralds a pair,
and P,.. can fall to about 3 x 10~8 at the least favorable
emission efficiency reported (Appendix F), so a simulator
that treats every attempt as an event would spend about
3 x 107 events on one pair. The cost of a pair must therefore
grow far more slowly than the number of attempts.

Third, the link model must be coupled to the QDC fabric,
i.e., the optical switches and links that connect its QPUs,
because the requests of a run contend for the fabric’s switch
ports and the BSM units at its switches while their links are
generated and stored; this coupling, not the link model itself,
is the simulator contribution of this work.

Table I compares the cited tools against these require-
ments; none meets all three. SeQUeNCe [15] and QulSP
[16] simulate every attempt, or every photon, as an event, so
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TABLE I. Cited simulators against the three requirements of Section II-C, and
their access. MIM: memory—interface—-memory link

Tool Platform- Cost per pair QDC Access
independent far below switch
double- 1/Pace fabric
click events (req. 3)
parameters  (req. 2)
(req. 1)
SeQUeNCe yes no; an event  not open source
[15] per attempt identified
NetSquid [14] yes yes; analytic  not snippets
with identified  open; core
netsquid-magic restricted
QuISP [16] yes (MIM  no; an event  not open source
link) per photon identified
SimQN [17] no not applicable not open source
heralding identified
model
QDC studies no; fixed not applicable BSM [7], [8]
[11, [9], [7], [8] probability pools yes; open; [1], [9]
or latency ports no not released
Q-REFINE yes yes; one yes not released
geometric
draw per
generation
round (Sec-
tion IV-B)

their cost per pair grows as 1/P,.., whereas the netsquid-
magic models that Avis et al. [22] use on NetSquid [14]
sample many attempts at once. In the versions and public
source we assessed, no general-purpose tool in Table I
models the switch port budgets and per-switch BSM units
that requests share, although an event-level framework such
as NetSquid or SeQUeNCe could host such a model.

In the papers we assessed, and for [7], [8] also the
public code, the QDC studies of Sections II-A and II-B
do model shared per-switch BSM units [1], [9], [7], [8].
Each, however, takes a link as a fixed success probability
or a fixed latency and tracks no fidelity, treating memory
at most as a retry cutoff, and none treats switch ports as a
resource that requests contend for. Like netsquid-magic, our
simulator draws the number of attempts to the first herald
once per round of attempts (Section IV-B).

Where our simulator’s link and swap models overlap
theirs, we checked its results against them, and we checked
its model of shared communication qubits, BSM units and
switch ports, which these tools do not include, separately
(Appendix A).

D. GAP AND POSITIONING

These three lines of work leave open the two questions of
Section I. Q-REFINE answers them for each topology at a
load selected for it, with a full-factorial DOE [23], [20] and
OFAT sweeps (Section III).

lll. QDC DESIGN OPTIMIZATION FRAMEWORK

A. DESIGN OPTIMIZATION IN THIS STUDY

Once the topology of a QDC is chosen, its physical com-
ponents, such as memories, optical switches, fibers and

4

detectors, can each be built to a range of quality, and
better quality costs more or is not yet available, so building
every component at its best is rarely possible. Components
interact, so improving one may pay off only when another
is also good, and the completion rate may stop improving
before a component reaches its best quality. These reasons
motivate the two questions of Section I.

In this study, a design is one level of each physical-layer
factor, such as emission efficiency or switch insertion loss,
on a given topology family. A factor’s favorable level is
its best quality within the range studied, for example the
highest emission efficiency or the lowest insertion loss, and
the favorable corner is the design with every factor at its
favorable level. A design’s service is the completion rate
Rp,., (written R for short) of a fixed request workload,
i.e., the rate at which requests are served with a final
fidelity of at least Fj,;,. Design optimization then means
answering those two questions for each topology over these
designs. The answers do not name one design to build,
because component costs depend on the vendor and change
over time; they show where improvements pay off, and the
designer weighs that against current costs.

Q-REFINE also reports the switches and fiber links each
topology uses (Table III), so that the designer can price a
design.

B. FRAMEWORK OVERVIEW

The answers to the two questions are measured by simula-
tion in the three stages of Fig. 1, namely load selection, a
full-factorial DOE that answers the first question, and OFAT
sweeps around the favorable corner that answer the second.
Load selection fixes the load at which designs are compared,
and this load decides how strongly requests compete for the
same communication qubits, switches and BSM units.

We set this load with the concurrency limit W, the largest
number of requests admitted and not yet ended at any time.
Fig. 2 sketches how the completion rate rises, saturates
and can collapse as W grows. W is the same for every
design of a topology, so that a difference in rate comes
from the physical-layer factors and not from a different load,
and it is chosen for each topology separately, because the
same W can underload one topology and overload another.
We choose it at the favorable corner and keep it for the
combinations that the DOE and the OFAT sweeps run later,
each of which sets every factor at its favorable level or a
less favorable one. Requests at the favorable corner need
the fewest attempts and release their resources soonest, SO
the favorable corner needs the most concurrent requests
to saturate; at a W that saturates it, the limit holds back
no combination before that combination’s own resources
become the bottleneck. The price is that the less favorable
combinations are overloaded, and part of a factor’s measured
effect then comes from relieving congestion rather than
from the better component. We keep that part small by
running each topology at W, the smallest W whose
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at the favorable corner, sweep W;
keep W with < 5% of requests unserved;
Wt = smallest kept W within 5% of the best rate

Wsat, fixed from here on

Stage 2: 2V full-factorial DOE
Which factors and interactions matter most? < -
— ranking by share of the response variation

A

for each topology

Stage 3: OFAT
How far should each factor improve?
L>] around the favorable corner; < +
1
1
1

simulator (Section IV, Algorithm 1)

each factor at several levels
— response curve of each factor

l

To the designer: where improvements pay off |

FIGURE 1. The three stages of Q-REFINE, load selection, a full-factorial DOE
and OFAT sweeps, run for each topology (Sections I1I-B and V). W is the
concurrency limit, the favorable corner sets every factor at its favorable level,
and N = 11 is the number of factors. Every stage evaluates its designs with
the simulator (dashed arrows).

saturation

Rmax

0.95Rmax 4

larger W:
AR more of AR

rise .- _T. ~—— . from congestion
" e

~
’ . ~
v its bottleneck \ S
4 ~ N
~

~
overloaded®
at Wsat .

collapse

Frmin

completion rate R

.

Wisat Wpeak  cliff

concurrency limit W

favorable corner === less favorable combination

FIGURE 2. Schematic load-response curves, not measured data. As the
concurrency limit W grows, the completion rate rises, saturates once shared
resources become the bottleneck, and can collapse when waiting requests
hold resources while stored pairs decay. Wsat, Rmax, Wpeak and the cliff are
the markers of Sections II-B and V-C. The dashed curve is a less favorable
combination, and A R marks the difference between the two at a fixed W,
which includes rate won back from congestion (Section IlI-B).

completion rate at the favorable corner is within 5% of its
best (Appendix C-A defines these two parts).

Every point of the load-response curve, and every com-
bination of the DOE and the OFAT sweeps, is measured
by averaging repeated runs of the simulator with different
seeds. A run simulates one batch of the workload on one
topology instance, with each physical-layer factor at one
level and one value of W; the workload, the request rules
(admission, routing, reservation and deadline, Section III-E)
and Fy,i, are the same in every run. Within a run, a control
plane admits at most W requests at a time and gives each
a path and its resources, and a data plane generates the
path’s links with double-click heralding, stores them and
joins them. Each request ends served, unserved when its
deadline passes, or infeasible when no path can reach Fj,.
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where Nc.(Fipnin) is the number of requests served with
a final fidelity of at least Fl,;, and Tpgc, is the batch
duration, from the first request’s release to the last request’s
end. An unserved request adds nothing to N,.., but the
time it held resources still counts in Ty4¢cn, and a run that
serves no request has Rp,,, = 0, even when no request can
be admitted. A run also returns the unserved and infeasible
shares, and load selection uses the unserved share to rule
out values of W (Fig. 1).

Three simplifications keep the run focused on the inter-
connect. First, control decisions take no time, and the only
classical signal we time is the herald’s return, so requests are
served somewhat faster than under a real controller. Second,
every QPU converts its photons to the telecom band around
1550 nm, for which standard fiber and commercial optical
switches are made, and we count the converter’s loss but not
its noise (Appendix B-B), so link fidelities are somewhat
optimistic. Third, each pair is described by its fidelity
alone, the quantity that published application requirements
specify. Our storage model slightly overstates this fidelity
and our swap model slightly understates it, which changes
a multi-segment fidelity by less than 0.01 in either direction
(Appendices B-E and B-F). The results therefore describe
how the fabric and its physical parameters limit service,
not how control protocols, conversion hardware or error
structure do.

Sections III-C and III-D define what a run is given,
the topology instances and the workload; Sections III-E
and III-F define what the control plane and the data plane
do. Table II summarizes the notation.

C. TOPOLOGY INSTANCES AND RESOURCE
ASSUMPTIONS

We apply the framework to five representative topology
families, Fat-tree, Clos, QFly, BCube and DCell (Fig. 3).
Following the QDC architecture model of Shapourian et al.
[2], each family groups its QPUs into racks, a rack being the
set of QPUs under one top-of-rack switch, and the family’s
other switches and links connect the racks. Each QPU has
Neomm COMmMunication qubits, each with its own fiber to
every switch its QPU connects to, and two switches are
joined by ncomm fibers per link.

In the switch-centric families of Section II-A, Fat-tree,
Clos and QFly, a request is generated as one link between its
two QPUs. In the server-centric families, BCube and DCell,
a path may pass through relay QPUs; it is then split at the
relays into segments, each generated as one link between its
two end nodes, and each relay joins its two adjacent links
by entanglement swapping, a local Bell measurement.

Besides the workload and the factor ranges, which are
the same in every run, three items are held fixed across the
families, and everything else, such as the number of switches
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TABLE Il. Summary of Notation

Symbol Description Symbol Description
Qefr Endpoint pool, the QPUs that may be request endpoints. Atherald Time from an attempt’s emission until both nodes know
its outcome, Eq. (6).
M Number of two-endpoint inter-QPU requests in a Ateool Communication-qubit cooldown time before the local
sampled workload batch. hardware can be used again.
Minter Number of requests whose endpoints are in different Atirial Attempt interval, Eq. (7).
racks.
Necomm Communication qubits per QPU. Tyen Length of a generation round.
Dinter Target fraction of sampled requests whose endpoints are Nirial Maximum number of attempts in a generation round,
in different racks. Eq. (10).
B Total of BSM units in a topology, equal to M. Fswap Fidelity of one entanglement swap on ideal input pairs,
Eq. (9).
w Concurrency limit, the largest number of requests Fepna(r) Final end-to-end fidelity of request 7.
admitted and not yet ended at any time.
A(t) Requests admitted and not yet ended at simulation time Fhin Final end-to-end fidelity threshold used to accept a
t. completed request.
Tp Service deadline, counted from a request’s admission Accept(r) Indicator that request r satisfies the final-fidelity
(Section III-E). threshold.
T, O A candidate path and one of its segments; |7| is its Nace (Fmin)  Number of requests served with a final fidelity of at
number of segments. least Finin-
F(w) Best-case fidelity of path 7, Eq. (3). Tovatch Batch duration, from the first request’s release to the last
request’s end.
Dy, Dp One-way optical delays of the two arms, from each node Rp ;. Completion rate, the response variable, Eq. (1).
to the station.
Lx Total loss of arm X, in dB. R(W) Mean completion-rate response at the concurrency limit
W over seeded repetitions for one topology.
nx Probability that the photon of arm X reaches the Waalid Concurrency-limit values at which at most 5% of
station’s detectors, Eq. (5). requests end unserved.
Atew Heralding coincidence window, within which the station Ruax Largest valid mean response over the values of W that
counts clicks as one attempt. load selection tries, for a topology.
Adark Detector dark-count rate. Wiat Smallest valid W whose mean response is within 5% of
Rmax; the W of the later stages.
Piark The probability that a detector produces at least one Whpeak The W with the largest valid mean response in load
dark click within the heralding coincidence window of selection.
one time bin.
ay,
Fy Fidelity of the emitted qubit—photon pair (Werner dintra, Fiber attenuation and intra-/inter-rack segment distances.
mOdel)- inter
Vaowm Two-photon (Hong—Ou—Mandel) interference visibility Lsw, Leonn Switch insertion loss and connector loss.
at the station.
Pace Probability that one attempt yields an accepted click Teoh Memory coherence time; also sets the generation-round
record, Section III-F. length (Tgern = max(Teoh, Attrigr)) and the storage
cut-off.
Flink Fidelity of a heralded link, Section III-F. £ Entanglement-attempt rate, emission efficiency, and
TNemit, Tldet

detector efficiency.

and links and the structure of the paths, follows each
family’s construction. The first is the optical band. Every
path is in the telecom band (Section III-B), so every path
has one set of fiber, switch and connector loss parameters.

The second is the detection hardware. It consists of Bell-
state measurement (BSM) units, each a beam splitter with
its detectors, attached to an optical switch and reserved by
one segment at a time. A segment’s station is the switch
whose BSM unit measures the segment’s two photons. It
can be any switch on the segment’s path, so the segment’s
two arms, from each node to the station, can differ in length
and loss. Every topology receives the same total of B BSM
units, one for every two communication qubits of the request
endpoints, so that every link the endpoints can hold at once
has a unit; B therefore equals the request count M of
Section III-D. The units are split as evenly as possible over
the topology’s switches, including the small switches that

6

DCell places on its inter-cell links, and the remainder goes
to the switches with the most directly attached QPUs. The
total never limits requests whose paths have one segment,
but a switch’s share can.

The third is the pool of request endpoints. Each family’s
construction admits only particular QPU counts (Table III).
We draw request endpoints from 54 QPUs in each, the
largest pool all five instances supply; the remaining QPUs
are not endpoints, but in the server-centric families they
can still serve as relays. Table III lists each instance’s
construction and hardware.

D. WORKLOAD CONSTRUCTION

The endpoint pool of Section III-C supplies a batch of
two-endpoint requests, each asking for an entangled pair
between a source and a destination QPU. Two endpoints
suffice because gate-model circuits decompose into one- and

VOLUME 4, 2016

This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see https://creativecommons.org/licenses/by/4.0/



This article has been accepted for publication in IEEE Transactions on Quantum Engineering. This is the author's version which has not been fully edited and

content may change prior to final publication. Citation information: DOI 10.1109/TQE.2026.3744686

Tian et al.: Q-REFINE: A Quantum Datacenter Design Optimization Framework

@lEEE Transactiqns on
uantumEngineering

(a) Clos (b) BCube

Middle -

TUTVY . nmnime

(c) Fat-tree

Core
Level 1

Rack 0 Rack 1 Rack 2 Rack 3 Rack 0 Rack 1 Rack 2 Rack 3 Pod 0 Pod 1 Pod 2 Pod 3
(d) DCell (e) QFly
B QPU — Intra-rack link
Cell 1 s
T [ Optical switch - Inter-rack link
/\ /\ /\ /\ /\ /\ Rack
EE EE EE BEE Bl EE
Group 0 Group 1 Group 2

FIGURE 3. Topology-level connectivity abstraction for the five QDC topology families evaluated in this study. The diagrams show QPUs, optical switches, racks, and
intra-rack and inter-rack optical links. Every switch operates in the telecom band and hosts Bell-state measurement units, so all switches share one symbol and the
labels name their tiers. The top-of-rack switch is an ingress switch in Clos, a level-0 switch in BCube, an edge switch in Fat-tree, the cell switch in DCell and any
switch in QFly. In DCell, each inter-cell link passes through a small switch of its own, which hosts that link's BSM units. The instances drawn are small examples of

each family; Table Ill lists the evaluated ones.

TABLE lil. Topology Instances, Their Switches and Fiber Links, and the
Shared Endpoint Pool

QPU-count Total Outside Fiber links

Topology Construction rule QPUs pool Switches (intra / inter)
Fat-tree k=16 K4 54 0 45 54 /108
Clos r=16,m=4n=4 rn 64 10 20 64/ 64
QFly =3,p=3,h=2 (ah+1)ap 63 9 21 63 /42
BCube =8 /=1 n! 64 10 16 64 / 64
DCell =7,k=1 nn+1) 56 2 8+ 28 56 /56

Note: Construction parameters follow the standard definition of each
family: Fat-tree radix k; Clos ingress/egress switches r, middle switches
m, and QPU ports per ingress switch n; QFly switches per group a, QPUs
per switch p, and global links per switch h; BCube and DCell switch port
count n, with level £ (BCube) or recursion level k (DCell). The QPU-count
rule gives the total number of QPUs an instance admits; “Outside pool”
is that total minus the shared 54-QPU endpoint pool. A fiber link is an
edge of the topology graph. An intra-rack link joins a QPU to its rack’s
switch, and an inter-rack link is any other link; each link has ncomm fibers
(Section III-C). DCell has 8 cell switches and 28 small switches, one at
the midpoint of each inter-cell link, so each half of that link is dinter/2
long. The B BSM units, equal in number across topologies, add two switch
ports each and are not counted here.

two-qubit gates, so their non-local communication reduces
to pairwise requests. Three chosen settings shape a batch
of requests, namely the endpoint pool, the number n.omm
of communication qubits per QPU, which sets the request
count, and the share of requests that cross racks.

The workload generator draws request sources and desti-
nations only from the pool Qs of Section III-C, spread as
evenly as possible across the racks so that every rack can
supply both intra- and inter-rack requests. Each endpoint
appears in as many requests as it has communication qubits,
Necomm, SO that one batch uses every endpoint’s communi-
cation qubits once and the request count follows from the
network rather than from a free choice (Appendix C-B gives
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TABLE IV. Workload settings that are chosen, derived from them, or set by
load selection

Quantity
Chosen and held fixed

Symbol Value  Basis

Endpoint pool |Qeysl 54 largest pool all five instances
supply, i.e., the smallest
(Fat-tree, k = 6); spread as
evenly as possible over racks

Communication Necomm 5 chosen setting

qubits per QPU

Inter-rack share Dinter 0.3 chosen setting

Service deadline Tp 419.6 s  demonstrated remote-gate
timeout [24]; Section V-A

Derived

Requests M 135 Eq. 2)

Inter-rack requests  Mjnter 41 |pinter M + %J

Set by load selection, for each topology

Concurrency limit w Wsat stage 1 of Fig. 1, Eq. (12)

the constraints). Hence

M = L|Q6ff|2ncommJ 7 (2)

The value of ncomm 1S a setting we choose, and another
value changes M in proportion.

A share p;ner Of the requests cross racks, and the rest join
endpoints in the same rack. No workload trace or quantum-
datacenter study we found fixes this share, so it is a setting
we choose. Table IV lists these settings, which are held fixed
in every experiment.

E. ROUTING, ADMISSION, AND RESOURCE
RESERVATION

Before a run, the control plane lists up to two candidate
paths for each request, computed once from the topology

7
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graph. They are the request’s paths of least total optical
loss that differ in at least one switch.

Some paths cannot deliver Fi,;, in a design, however
quickly their segments are heralded, because every segment,
every swap and every wait for a herald costs fidelity. We
drop them before the run, using the fidelity a path 7= would
deliver if each of its |7| segments o were heralded after the
shortest possible wait and all were joined at once,

F(m) = Rl TT [3+

oET

1\ ,—Athera coh
Flznk ) ) h ld(U)/T h )

3)
where Fiink, Atheratds Teoh and Fyyqp are the link fidelity,
herald time, decay time and swap fidelity of Section III-F,
and each segment’s factor is taken at the station on its
path that maximizes it. A longer wait only moves a fidelity
further toward 1/2, and Fi,;, > 1/2, so waiting cannot lift
such a path to Fi,;,; on a one-segment path, F is the fidelity
the path delivers when its segment uses that station. A
request with no path left is infeasible and is never admitted,

o “infeasible” means unreachable at the stated parameters,
while a reachable but slow request shows as unserved.
During the run, the control plane admits pending requests
in the order of the seeded batch, so that simultaneous
requests are resolved reproducibly rather than by an op-
timization policy. Let A(t) be the set of requests admitted
and not yet ended at simulation time ¢. Admission keeps

[A(B) < W, 4)

so a pending request is admitted as soon as an admitted one
ends.

An admitted request tries its candidate paths in order of
total loss. The first reservation of a path is all or none, so
that no request starts generating while it waits for resources
that another request holds. A path needs a communication
qubit at each end of each segment, which includes two
qubits at every relay QPU, a BSM unit at each segment’s
station, and a port on every switch that each photon crosses.
Each segment’s station is chosen at reservation among the
switches on its path that have a free BSM unit, preferring
the one whose longer arm is shortest. If no candidate path
can be reserved, the request waits and tries again when
resources are released. Once a segment’s link is heralded,
its station and ports are released and the link waits in its two
communication qubits; if a stored link expires, its segment
reserves a station and ports again and may wait for them.
The control plane runs no congestion-control protocol and
gives no topology a traffic policy of its own, so congestion
arises only from contention for these resources, and the
load at which a topology saturates reflects its structure and
physical parameters.

The limit W bounds how many requests are in service,
but not how long each one stays. A computation cannot
wait indefinitely for a remote gate, because its data qubits
decohere while the link is generated, so an admitted request
that is not served within the service deadline T of its

8

admission ends unserved, releases all its resources and
makes room for the next pending request. T, is a property
of the workload, the time the data qubits can wait, and not
of the design, so the memory coherence time 7., changes
how fast stored links decay but not how long a request may
wait. Section V-A gives its value.

F. ENTANGLEMENT GENERATION, HERALDING, AND
FIDELITY MODEL

Once a path is reserved, the data plane generates a link on
each of its segments.

Every link is generated by double-click (Barrett—Kok)
heralding [25]. Both communication qubits emit a photon
toward the segment’s station, and clicks at the station’s
detectors herald the link. In the naming of Jones et al. [26],
this is a meet-in-the-middle link, as opposed to a sender-
receiver or a midpoint-source link; QulSP calls it a memory—
interface-memory (MIM) link (Table I). We prefer it to
single-click heralding because a lost photon lowers only
its rate, not its fidelity, and its optical phase need not be
stabilized along each switched path (Appendix B-A).

Each photon travels only from its node to the station, so
it suffers only the loss of its own arm. We collect every
loss between the emitter and the node’s output fiber into
one parameter, the emission efficiency 7¢,+, which includes
emission into the collected mode, collection, coupling into
fiber and frequency conversion to the telecom band. For
arm X € {A, B}, the simulator adds the fiber attenuation,
switch insertion loss and connector loss along the arm into
Lx (in dB), including the station switch, which each photon
crosses to reach the BSM unit. The photon then reaches the
station’s detectors with probability

nNx = Nemit 107LX/10~ (5)

The station has two detectors, each read in an early and a
late time bin, and it accepts the four of the 2 click records in
which exactly one detector clicks in each bin. Each accepted
record heralds a known Bell state, UT when the same
detector clicks in both bins and ¥~ otherwise. A heralding
event is triggered when the station observes an accepted
record. Dark clicks can also produce such a record, and the
record cannot tell them from photon clicks, so every her-
alded link receives one average fidelity, Fj;,x, which false
heralds lower. For a detector with a dark-count rate Ay, %,
the probability of at least one dark click within the heralding
coincidence window At.,,, the window in which the station
reads each time bin, i8S Pigrp = 1 — exp(—Agark Alew)-

The link model takes the fidelity F{ of the emitted qubit—
photon pair, the two-photon Hong—Ou-Mandel (HOM) in-
terference visibility Vo, the two arm transmissions 74
and np, the detector efficiency 7nges, and Pgqrr,. We model
the source as a Werner channel; at the same Fj it gives
a lower Fj;,; than pure dephasing and nearly the lowest
of any Pauli error (Appendix B-C). From these parameters
we compute in closed form (Appendix B-C) the acceptance
probability P,..(c) that one attempt on segment o yields
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an accepted record, and its link fidelity Fj;,x(c). Without
dark counts, P,.. = %T]A’I]B'I]Elet and

G (2Vaom + 1)+ Viuom +5
18 ’

with G = 4Fy(2Fy—1). This F;y,;, does not depend on loss,
so loss costs rate but not fidelity, and Fj;,,;, = 1 when Fy =
Viom = 1; when both photons are lost, every accepted
record is a coincidence of dark clicks and Fj;,p = 1/4.
The probability model determines whether a heralding
event occurs, while the timing model determines how long
the reserved resources remain occupied before the outcome
is known. Let D4 and Dp denote the one-way optical
delays of the two arms, from each node to the station. The
nearer node delays its emission so that both photons reach
the station together, and both nodes know the outcome after

Flink, =

A’fheru,ld =2 maX(DA7 DB) + Atc’w~ (6)

A subsequent attempt cannot begin until this outcome is
known and the local hardware is ready for use again. Let
Atcoor denote the communication-qubit cooldown time, the
time to re-initialize a communication qubit, and let f denote
the entanglement-attempt rate. A communication qubit is re-
initialized only after the herald reports a failed attempt, and
it cannot emit faster than f, so the attempt interval is

Attrial = maX(Atherald + Atcoola %) ) (7)

and an attempt with a click also waits for the station’s
detectors to recover, which lengthens it only when Aty.;q;
is shorter than the recovery time (Appendix B-D).

A heralded link is stored in its two communication qubits
and decays by pure dephasing, the phase-damping part of
the memory model of Avis et al. [22] (Appendix B-E), so
that its fidelity at time ¢ is

F(t) = 1 + (Funk(o) — 3) e~ Cted/meon (g)

where ¢, is the emission time of the successful attempt and
Teon the decay time of the pair’s fidelity. A link still stored
at age T, is discarded and its segment regenerated. Its
fidelity is then at most % + 2—16 ~ 0.68, below Fy,in, so the
cut-off discards no link that could still reach Fi;,.

The swap succeeds deterministically, because the relay
performs it as a local Bell measurement with gates and
measurements on its own qubits [22]. The joined link has
fidelity

Fout = FL(t) FR(t) stapa 9

where Fy(t) and Fgr(t) are the two links’ fidelities at the
swap time, Eq. (8), and Fj,qy, is the fidelity of the swap
itself on two ideal input pairs; SeQUeNCe uses the same
product form [15]. The joined link then decays from the
swap time.

The final end-to-end fidelity Fe,q(r) of request r is the
fidelity of the link that spans the request, at the moment
that link is formed. On a one-segment path this is the
heralded link; otherwise it is the link that Eq. (9) leaves
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once all segments are joined. Request r is accepted, written
Accept(r), when Fi,q(r) > Funin- A request that is not
accepted releases its link and its reservation. It then tries
its candidate paths again, until it is served or its service
deadline passes.

IV. IMPLEMENTATION

This section describes how the models of Section III
are assembled into one simulator. Three demands shape it.
First, every topology must be run under the same request
handling, so that its results reflect its fabric and physics
rather than code written for it. Second, a pair must cost far
fewer events than attempts (Section II-C). Third, the three
stages of Fig. 1 repeat a run for every concurrency limit,
design and replication, so every run must be independent
and reproducible.
A. SIMULATOR ARCHITECTURE
The Q-REFINE simulator is a discrete-event simulator writ-
ten in Python, built, following Avis et al. [22], from modules
that act as services, each with a defined input and output
(Appendix D). The request controller, routing and resource
modules form the control plane of Section III-B, and link
generation, storage and swapping the data plane; a workload
builder, an event core, a metrics recorder and an experiment
driver complete it. A design enters only through the modules
that build the topology and its resources, route requests and
generate, store and join links. The request controller, which
admits requests and keeps the only per-request state, is the
same for every design, and a switch-centric path is a path
of one segment, so one controller serves all five topologies.
This meets the first demand.

B. ONE SIMULATION RUN
Algorithm 1 gives one run in the order of the models of
Section IIl and cites each model’s equation rather than
restating it. Besides the symbols of Table II, it uses G for the
topology instance and R for its qubits, BSM units and ports,
0 for the design’s factor levels, B3 for the request batch, II,.
for the candidate paths of request r, X for the attempts to
the first herald, ¢x for the emission time of attempt X and
t for the simulation time.

Link generation (lines 17-20) meets the second demand.
Generation runs in rounds of length Ty, and a round holds
the attempts that start within T.,,, at most

T en
Niriat = maX(L \‘AtgtrialJ) o

attempts. For each round, the simulator draws X from a ge-
ometric distribution with parameter P,..(o) and schedules
one event, the herald if X < Ny,.;,; and otherwise the next
round, which starts at the end of the round’s last attempt on
the resources already held. A segment thus costs one event
per round rather than one per attempt, and because a request
ends at its deadline, at most about T'p /T e, rounds however
small P,.. is. Attempts are independent in our model, be-
cause each starts from re-initialized communication qubits,

9
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Algorithm 1 One Q-REFINE run
Reql-lil'63 G, 0, Qeff, Ncomms Pinters W, Fmin; TD, a seed
Topology and resources (I11-C); workload (I1I-D)
: R < qubits (ncomm per QPU), BSM units, ports of G
B < M requests by Egs. (C.2)—~(C.5)
Routing, admission and reservation (Il1I-E)
: for each request r € B do .
IT, « candidate paths 7 with F'(7w) > Fiin > (3)
if I, = () then mark r INFEASIBLE; it is never admitted
: procedure ADMIT > admission event
while |A(t)| < W, Eq. (4), and a request is pending do
move the next pending r into A(t)
DEADLINE(r) at ¢t 4+ Tp; DISPATCH(r)

: procedure DISPATCH(r)
if some 7 € II,., tried in order of total loss, has
every qubit, BSM unit and port it needs free
then reserve them; GENERATE(o) for each o of 7
else DISPATCH(r) at the next release
: procedure END(r, state) > SERVED or UNSERVED
release all that r holds; remove r from A(t); ADMIT

: on DEADLINE(r): if r € A(t) then END(r, UNSERVED)
Generation, heralding and fidelity (III-F)

17: procedure GENERATE(0) > Egs. (7), (10)

18: X ~ Geometric(Paec(0)) > (B.1)

19: if X < Niria then HERALD(O’) at tx + Atherald

20: else GENERATE(0) after the round’s last attempt

21: on HERALD(o) for request r:

22:  release o’s station and ports; store the link in its qubits

23: its fidelity is Fiink (o) at emission, then decays > (B.2), (8)

24:  at age Tcon from emission: discard it; then

re-reserve o’s station and ports (may wait); GENER-

N =

IS S R AR

—_ =

—
WA W N

—_
[=))

ATE(0)
25:  join adjacent stored links with Fsyap > (9)
26:  if one link spans r: if Accept(r) then END(r, SERVED)
27: else release the link and the reservation; DISPATCH(7)

Event loop and response (I11-B)
28: ADMIT; handle events in time order until all requests end
29: return Rp Eq. (1); unserved and infeasible shares

min ?

so the draw is exact and the time of the first herald does
not depend on Tgc,.

C. REPRODUCIBILITY

The experiment driver runs the three stages of Fig. 1 on
top of Algorithm 1 and meets the third demand. Event
times are integers in picoseconds, and simultaneous events
are handled in the order they were scheduled, so a run
is a deterministic function of its design, concurrency limit
and seed. Runs share no state, so they execute in parallel.
The batch of replication ¢ is drawn from a seed that
depends only on ¢, so all designs of a topology face the
same requests (common random numbers), and a difference
between designs does not come from the draw of requests.

V. EXPERIMENTAL DESIGN
This section fixes the choices that Section III leaves to the
study. Section V-A gives the settings every run shares, Sec-
tion V-B the factors and the fidelity threshold, Section V-C
the rules of load selection, and Section V-D those of the
DOE and the OFAT sweeps.
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TABLE V. Common Evaluation Settings

Item Configuration

Tables III and IV

Up to two per request, computed once
before each run

W is swept during load selection;
DOE/OFAT use topology-specific Wsqt
W in {1, 2, 4, 7, 10, 14, 20, 27, 41, 54,
68, 81, 108, 135}

B = 135, one per two endpoint
communication qubits; split evenly over
the switches (Section III-C)

Final end-to-end request fidelity must be
at least 0.85 [27]

Detector efficiency 0.98, detector dead
time 58 ns, heralding coincidence
window 15 ns, fiber attenuation 0.18
dB/km, intra-rack distance 2 m

Tgen = max(Teon, Atiriar), S0 a round
holds at least one attempt, Eq. (10)

Topologies and workload
Candidate paths

Concurrency limit
W sweep grid

BSM units per topology

Fidelity threshold

Fixed physical settings

Generation round

Heralding Time-bin double-click at the station of
each segment
Repetitions 30 runs with different seeds per load and

per DOE combination; 200 per OFAT
point

A. MAIN EVALUATION SETTING

Table V lists the settings that every run shares. The topology
instances and the workload are those of Tables III and IV,
and the final-fidelity threshold Fi,;, = 0.85 is justified in
Section V-B. Of these settings, the service deadline Tp of
Section III-E needs its source and a robustness check, which
we give here.

We set Tp = 419.6 us, the timeout of a demonstrated
remote gate between qubit registers [24]. After 50 entan-
glement attempts of 8.392 us, that experiment abandons
generation and re-initializes its data qubits; its authors chose
this value to balance gate rate against fidelity. The results
thus describe computations whose data qubits can wait a
few tenths of a millisecond for a remote gate. No source
fixes one deadline for every application, so this value is a
chosen scenario, not a universal constant, and we repeat load
selection at two other values, also varying the 5% limit on
unserved requests to 2% and 10% (Appendix C-C). One is
259 ps, the time to generate one entangled pair assumed by
a distributed-computing compiler [28]; the other is 2 ms,
the error-correction cycle targeted for modular neutral-atom
processors [29].

B. PHYSICAL FACTORS AND FIDELITY THRESHOLD

The sensitivity analysis varies the eleven physical-layer
factors of Table VI, which fall into three groups by how they
act on a request. Four set the fidelity of the pair a request
receives, namely the emitted-pair fidelity Fy, the HOM
visibility Vizoar, the memory coherence time 7., and the
swap fidelity Fi,,qp. Three set how often a link is heralded.
The emission efficiency 7.+ sets an attempt’s chance of
success, and the attempt rate f and the communication-
qubit cooldown time At set, together with Atperq1q, the
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TABLE VI. Physical-Layer Factors and the Two Levels Used in the DOE

Factor Symbol " Less Favorable Unit
avorable
Emitted-pair fidelity Fy 0.94 0.99 -
HOM visibility Vaom 0.89 0.955 -
Memory coherence time 7., 3 X 1077 75 S
Swap fidelity Fswap 0.95 0.97 -
Emission efficiency Nemit 0.0505 0.163
Attempt rate f 0.161 10.9 MHz
Communication-qubit Ateool 5.8 0.83 us
cooldown time
Switch insertion loss Lsw 1.5 0.35 dB
Connector loss Leconn 0.75 0.2 dB
Inter-rack distance dinter 100 3 m
Dark-count rate Adark 103 10~4 Hz

Note: The favorable level of each factor is the favorable end of its reported
range (for Teop, the runs used 75 s, above the reported 63 s), and together
these levels form the favorable corner. The less favorable level is the other
end of the range, except for Nemit, f and Fy (Section V-D). Appendix F
gives each factor’s reported range and sources, how the less favorable
level is chosen from it, and the range of each OFAT sweep.

attempt interval, Eq. (7). The other four act on a segment’s
arms and its station, namely the switch insertion loss L,
the connector 10sS L.onn, the inter-rack distance d;,te, and
the dark-count rate \g,,5; Section III-F defines all eleven.
Table VI lists the two levels at which the DOE runs each
factor. The favorable level is the best value reported for
demonstrated or projected hardware, and Appendix F gives
each factor’s reported range, its sources and how the levels
are chosen from it. Five other quantities are fixed at the
values of Table V. The detector efficiency has a reported
range too narrow to change the rate (0.98-0.99), and the
detector dead time of 58 ns is shorter than any cooldown
time, so it never delays an attempt. The fiber attenuation
adds at most 0.02 dB over 100 m, the intra-rack distance of
2 m adds a negligible delay, and the coincidence window
of 15 ns is that of a demonstrated experiment.

A request counts toward Rp_. , Eq. (1), only if the pair
it delivers is usable, and the fidelity that makes a pair
usable depends on its use (Appendix C-D). We take the
requirement of the application a QDC is built for, modular
fault-tolerant computation. Surface-code patches joined by
undistilled Bell pairs reach threshold with about 10% bit-
and phase-flip probability at the interface [27]; each flip
of a Werner pair occurs with probability 2(1 — F)/3, so
10% corresponds to Fi,;, = 0.85. Because our simulator
does not model distillation, the delivered pair itself must
reach F,i,, and because at threshold a larger code no
longer suppresses errors, the completion rate counts requests
that meet a necessary condition for fault-tolerant use, not a
comfortable operating point.

C. LOAD SELECTION

In load selection, every factor is held at its favorable level,
the favorable corner of Section III-A, while W is varied
over the grid listed in Table V. For each topology and value
of W, we average 30 runs with different seeds. With 30
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runs, the standard error of the mean is 0.7-1.7% of Ry ax,
well below the 5% margin in Eq. (12). The response at each
W is the completion rate of Eq. (1).

For each topology, let R(WW) denote the mean response
at the concurrency limit W over the seeded repetitions. We
include a W value in W,41;4 When at most 5% of its requests
end unserved; the infeasible share does not depend on W,
because pruning fixes it before the run, and is reported
separately. Over this valid set, we define

Runax = R(W). (11)

max
WeWyatia

The selected concurrency value is defined as

Wit = min{ W € Wyaia : R(W) > 0.95 Riax }. (12)

We also record diagnostic markers for the peak response and
possible overload behavior. The peak-response concurrency
is

Wyea = arg _max  R(W). (13)

WeEWatia

A cliff point is recorded when a value of W larger than
Weak €ither fails the validity condition or falls below 80%
of Ruyax, i.€., the smallest W beyond the peak at which
the load-response curve collapses rather than degrading
gracefully, as sketched in Fig. 2. The cliff marks the upper
edge of the useful range of W. When W, lies at the edge
of the tested grid, it is the largest tested value that meets
the rule rather than a confirmed saturation point.

D. SENSITIVITY METHODOLOGY

1) Full-Factorial DOE for Factor Attribution

First, we run a full-factorial design of experiments across the
eleven physical-layer factors. Each factor is evaluated at its
favorable level and its less favorable level (Table VI), giving
211 or 2048 physical-factor combinations per topology. For
eight factors the less favorable level is the less favorable
end of the reported range. For 7¢pt, f and Fj that end
would leave most combinations with no request served and
nothing to attribute, so their level is the least favorable
value at which every topology, with the other factors at
their favorable levels, keeps at least 10% of its favorable-
corner rate, found by a preliminary sweep before the DOE.
Because the rate jumps with Fj rather than declining, this
value is 0.94, the first grid value above 0.931, where a one-
segment path first reaches Fi,;, (Appendix F). For each
combination, the simulator records the completion rate of
Eq. (1). Each combination is run 30 times with different
seeds. With N factors, each main effect compares the mean
response of the 2V~ combinations at a factor’s favorable
level with that of the 2V~ at its less favorable level, so
each side averages 2V~! x 30 runs, and each interaction
is estimated from halves of the same size. Thirty runs per
combination therefore already estimate the effects tightly,
and more would multiply the cost of all 2V combinations.
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The rate cannot be read as a sum of effects over all
combinations, because some combinations serve no request.
When the factors that set pair fidelity are too low, no path
reaches Fi,;, and R = 0 whatever the other factors are, so
in those combinations the other factors appear to interact
with them, although they only lose their chance to act. We
therefore analyze the DOE in two steps. The first finds
which combinations serve any request. The second takes the
210 combinations with Fj at its favorable level, which all
serve requests (Section VI-B), so In R is defined, and fits
a multiplicative model, i.e., additive effects on In R [20].
The two steps form a hurdle model, a rule for whether the
rate is zero followed by a model of its size where it is not.
Each main effect then reads as a gain, the ratio by which R
grows when one factor moves from its less favorable level
to its favorable level, averaged over the other factors’ levels,
and an interaction reads as a gain that depends on another
factor’s level. We read every effect in this direction of
improvement; for the cooldown time, the losses, the distance
and the dark-count rate, improving means decreasing the
value. Appendix G gives the allocation of variation over all
2047 effects of the full design. Two levels show the response
only at those levels; the OFAT sweeps below trace it along
each range.

2) OFAT Sweeps for Response Curves

Then, we run one-factor-at-a-time (OFAT) sweeps around
the favorable corner to observe how the response changes
across each physical factor's range. In each OFAT sweep,
one physical-layer factor is varied over its reported range up
to its favorable end, on a logarithmic grid where the range
spans orders of magnitude; for n¢,,¢, f and F{, the sweep
starts one grid step below the level at which the rate falls
under 1% of the favorable-corner rate (Appendix F), so each
curve covers the whole region in which the factor limits the
rate. The remaining factors are kept at their favorable levels,
the point at which load selection chooses W. Because every
other factor is at its best level, a curve shows how far the
swept factor alone limits the rate.

Each point of an OFAT curve rests on its own runs alone,
so it needs more of them than a DOE combination. We use
200 runs per point, which narrow its confidence interval by a
factor of \/200/30 ~ 2.6 relative to 30. The DOE answers
the first design question at the two DOE levels, and the
OFAT curves answer the second by showing where along
each range the gain is earned.

VI. RESULTS

Section VI-A gives each topology’s load, and Sections VI-B
and VI-C answer the two design questions of Section III-A
for each topology at that load.

A. SELECTED LOADS

Table VII gives each topology’s load selection at the favor-
able corner. For Clos, QFly and BCube every tested W is
valid, i.e., leaves at most 5% of requests unserved, and W,
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TABLE VII. Selected Loads At The Favorable Corner

R(Wsqt) Rmax Cliff Unserved Infeasible

TOPOIOgy Wsat Wpeak (k/s) (k/b) w (%) (%)
Fat-tree 54 68 2443 256.7 81 3.4 0
Clos 81 135 293.8 3074 - 2.1 0
QFly 108 135 3133 3158 - 2.0 0
BCube 81 135 292.8  307.7 - 1.8 0
DCell 41 41 166.6  166.6 54 3.2 26.8

Note: Rates are thousands of completed requests per second, mean over 30
seeds, and shares are of all requests at Wsqt,; Section V-C defines Wsqt,
Wpeak) Rmax and the cliff, and a dash means no cliff within the tested
W. Each topology runs at its own Wgat, so rates are not comparable
across rows.

marks where the load-response curve flattens. For Fat-tree
and DCell the unserved share passes 5% at W = 81 and
W = 54, so Wyaiiq ends at 68 and 41 while the rate still
grows; Ry .x, and with it Wy, is then set by the 5% limit
on unserved requests rather than by saturation. At W, 87—
100% of batches contain a request that misses its deadline,
and a batch lasts 1.01-1.36 times 7T'p, so the batch duration
stays near Tp and R changes almost only with the number
of requests served in time. A factor therefore raises R
mainly by letting more requests finish in time, and Table VII
gives the unserved and infeasible shares at W,;. DCell’s
infeasible requests, 26.8% of its workload, are those whose
paths have three segments, which by Eq. (3) deliver at most
0.828 even at the favorable corner, below Fy,;,; Appendix G
gives the number of segments of each topology’s paths and
the resources its requests wait for. These loads hold for
Tp =419.6 us; at 259 ps no W keeps Fat-tree, Clos, QFly
or BCube within the 5% limit (Appendix C-C).

B. WHICH FACTORS CHANGE THE RATE

The first step of the analysis finds which of the 2048
combinations serve any request. In every topology 768 serve
none, exactly those with Fy = 0.94 and at least one of
Vaonm and 7., at its less favorable level, so these three
factors decide together whether any path can reach Fi,;,. At
Fy = 0.94 a one-segment path reaches Fi,i, only if Vyoar
is high and the pair loses little fidelity during Atyerq14, SO
lowering either one ends all service; at Fy = 0.99 the link
keeps enough margin for both. The margin a path needs
grows with its number of segments, because every swap
compounds the fidelity losses of the links it joins.

In the 1024 combinations with Fjy = 0.99 every combi-
nation serves requests, and In R is close to a sum of single-
factor effects. Five main effects and the interaction of the
attempt rate and the cooldown time explain 96-100% of the
variation of In R in every topology (Table VIII), so each
factor multiplies the rate by a gain of its own. The emission
efficiency has by far the largest gain, 8.4-9.5, followed by
the cooldown time and the attempt rate at 2.1-2.6 each
and the switch insertion and connector losses at 1.7 and
1.3. Across these combinations In R rises almost linearly
with the logarithm of the rate of successful heralds on the
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runs at its own Wy, ¢, so rates are
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served paths, P,../Atiiq1, With slope 0.88-0.95 and R?
of 0.96-1.00, so these factors act on R through that rate.
Vo, Teohs Fswap> dinter and Agqrr €ach change R by
less than 25% when Fy = 0.99; the few gains below 1,
such as that of 7.,, for QFly, arise because a very short
coherence time makes requests infeasible before they take
resources, which leaves more capacity for the others. These
gains compare the two levels of Table VI. For 7¢,,;¢ and f
the less favorable level keeps at least 10% of the favorable-
corner rate (Section V-D), which bounds their gains at the
favorable corner near tenfold, so the gains rank the factors
over these spans rather than over their full ranges.

The interaction of the attempt rate and the cooldown
time follows from Eq. (7). An attempt starts only after
both nodes know the outcome of the previous one and the
communication qubit has been re-initialized, so the attempt
interval is the larger of 1/f and Atperqia+ Ateoor- A higher
attempt rate pays off only until 1/f falls below that sum,
and a shorter cooldown time only when the attempt rate is
high enough to use it; the gain of f is 4.7-6.2 with the
cooldown time at 0.83 s but only 1.05-1.06 at 5.8 us. The
two must therefore be improved together.

C. OVER WHAT RANGE IMPROVEMENTS PAY OFF

The DOE gains compare the response only at the two DOE
levels; Figs. 4 and 5 show where along each range a factor
stops paying, with every other factor at its favorable level.
Fy and Vo act as steps. The rate is zero at Fy < 0.93
and jumps at 0.94, where one-segment paths first reach
Fin; with the other factors at their favorable levels, the
lowest Fj at which a path reaches Fi,i,, Eq. (3), is 0.931
for one segment and 0.978 for two. BCube regains 80% of
its rate at 0.94 and the rest at 0.98, where its two-segment
requests, about a quarter of its workload, can be served,
and its Vgopr curve steps at 0.918 for the same reason;
above its step neither factor raises the rate. Over its range
Fyqp moves no request across [Fy,i, and leaves the rate
unchanged. The coherence time matters over a wider range
for BCube and DCell, whose paths with more than one
segment store one link while the next is generated; their rate
keeps rising up to about 10 ms, whereas the rate of Fat-tree,
Clos and QFly, whose paths have one segment, is flat above
1.7 ps and lower only at 0.3 us. As 7., falls toward about
1 ps the rate of BCube and DCell falls, and at 0.3 us it
partly recovers, because requests whose stored links would
decay below Fi,i, then become infeasible before they take
any resource, whereas at longer coherence times they are
admitted, hold resources and then fail (for BCube, 24% of
requests are infeasible and 2% unserved at 0.3 us, against
none infeasible and 27% unserved at 1.7 us).

Within its range the emission efficiency does not saturate,
so raising it beyond 0.163 would still raise the rate. The
rate stops rising with f between the grid points 0.46 and
1.3 MHz, consistent with 1/(Atperaia+Ateoor) = 1.1 MHz
at the favorable corner, and beyond that only a shorter
cooldown time raises it. Over its range the cooldown time
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alone leaves between 20% and 35% of the favorable-corner
rate.

At its less favorable end the switch insertion loss leaves
58-81% of the rate and the connector loss 78-92%, and
neither curve flattens, so improving either pays off over its
whole range. At 100 m the inter-rack distance leaves 75—
100% of the rate; the longer time until both nodes learn
each attempt’s outcome predicts part of this drop, and the
rest comes with more requests missing the deadline. The
dark-count rate leaves the rate unchanged, because at 1 kHz
a 15 ns window holds a dark count with probability 1.5 X
1075, far below the probability of a real herald.

VIl. DISCUSSION

The first implication is that load selection must precede
the attribution of physical factors. A single concurrency
limit for all topologies would mix load with physical-layer
sensitivity (Section III-B). The selected load also depends
on the service deadline (Appendix C-C), so a study must
state the deadline its applications allow before it evaluates
designs.

For design, the three groups of factors of Section V-B play
different parts. Of the four that set pair fidelity, Fy, Vyom
and 7., decide together whether any request is served, and
Fyap leaves the rate unchanged over its range. Fy and
Viom pay off up to their step, which the longest paths
that can reach Fi;, set, and 7., raises the rate of paths
with more than one segment up to about 10 ms. The three
that set how often a link is heralded multiply the rate. The
emission efficiency gives the largest gain and was still rising
at the best reported value, and the attempt rate pays off only
with a short cooldown time. Of the four that act on the arms
and station, the switch insertion and connector losses and
the inter-rack distance cost rate, and the dark-count rate does
not.

The topology enters these answers through its paths
rather than through a different set of important factors. The
emission efficiency, the attempt rate and the cooldown time
lead in all five topologies; what differs is the number of
segments in a path. At the scale evaluated every path of Fat-
tree, Clos and QFly has one segment, so the swap fidelity
cannot matter and, with the other factors at their favorable
levels, Fy > 0.931 suffices; BCube’s two-segment paths
need Fy > 0.978, and DCell’s three-segment paths cannot
reach F,;, at any tested level, which makes 26.8% of its
workload infeasible.

The study should be interpreted within its modeling
scope. The workload abstracts inter-QPU communication
demand as two-endpoint, non-local requests, rather than
simulating the full application execution time using local
gates. This choice makes workload pressure controllable and
supports sensitivity analysis, but it does not replace circuit-
level validation. The simulator also gives control decisions
no time and omits conversion noise and the error structure
of a pair (Section III-B). The results also rest on inter-rack
distances of at most 100 m, a 15 ns coincidence window and
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TABLE VIIl. 2'° Full-Factorial DOE With Fy = 0.99: Share Of The Variation Of In R Explained By The Leading Terms

Term Fat-tree Clos QFly BCube DCell
Main effects

Emission efficiency 64.2% 65.3% 65.7% 64.6% 64.1%
Attempt rate 10.6% 10.4% 9.2% 10.8% 11.1%
Communication-qubit cooldown time 9.5% 9.2% 8.2% 9.5% 9.9%
Switch insertion loss 4.4% 3.7% 4.1% 3.5% 3.9%
Connector loss 1.1% 0.9% 1.1% 0.9% 0.9%
Two-factor interactions

Cooldown time X attempt rate 9.3% 9.0% 8.1% 9.5% 9.9%
Sum (of listed terms) 99.2% 98.5% 96.4% 98.9% 99.8%

Note: Shares of the variation of In R among the combination means of the 210 combinations with Fo = 0.99, all of which serve requests (Section VI-B);
each topology is evaluated at its own Wsqy (Table VII). All other terms together explain the remaining 0.2-3.6%. Fy is held at 0.99 in these combinations,
and VHOM, Teoh» Fswap, dinter and Agqri fall among the remaining terms. Section VI-B gives the gain of each factor. Sums are computed from

unrounded values.

undistilled pairs; longer distances or wider windows would
make fiber loss and dark counts matter, and distillation
would lower the fidelity a raw link needs. The OFAT curves
are traced only at the favorable corner, so a factor’s response
when other factors are less favorable is known only through
the two-level interaction terms of the DOE.

The evaluated instances hold 54-64 QPUs; Appendix E
gives the rules that carry the framework to other sizes, and
since we report no runs there, the paper claims a method
for them, not measured results.

Q-REFINE can be extended to include circuit-derived
workloads, additional detector regimes, cost- and resource-
footprint normalization, and more detailed control-plane
timing models. These extensions would further con-
nect physical-device assumptions, interconnect design, and
application-level execution requirements.

VIll. CONCLUSION

This paper presented Q-REFINE, a framework for design
optimization of QDC interconnects. It combines a controlled
inter-QPU request workload, topology instances with ex-
plicit QPUs, switches, fiber links and BSM units, a discrete-
event simulator, and a three-stage study of load selection,
full-factorial DOE and OFAT sweeps.

For each family, load selection sets the load, and the
DOE and OFAT sweeps answer both design questions at that
load. The emitted-pair fidelity, the HOM visibility and the
memory coherence time decide together whether any request
is served. Where requests are served, the emission efficiency
changes the completion rate most, 8.4-9.5 times between
its two DOE levels, followed by the attempt rate and the
communication-qubit cooldown time, which act together,
and then the switch insertion and connector losses. The
emitted-pair fidelity and the HOM visibility pay off only up
to the step the longest feasible paths need, an emitted-pair
fidelity of 0.931 for one segment and 0.978 for two, and the
coherence time pays off up to about 10 ms, only for paths
with more than one segment. The rate was still rising at the
best reported emission efficiency, 0.163, the switch insertion
and connector losses pay off over their whole ranges, and a
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higher attempt rate pays off only until 1/f falls below the
time needed to learn an attempt’s outcome and re-initialize
the qubit.

APPENDIX A VALIDATION AGAINST EVENT-LEVEL
SIMULATORS

Our simulator’s link and swap models cover ground that
SeQUeNCe, QuISP and NetSquid also cover, so where
they overlap, its results can be checked against theirs (Sec-
tion II-C). Such a check needs care, because even event-level
simulators differ. Chung et al. [18] find that SeQUeNCe
and QulSP, given identical error parameters, agree on the
fidelity of the pairs they distribute but differ in generation
time by a factor of about four because of their handshakes.
We therefore compare our simulator with these tools on
matched cases, and we check separately the parts that no
event-level simulator models.

First, the link model and its timing agree with tools
that share none of our code. Our double-click acceptance
probability and link fidelity equal those of the independent
implementation in NetSquid’s netsquid-magic package [14]
to within 1071° at 288 parameter settings spanning the
ranges of arm transmission, dark counts, HOM visibility and
emitted-pair fidelity. The acceptance probability sampled
by SeQUeNCe’s event-driven photon model [15] at five
loss and source settings with unit HOM visibility, and by
QuISP [16] at three detector efficiencies without loss or
noise, contains our value in its 95% confidence interval.
Reduced to a single link, our simulator reproduces the
exact distribution of the time to the first heralded pair at
four parameter settings, as netsquid-magic’s sampler of the
number of attempts to success does with the same attempt
interval; this checks the per-attempt probability and the
geometric distribution of attempts rather than the attempt
interval itself. SeQUeNCe does not model a herald from one
photon and a dark count, so at a dark-count rate of 1 MHz
its acceptance probability is about half of ours; at the rates
of our range, 1 kHz or less, this herald adds 0.07-0.10% to
the acceptance probability.

Second, the best-case fidelity Fof Eq. (3), which decides
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whether a request is infeasible, errs by less than 0.01 near
Finin- It composes a path’s fidelity from scalar link fidelities,
which for the Bell-diagonal states of our links never exceeds
the fidelity of exact composition. Against NetSquid runs that
swap full two-qubit states, it underestimates the fidelity by
at most 0.005 near Fi,iy, and the scalar decay law for stored
pairs is the only term that can err the other way, by at most
0.006 near F),;,. At the favorable corner, exact composition
moves no multi-segment request of BCube or DCell between
feasible and infeasible, but next to the Vioas step it does.
At Vigonm = 0.909 a two-segment path reaches 0.852 under
exact composition against 0.849 under the product rule, so
under exact composition the step of Fig. 5 would lie one
grid point lower, at 0.909 instead of 0.918; the Fj step lies
at 0.98 under both rules.

Third, the model of shared communication qubits, BSM
units and switch ports (Section III-E), which event-level
simulators do not include, was checked in small test cases
whose timing can be computed by hand and under load.
In the test cases, requests sharing one communication qubit
finished at the computed times to the picosecond, a second
request waited for a BSM unit or a switch port until the
first released it, and a stored link’s resources were released
at its herald and reserved again after the link expired. Under
load, in all five topologies, every allocated communication
qubit, switch port and BSM unit was accounted for at each
of 2,634 events.

APPENDIX B LINK MODEL

This appendix gives the parts of the link model of Sec-
tion III-F that the main text states without derivation, in the
order of that section.

A. WHY DOUBLE-CLICK HERALDING

Double-click heralding needs only that the qubits emit
photons [30], and it has been demonstrated between remote
NV centers [31], neutral atoms [32] and trapped ions [33].
We use it rather than single-click heralding, which is also
emission-based but heralds a pair on one detected photon. In
single-click, photon loss turns one qubit state into the other,
so loss lowers fidelity directly, and the optical path length
must be stabilized [30]. In time-bin double-click, where each
photon carries its qubit in an early or a late time bin, loss
lowers only the rate, and the optical phase needs to be stable
only over the spacing of the time bins. A switched fabric
gives each request a different optical path, so double-click
avoids stabilizing every path.

B. FREQUENCY CONVERSION

Conversion enters only through 7¢,.:¢, Eq. (5), since we
neglect its noise (Section III-B); the simulator’s link model
has a term for converter noise, which is zero in every run.
The resulting upper bound on Fj;,; is tight when nanp is
large and loose when it is small, because converter noise,
like dark counts, matters relative to the signal nanp it
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competes with, and so matters more when that signal is
weak.

C. CLICK RECORDS, ACCEPTANCE PROBABILITY AND
LINK FIDELITY
Published sources report the fidelity Fj of the emitted qubit—
photon pair, but not its error structure, so we model the
source as a Werner channel. With probability F{, this channel
leaves the emitted pair intact; otherwise it turns the pair into
each of the other three Bell states with equal probability. To
check this choice, we repeated the derivation below for a
general Pauli source, which turns the pair into the other three
Bell states with any probabilities that sum to 1 — Fj,. With
Viom = 1 and no dark counts, the Werner channel gives
the lowest Fj;,; of all such sources. For Vo > 0.8 and
Puore < 1073, it gives a lower Fj;,; than pure dephasing,
which applies only phase flips, and lies within 0.004 of the
lowest, which errors that shift the photon’s time bin reach.
Each photon reaches a detector with probability x =
NANdet OF Y = 1BNdet- The two photons meet on a balanced
beam splitter, where the fraction Viops of their overlap
interferes and the rest behaves as distinguishable light, and
each of the four detector—bin pairs registers a dark click with
probability pg = Py (Section III-F). A click record c is
the set of detector—bin pairs that click. If .S is the set that the
photons alone would fire, the record occurs with probability
1[S € dpl1(1 = pg)4-lel, and p, is the mixture of
the photon-only states weighted by these probabilities. The
per-attempt acceptance probability and the link fidelity of
segment o are

Pucc(0) = Y Pr(c), (B.1)
ceA
1
Ei7Lk(U) = m ZAPI‘(C) <\I/c|pc|\l’c>7 (Bz)
ce

where Pr(c) is the probability above averaged over the pho-
ton outcomes S, A is the set of the four accepted records,
and W is the Bell state that record c heralds (Section III-F).
Evaluating these sums gives, with V' = Vo,

Pooe =11 —pa)®D,  Flink = (B.3)

18D’
where
D =yl —pa(7T— V)] + 4pa(z + y)
+8p3(1 — 2)(1 —y),
N = xy (k1 — pakz) + 18pa(x + y)
+36pg(1 - 2)(1 — ),
ki =GV +1)+V +5,
G = 4Fy(2F, — 1).

ky = G(V +1)+32—4V,

In D, the first term is a coincidence of the two photons, the
second one photon and one dark click, and the third two dark
clicks. At pg =0, Pyec = 2y/2, and with Fy = Vygou =1
also Fiinr = 1; at © = y = 0, Fljne = 1/4. Between the
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two, the fidelity is set by the share of false heralds, which
grows with Py, relative to n4np. We derived Eq. (B.3)
symbolically from the Werner source, arm loss, the beam
splitter and dark counts, and the simulator’s link model
agrees with it to within 1074 at 400 random parameter
points.

D. DETECTOR RECOVERY

After a click, a detector needs a dead time T.,q = 58 ns to
recover, and the station accepts no new attempt until both
of its detectors are ready. An attempt with a click therefore
lasts at least until the dead time after its last click has passed;
this lengthens the attempt interval of Eq. (7) only when that
interval is shorter than the time from the attempt’s start to
the detectors’ recovery. A generation round, Eq. (10), ends
at Ty, after its start, so an attempt that would not finish
within it is left to the next round.

E. STORAGE

We omit amplitude damping from the memory model,
because it is much slower than dephasing in the memories
we consider. In Eq. (8), t. is the emission time of the
successful attempt, so the decay includes the wait for the
herald. Eq. (8) is exact for pairs whose errors are phase flips
and slightly optimistic for Werner pairs; at Fj;,r = 0.9 and
t—t. = 0.1 7., for example, it gives 0.862 against 0.859.

F. ENTANGLEMENT SWAPPING

The swap fidelity Fl,qp of Eq. (9) includes the swap’s gate,
readout and feed-forward errors. For Werner inputs the exact
composition is Fr Fr + (1 — Fp)(1 — Fr)/3 before swap
noise, so the product rule slightly understates it. For two
links at 0.8, it gives 0.640 instead of 0.653. The swap rule
alone therefore understates multi-segment fidelities; with the
slightly optimistic storage model of Eq. (8), the net error is
small and can go either way.

APPENDIX C EVALUATION SETTINGS

This appendix gives the argument for the load at which
each topology is run (Section III-B), the constraints that
define a request batch (Section III-D), the robustness of load
selection to the deadline (Section V-A) and the basis of the
fidelity threshold (Section V-B).

A. THE TWO PARTS OF A MEASURED EFFECT
At a fixed W, the change AR in completion rate when a
factor is improved then has two parts,

AR = ARcomp + ARCO’I’LQ7 (Cl)

where ARomp is the gain from the better component itself
and AR ong is the rate won back from congestion, because a
better component also lets each request release its resources
sooner. A run measures only AR, and AR.,,, grows with
W. Running at W, gives up at most 5% of that rate and
in return keeps AR.,,q as small as the saturation criterion
allows. The 5% is our choice rather than a sourced value.

VOLUME 4, 2016

B. WORKLOAD CONSTRAINTS

The workload generator of Section III-D builds a batch of
M requests from the endpoint pool Q.ss. For request i,
let s; and d; denote its source and destination QPUs. The
sampled request batch satisfies

(57;, dl), iil,...,M,
si,d; € Qeys, 8i # d;.

Let C.p, denote the endpoint-use limit. For the balanced
batches used in this study, each selected endpoint appears
C¢p times, so that

Hizsi=qt+{i:di=q}|=Cq,
This balance implies

2M = |Qeyf| Cep-

(C.2)

q € Qeyy. (C3)

(C.4)

We set Cep, = Neomm, Which gives Eq. (2). When the prod-
uct |Qcsf| Neomm 18 0dd, one endpoint appears neomm — 1
times instead of C,. During execution, the simulator still
enforces communication-qubit availability through resource
reservation.

Let g(q) denote the rack containing QPU q. The param-
eter pinter Sets the target fraction of requests whose two
endpoints are in different racks, so that

[{ig(si) # g(di) H = [Mpinter + 5] -

The remaining request pairs are drawn from endpoints in
the same rack while maintaining the endpoint-use limit.

(C.5)

C. ROBUSTNESS TO THE SERVICE DEADLINE

Load selection was repeated at Tp = 259 pus and 2 ms
(Section V-A). At 259 us the 5% limit on unserved requests
admits no W for Fat-tree, Clos, QFly and BCube, whose
smallest unserved shares over the W grid are 8.1%, 6.8%,
6.9% and 6.3%; the unserved requests are those whose
generation alone takes longer than the deadline. At 259 us a
10% limit on unserved requests admits Wy, = 41, 81, 108
and 68 for these four topologies, and DCell has Wy,; = 20
under the 5% limit and 27 under the 10% limit, with no
W under the 2% limit. At 2 ms no request goes unserved
at any W, so the 2%, 5% and 10% limits select the same
Wsat, 41, 54, 54, 54 and 27 for Fat-tree, Clos, QFly, BCube
and DCell. R peaks at W = 54, 54, 108, 68 and 27 and
then falls, because batches last longer as more requests wait
for resources (Fat-tree, from W = 54 to 135: batch duration
756 to 896 us, share of requests that waited 0.25 to 0.52).
The selected load therefore depends on the deadline, which
a study must state before it evaluates designs.

D. FIDELITY THRESHOLD

No single fidelity makes a pair usable. The requirement
depends on the application, on whether error correction or
entanglement distillation (turning several noisy pairs into
fewer better ones) is used, and on how many non-local
operations a circuit uses (Table IX). Section V-B takes the
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TABLE IX. Minimum Bell-pair fidelity by use of the delivered pair, from
published requirements

TABLE X. Simulator modules, the part of Section Il each implements, and
their inputs and outputs

Minimum Basis
F

Use of the pair

Teleportation better than > 0.5
any classical channel

average teleportation fidelity
(2F 4 1)/3 above the classical
2/3 [35]

Verifiable blind quantum 0.786— teleportation-fidelity targets

computation 0.808 0.857-0.872 [22], converted by
the relation above (ours)

Entanglement-based key =~ > 0.835  bit and phase error rates below

distribution 11% [36]; Werner error rate
2(1 — F)/3 (ours)
about 0.85 about 10% interface flip
probability [27]; Werner
conversion (ours); used here
> 0.96 link fidelity that surface-code
(> 0.92 at communication tolerates [37]
low herald
success)
Distributed algorithm 0.97 pairs at 0.9689 gave a teleported
without error correction  (measured, CZ gate of 86% fidelity [33]
not a
minimum)

Modular fault-tolerant
computation, no
distillation
Surface-code repeater
chain, no purification

requirement of modular fault-tolerant computation, about
1% error inside each module and about 10% bit- and phase-
flip probability at the interface [27], which is F' = 0.85 for
a Werner pair.

Three qualifications apply. First, at threshold a larger code
no longer suppresses logical errors, so practical operation
needs links well below 10% error. Second, the 10% maps
to a fidelity only through a noise model. For other Bell-
diagonal pairs, i.e., other mixtures of the four Bell states,
the same 10% needs F' between 0.80 and 0.90, and local
gate noise at the interface uses part of the budget. The
heralded pair of Appendix B-C is not exactly a Werner pair,
because imperfect HOM visibility adds phase flips only, so
at F' = 0.85 its phase-flip probability is somewhat above
10%, and Fi;, = 0.85 is the threshold of a Werner pair of
equal fidelity. Storage adds only phase flips; at the favorable
corner, under the reservation rules of Section III-E, it raises
the phase-flip probability by at most 3 x 10~¢ above that
of a Werner pair, because no pair is stored longer than Tp
against a coherence time of 75 s; at short coherence times
stored pairs carry more phase flips, so for those designs 0.85
is slightly optimistic. Third, where distillation is available,
a lower raw-link threshold applies [34].

APPENDIX D SIMULATOR MODULES

Table X lists the modules of the simulator of Section IV
in two groups. A design enters only through the first; the
second, including the request controller, is the same for
every design and topology, which lets one controller serve
all five topologies. Each module has a defined input and
output, so its implementation can change without changing
its callers. The request controller plays the role of the link-
layer protocol of Avis et al. [22], which calls the link-layer
service of [38].
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Module (Sec.) Inputs, outputs and role

Depend on the design

Topology and G, reserve(m) — granted or refused. Builds the
resources (III-C)  topology instance G and holds R, its
communication qubits (ncomm per QPU), BSM
units and ports; reserves and releases them.
(r,G,8) — I, with (7). Gives each request its
candidate paths II,., pruned by Eq. (3); a path 7 is a
chain of segments o.

(0,0) — herald time, Fy;,x(0), Eq. (5),

Egs. (B.1)-(B.2).

(two stored links, ¢) — joined link and its fidelity,
Eqgs. (8), (9).

Routing (III-E)

Link generation
(I1I-F)

Storage and
swapping (III-F)

Independent of the design

Workload builder Seed — B. Draws the batch B of M requests

(1I1-D) r = (sr,dr), Eq. (2) and Appendix C-B.

Event core Handles events in time order, simultaneous events in
the order they were scheduled.

Request controller Keeps at most W requests in A(t), Eq. (4); ends

(IIT-E) each request once, as served, unserved or infeasible.
Metrics recorder  Fe,q(r) and Accept(r) against Fiin
(III-B) (Section III-F); the completion rate Rr,_, , Eq. (1);

the unserved and infeasible shares.
Experiment driver Runs the stages of Fig. 1; one run per design,
V) concurrency limit and seed; one record per run.

APPENDIX E OTHER SIZES

At another size the construction parameters change, and four
settings follow from them by stated rules. Our code builds
the five families at nominal scales 16, 64 and 128, a nominal
scale being the QPU count each construction approximates;
the instances of Table III, with 54-64 QPUs, are those of
scale 64. The physical models do not change, because they
are defined per link and per node. First, the workload keeps
the formulation of Section III-D with a new pool, whose
size |Qcsy| is the QPU count of the smallest construction
at that size (16 and 125), so Eq. (2) gives M = 40 and
312. Second, load selection sets the concurrency limit W
again for each topology and size, because the load at which
a network saturates depends on its size. Third, the total B
of BSM units keeps its rule of one unit per two endpoint
communication qubits, so B = 40 and 312. Fourth, the
construction sets path length in the server-centric topologies.
A one-level BCube (scale 64) has paths of at most two
segments and a two-level BCube (scale 128) up to three; a
one-level DCell has up to three at every size used here.
At scale 128, 23 of the 312 BCube requests and 80 of
the 312 DCell requests need three segments. Because every
segment and swap lowers the best-case fidelity of Eq. (3),
these shares bound, before any run and at given factor levels,
the share of requests that can meet F,,;,,. With one fiber per
communication qubit, static port use stays within the 128-
port switches at all three scales, at most 76 of 128.
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APPENDIX F FACTOR RANGES, SOURCES AND DOE
LEVELS

Table XI gives the source of each end of each factor’s
reported range. A range runs from the least favorable
demonstrated value to the most favorable value reported,
demonstrated or projected; an end is marked projected when
its source measured it under conditions that a network link
lacks or states it as a design value.

The DOE runs each factor at the favorable end of its
range and at a less favorable level (Table VI). For nemqt, f
and Fy the level follows the rule of Section V-D, giving
0.0505, 0.161 MHz and 0.94; for the other eight it is
the less favorable end of the range. Each OFAT sweep
covers the whole range, except for these three factors, whose
sweeps start one grid step below the value at which the
rate falls under 1% of the favorable-corner rate, at 0.00485,
0.00237 MHz and 0.92.

Two ends differ from their sources. The runs used 75 s
as the favorable coherence time, whereas the source reports
at most 63 s; above about 10 ms the rate no longer changes
(Section VI-C), so the difference changes no result. The less
favorable cooldown time, 5.8 us, adds a 2 ps initialization
[39] to a 3.8 us attempt [40] that may already include part of
the initialization, so the demonstrated value may be shorter
and the gain of At is an upper estimate.

APPENDIX G ADDITIONAL RESULTS
Full design. Over all 2048 combinations of the 2'! design,
main effects explain 42-51% of the variation of R, two-
factor interactions 31-34% and higher orders 18-24%,
and F{ has the second-largest effect after 7.,,;+ in every
topology. These large interaction shares come from the 768
combinations that serve no request (Section VI-B), which is
why Section V-D analyzes the design in two steps.
Resources at Wy,,. In Fat-tree, Clos and QFly all 135
requests of a batch use one-segment paths; BCube has 102
one-segment and 33 two-segment requests, and DCell 95,
3 and 37 with one, two and three segments, in one batch;
the counts vary slightly between seeds. Over 30 batches
the share of requests that waited for a resource is 25%,
14%, 9%, 37% and 46% for Fat-tree, Clos, QFly, BCube
and DCell. Fat-tree, QFly and DCell waited mostly for BSM
units (752 of 1005, 372 of 375 and 1871 of 1912 waits),
Clos mostly for switch ports (407 of 581) and BCube mostly
for communication qubits (7635 of 8460). The mean batch
lasts 1.01-1.36 times 1.
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TABLE XI. Sources Of The Factor Ranges And Of The Fixed Settings

Factor End Status Source Note
Swept factors (Table VI), less favorable end first
Fo 0.65 demonstrated [41] measured lower bound
0.99 projected [22], [42] measured 0.974 corrected for detector dark counts in [22], with
conversion taken as ideal
Vaowm 0.89 demonstrated [22], [43] model value at a 0.5 us coincidence window, fitted to the data of
[43]
0.955 projected [32] contrast at zero delay within a 70 ns acceptance window
Teoh 0.30 ps demonstrated [44] under dynamical decoupling in an emitting node (preprint)
63 s projected [45] isolated register qubit under dynamical decoupling; the runs used
75 s (see text)
Fswap 0.95 demonstrated [22], [46] two-qubit gate fidelity, taken as the swap fidelity
0.97 demonstrated [22], [47] two-qubit gate fidelity, taken as the swap fidelity
Nemit 2.59 x 10~4 demonstrated [40], [48], [49] composed as 5.1 x 104 detection probability /0.95 detector
efficiency x 0.48 conversion efficiency, which gives 2.58 x 10~%
from these rounded values
0.163 demonstrated [50], [51] composed as 0.69 x 0.97 x 0.81 to the fiber x 0.30 conversion,
from two runs of one apparatus
f 104 MHz demonstrated [52] repetition rate of a qubit-to-optical transduction experiment
10.9 MHz demonstrated [53] quoted attempt rate
Ateool 5.8 us demonstrated [22], [39], [40] sum of a 3.8 us attempt and a 2 ps initialization, compiled in [22];
may be longer than demonstrated (see text)
0.83 ps demonstrated [33] sum of 7 ns emission and 820 ns state preparation, from Extended
Data Fig. 3
Lsw 1.5dB demonstrated [54] typical value of a 384-port switch
0.35 dB projected [55] typical value of a 16-port switch; our switches have 128 ports
Leonn 0.75 dB demonstrated [56], [57] standard-grade allowance for a mated pair
0.2 dB projected [56], [57] reference-grade mated pair
dinter 100 m demonstrated [1], [58] fixed distance of a benchmark study, equal to the reach of
short-reach optical Ethernet
3m projected [59], [60] 1 m rack width plus 2 m cable overhead, from a data-center cost
model
Adark 103 Hz demonstrated [61] at 93% system detection efficiency
10~% Hz projected [62] at 1.5% system detection efficiency, because of cold spectral filtering
Fixed settings (Table V)
Ndet 0.98 demonstrated [63] fiber-coupled, at 1550 nm
Taead 58 ns demonstrated [64] fitted 1/e time constant of the bias-current recovery
af 0.18 dB/km demonstrated [65] specified maximum at 1550 nm
dintra 2 m demonstrated [33] separation of two linked modules
tew 15 ns demonstrated [48] default detection window of a heralded link
Derived value (Section II-C)
Pace 3.2x 1078 derived [40], [48], [49], [63] 12, 14m3, at the less favorable 7epmi¢ and 74e; = 0.98

Note: An end is marked projected when its source measured it under conditions that a network link lacks, such as an isolated qubit, a post-selected window
or a narrow filter, or states it as a design value. A composed end multiplies or adds quantities reported in the cited sources.
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