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ABSTRACT

Long-distance entanglement distribution between ground-based quantum memories enables coordination appli-
cations, in which distant users must produce correlated responses without communicating once the task has
started. They are valuable where classical signalling latency makes real-time coordination impractical: examples
include distributed scheduling, frequency-band rendezvous against jammers, and latency-bound trading. We
study a satellite distributing entanglement to two ground users over continental distances. As a benchmark
for these applications we evaluate the Clauser-Horne-Shimony-Holt (CHSH) game, where measuring sufficiently
high-fidelity shared entanglement wins with higher probability than any classical strategy achieves. We present
an end-to-end simulation framework, from entanglement distribution to the CHSH game played at the users’
memories, coupling a satellite link model to NetSquid, a discrete-event quantum network simulator. Stored pairs
are discarded past a cutoff age, since decohered entanglement no longer provides an advantage. Requests to
play arrive at random times and are served with entanglement only if a stored pair is available, otherwise by
the optimal classical strategy. Increasing the cutoff raises availability but admits older, lower-quality pairs, a
trade-off that determines how large the advantage is. We showcase a European scenario: trapped-ion memories
in Delft and Innsbruck served by a low-Earth-orbit satellite. Currently demonstrated memory coherence times
limit entanglement availability, resulting in a negligible quantum advantage. A follow-up study at an optimistic
coherence time maps the advantage over cutoff times and request rates. The advantage peaks at an intermediate
balance of cutoff and request rate, reaching ~0.4 percentage points above the classical bound consistently across
simulated passes.

Keywords: satellite quantum communication, entanglement distribution, coordination applications, CHSH
game, quantum memory, NetSquid, link budget, quantum networks

1. INTRODUCTION

Imagine a scenario where two parties at distant sites must each choose an action, each seeing only its own
local input, and the two choices are useful only if they are correlated in a prescribed way. Once the task
has started the parties cannot communicate, or do not have time to, so neither learns what the other saw or
what it intends to do. Shared entanglement improves what the two parties can achieve, as local measurement
of high-fidelity entanglement produces correlated responses that beat any classical strategy, without real-time
communication, obtaining a quantum advantage. These tasks are well suited to early-stage quantum networks,
whose entanglement supply is limited: one shared pair per instance is enough, and that pair only needs to
survive from its storage into memory until the task runs. Entanglement-assisted formulations for this family of
low-latency coordination applications are found in distributed scheduling and routing under latency constraints,!
frequency-band rendezvous against distributed jammers,? and latency-bound coordination such as high-frequency
trading.?
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These applications therefore require shared entanglement between distant ground-based quantum memories,
which buffer entangled states until an application request consumes them.* For users located far apart, the no-
communication condition stems naturally from the latency introduced by the distance, of the order of milliseconds
at continental separations. Distributing entanglement over such distances can be achieved using a satellite:
free-space link loss grows only polynomially with distance, whereas fibre loss grows exponentially. This was
demonstrated by the Micius satellite, with dual-downlink entanglement distribution over more than a thousand
kilometres.> 6

As a benchmark for the coordination class we adopt the Clauser-Horne-Shimony-Holt (CHSH) game.” Two
players, Alice and Bob, receive uniformly random bits z and y and must output bits ¢ and b, without communi-
cating, such that a ® b = x Ay. The best classical strategy wins with probability 3/4: for example, both players
always output 0, which wins whenever z Ay = 0, i.e. on three of the four input pairs. Measurements on a shared
unit-fidelity entangled pair win with probability up to cos?(m/8) ~ 0.854, the Tsirelson bound.® The CHSH
game is therefore a valid proxy to evaluate the presence of a quantum advantage for this family of non-local
coordination applications. The users need the delivered entanglement to be present when requested and good
enough when used.

We capture this dual requirement in a single figure of merit. When a game request finds a usable stored pair,
the players measure it; otherwise they fall back to the optimal classical strategy. The global win rate is

Puyin =AP;+(1—A) 2, (1)

where the availability A is the fraction of requests met with a usable stored pair and Py is the win probability
when the players measure the delivered noisy pair. We count only those requests issued while the satellite is
co-visible from both stations. Continuous service coverage could be achieved using multiple satellites, which is
beyond the scope of this work.

Two mechanisms limit A: the link delivers pairs at a low rate, so a memory is often empty when a request
arrives, and a stored pair decoheres while it waits. Once a pair has aged too far, its win probability falls to 3/4,
where measuring it is no better than the classical fallback. Because of this, a pair older than a chosen cutoff age
t. is discarded. This exposes a tradeoff: a larger t. raises A, because a stored pair stays eligible for longer, but
it also admits older and more decohered pairs, which lowers F,. Our goal is to reach Pyin > %, i.e. to gain a
quantum advantage. We quantify whether, and under which operating choices, satellite-delivered entanglement
between two memory-equipped users achieves this.

To achieve this, we present an end-to-end simulation framework that spans this chain from orbital physics
to application outcome. A free-space link model computes the elevation-dependent losses and the per-pair state
quality along a satellite pass, and emits a timestamped stream of stored entangled pairs. The NetSquid discrete-
event simulator? then evolves the in-memory decoherence of those pairs and plays the CHSH game against a
Poisson request process: requests to play arrive at random times, which the players do not know in advance
and cannot influence. We validate the link model against published Micius dual-downlink measurements, and
we showcase the full chain on a European use case: a Micius-like satellite serving ground-based trapped-ion
memories in Delft and Innsbruck over a single pass. For this scenario we characterise the delivered pair rate,
contrast the published trapped-ion coherence time with an optimistic near-term value, and map the request-rate
and cutoff plane, which shows that the advantage peaks at an intermediate balance of both quantities.

The paper is organised as follows. Section 2 describes the simulation model: the system architecture, the
satellite link budget and its validation against Micius, the ground-segment memory interface and delivered state,
and the event-driven CHSH application. Section 3 defines the baseline European scenario and characterises the
delivered pair rate. Section 4 reports the coherence-limited CHSH results and the request-rate and cutoff policy
map. Section 5 concludes. Appendix A collects the detailed loss and fidelity terms, Appendix B the Micius
validation, and Appendix C the CHSH measurement protocol.



2. SIMULATION MODEL
2.1 System Architecture and Dataflow

The modelled system is a single low-Earth-orbit satellite carrying an entangled-photon-pair source based on
spontaneous parametric down-conversion (SPDC). The satellite distributes the two photons of each pair through
two simultaneous free-space downlinks to two distant optical ground stations. Each ground station then couples
its downlink photon into a quantum memory.

We adopt the downlink rather than the uplink configuration. It keeps the demanding hardware (the single-
photon detectors and the quantum memories) on the ground and leaves the satellite carrying only a comparatively
simple and radiation-tolerant source. It also avoids the loss penalty of an uplink, in which turbulence disturbs
the beam at the start of its path and the resulting spread grows over the full propagation distance, whereas a
downlink beam meets the atmosphere only in the last few tens of kilometres.%
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Figure 1. Main modules of the simulation package (blocks) and their dataflow (arrows).

The simulator represents this architecture as a modular pipeline (Fig. 1). Configuration files, two-line elements
(TLEs), and station coordinates drive an orbit propagator. The propagator supplies the elevation and the slant
range (the line-of-sight distance from a ground station to the satellite) to the link budget (Sec. 2.2). The
fidelity module then combines the link budget, the receiver-coupling factor, and the photon-memory-scheme
factors (Sec. 2.3) into the per-pair delivered state, modelled as a Werner state. The satellite-link module emits
timestamped entangled-pair events, each carrying the full density matrix of the delivered pair, to the on-ground
CHSH application. FEverything from the moment of storage onwards runs inside a discrete-event NetSquid
simulation (Sec. 2.4), which evolves the decoherence of each stored pair until it is consumed or discarded.
A generator produces the application’s requests, and the runner schedules, collects, and post-processes the
outcomes.

Execution is split into two stages. The orbital and optical physics (propagation, the elevation-dependent link
budget, and the per-pair fidelity) is evaluated once per pass, resulting in the timestamped event list passed to
NetSquid. Separating the deterministic physics pre-computation from the stochastic event-level run keeps every
run reproducible under a fixed seed. It also makes parameter sweeps over the application and memory layer



inexpensive, because a single orbital pass is replayed under many request rates, cutoff policies, and memory
configurations without recomputing the physics.

2.2 Satellite Link Budget

The free-space optical channel sets how many of the emitted photons reach the ground stations. We model each
downlink arm as a chain of multiplicative loss factors that vary along the pass:

e Geometric (diffraction) loss. We treat each downlink as a Gaussian beam leaving the transmitter
aperture at its waist wy. For a downlink wavelength A, the beam radius grows with slant range z as
w(z) = woy/1+ (z/2r)?, with Rayleigh range zg = 7w3/\. The ground telescope collects the power
falling inside its aperture, a fraction 1 — exp(—2r%/w(2)?) for aperture radius r on a centred beam. Since
w(z) far exceeds the aperture over the whole pass, this is the dominant loss term.

e Pointing loss. Residual satellite pointing jitter, relative to the beam divergence, further reduces the
collected fraction. We use the far-field jitter model of Titterton,'® 7, = [1 4 16(0},/0aiv)?] !, where o, is
the RMS pointing error of the satellite terminal and 64;, = 2/ (mwy) the full diffraction-limited divergence
of the beam.

e Atmospheric extinction. Molecular absorption and Rayleigh/Mie scattering are integrated along the
slant path, from layerwise extinction profiles generated with the libRadtran radiative-transfer package.!!
libRadtran is open source and runs inside the model, allowing us to regenerate the profiles for the downlink
wavelength and for the observing conditions of each ground station location.

Together these factors give the per-arm free-space efficiency Mk, to which we add the optical throughput
of the satellite and ground-station telescopes. The ground receiver enters in two stages, each a fixed per-arm
loss: the telescope and its adaptive-optics relay optics,'? followed by coupling of the corrected wavefront into
single-mode fibre.'® As our focus is a system-level budget rather than a real-time one, we do not model the
turbulence-induced fluctuations in the received power either.

Appendix A lists the parameter values assumed. The final rate of successfully stored entangled pairs is
determined by combining this free-space link budget with the ground-segment chain discussed in Sec. 2.3.

Validation against Micius. We validated the satellite link model against the simultaneous Micius downlinks
to Delingha and Nanshan reported by Yin et al.> Their Fig. 2 provides the satellite-station slant ranges and
the measured end-to-end attenuation of the two downlinks. We recreated the same pass and reproduced both
metrics. The comparison and details are in Appendix B.

2.3 Ground Segment: Memory Interface and Delivered State

The downlink photon enters the memory through cavity-assisted photon scattering (CAPS)*, in which it reflects
off a single atom in an optical cavity and becomes entangled with it deterministically. The reflection efficiency
follows from the cavity cooperativity C' alone.'® We choose cavity reflection over emission-based interference
schemes,'® which require a probabilistic Bell-state measurement and photon indistinguishability on each arm,
and therefore often deliver lower rate and fidelity in this setting.

The application and the cavity scheme jointly set the memory requirements: deterministic high-efficiency
readout, since a player who fails to read out cannot signal the failure in time and the round is played blind; the
longest possible coherence time, since a stored pair must survive until a request arrives; compatibility with a
cavity resonance; and an efficient, frequency-convertible photon interface.

The resulting per-arm photon—memory-scheme efficiency is nscn = 7caPS Ndet 1QFc, the product of the CAPS
reflection, the detector efficiency, and the QFC chain efficiency.'®!” The heralding detector sits after the cavity,
so it operates at the ion transition rather than at the downlink wavelength; we take its efficiency and its dark-
count rate from the same detector-bias point.'®



Delivered state fidelity. The dominant downlink fidelity-loss mechanism is noise photons collected by the
receiving telescope and spurious detector clicks, which degrade the pair fidelity. The per-arm signal weight w is

1

wW=——-, N = Ngky + Ndc, 2
1+771/7]tr sky dc ()

where 7t = Niink Mex Nepl 18 the per-arm transmission, combining the free-space link budget of Sec. 2.2 with the
receiver optics and fibre-coupling losses, and 7 is the total mean noise-photon number per detection window. It
has two contributions. The sky-background term is'®

o HQ’]T(DR)(/2)2 ANAT
fsky = he /A ’ 3)

with sky spectral radiance H, field of view €2, receiver aperture Dgx, filter bandwidth A\, and coincidence
window AT. The dark-count term converts the detector’s spontaneous click probability pge = r4c AT into an
equivalent noise-photon number, ngc = Nyet Pdc/ (1 —Pdc), with Nget = 1 for the cavity-reflection interface, which
heralds on one detector per arm. Appendix A gives the baseline values.

The delivered pair is then modelled as a Werner state whose parameter combines the source quality with
both arms’ signal weights and the memory-scheme Werner factors,

Wfinal = Wsrc (wA wsch,A)(wB wsCh,B)a (4)

where wg, is set by the source fidelity, wge, collects the CAPS gate and readout fidelities, and w4 and wp are
the per-arm free-space signal weights of Eq. (2). With wgpa), the full 4 x 4 density matrix is constructed in the
|¥~) basis, the Bell state produced by the satellite links.

2.4 Event Generation and the CHSH Application

The link budget and the memory interface together determine how many pairs are stored, and when. The orbit
is sampled on a one-second grid, and the elevation-dependent attenuation is held constant over bins of duration
Atpin; a binning study over both dynamic link models found the delivered-pair statistics unbiased to within 0.2%
for bins up to 60s. Per bin, the number of generated pairs is drawn from a Poisson distribution with mean

n= Rsrc Teft, A Tleff,B Atbin; (5)

where Rg. is the on-board pair-generation rate and neg = 1y 7sch 1S the per-arm end-to-end efficiency, combining
the transmission link budget (Sec. 2.2) with the photon—-memory-scheme efficiency (Sec. 2.3). Each pair is
assigned a delivered state, and the result is a timestamped entanglement-event list handed to the discrete-event
stage.

Discrete-event stage. The timestamped event stream feeds the state insertion in NetSquid,® simulating the
delivery of each pre-computed pair state into the two memory nodes at its scheduled time. From that moment
the stored qubits decohere under the memory’s 77 /T5 noise model until they are consumed or discarded. Each
node can host £k memory slots. In this work we study a single memory per node, k = 1, under the assumption
that a pair generated while the slot is occupied is not stored.

Per-pass operation couples the physics to the application. The two stations sit at different ranges, so the two
photons of a pair have different times of flight: the first-arriving qubit begins to age in its memory while the
other one is still in flight, and the pair becomes usable only once both photons are heralded. Every request is
answered: if both stations hold an entangled pair within the cutoff time, they play the round with it; if either
qubit is missing or has expired, they fall back to the optimal classical strategy. A stored pair that reaches its
cutoff before a request arrives is discarded. Details on the CHSH game are given in Appendix C.



3. BASELINE EUROPEAN SCENARIO

As the baseline use case we take a Micius-like satellite distributing entanglement to ground stations in Delft and
Innsbruck, each equipped with a ground-based quantum memory. These locations are 731 km apart, beyond the
reach of direct-fibre entanglement distribution, but close enough that a single low-Earth-orbit satellite sees both
stations at once on regular passes, a condition that any single satellite equipped only with a source must satisfy
to deliver entanglement.

The satellite follows the Micius orbit (TLE epoch June 2020), and we simulate the best common-elevation
pass found for this station pair, beginning 2020-06-16 at 23:44 UTC and lasting 420s. Figure 2 shows the slant
range from the satellite to each station over the pass. The shaded band marks the co-visibility window, the
interval in which both stations see the satellite above the minimum elevation, chosen here as 10°. Entanglement
can be delivered during this window, with slant ranges varying between roughly 600 and 2000 km. On the ground,
each memory is a 4°Cat ion in an optical cavity.?® Trapped-ion memories meet all four requirements of Sec. 2.3,
and 4°Cat ions in particular already serve as nodes in practical quantum-network experiments: light-matter
entanglement has been distributed over 50 km of optical fibre?! and between ion qubits 230 m apart,?? telecom
conversion preserves the entangled state,!” 23 and readout reaches fidelities above 0.999.2* Table 1 summarises
the scenario and hardware parameters. Table 3 in Appendix A gives the extended model-parameter set.
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Figure 2. Slant range from the satellite to the Delft and Innsbruck ground stations over the selected pass (2020-06-16,
23:44 UTC).

Figure 3 shows the delivered-pair rate across the pass: the per-second number of pairs that survive both
downlinks and both memory interfaces. This is the supply reaching the memories before the application starts
consuming it. The rate follows the elevation-driven link budget, rising from zero as the co-visibility window opens
and peaking at 0.77 pairs per second near the satellite’s closest approach. Over 1000 seeds, one pass delivers on
average 97.2 pairs.
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Table 1. Baseline scenario parameters

Parameter Value

Stations Delft, NL (52.01°N, 4.36°E, 0 m); Innsbruck, AT (47.27°N, 11.40°E, 574 m)
Satellite Micius-like LEO (TLE epoch June 2020)

Pass 2020-06-16, 23:44 UTC, 420s window

Min. elevation

10°

Slant range

~600-2000 km

Conditions

Clear weather, moonless night?®

Downlink wavelength

1550 nm (telecom C-band)

Source rate / fidelity

1.0 x 107s7! / 0.963%

Memory 40Ca™ trapped ion
Cooperativity C =10%"
Coherence T5 62 ms??




4. RESULTS
4.1 Coherence-Limited Quantum Advantage

We begin with the published “°Ca*t coherence, 75 = 62ms.?? As a starting point we propose a conservative
cutoff of t. = 0.1075, keeping used pairs well inside the coherence window, since the pair already undergoes
decoherence before being stored in the memories. As this results in memories holding valid pairs for only a few
milliseconds, the memories will often be empty when a request arrives. We therefore select a high request rate
with respect to the entangled pair supply, 5 Hz. In this regime, with a conservative cutoff time and a saturated
request rate, we can expect most pairs to be used to play a game, and to do so with a higher-than-classical win
rate. We evaluate the figure of merit of Eq. (1), repeated here for convenience: Pyin = 3 + A (P, — 2). The
availability A is measured as the fraction of requests served by stored entanglement, and P, as the average win
rate of those games.

Table 2 reports the outcome. There is no resolvable quantum advantage in this case: the mean global win
rate is 75.001%, statistically consistent with the classical bound. The main issue is the low availability: only
0.050% of incoming requests are served with entanglement, and of those, the mean win rate is 76.45% even with
a conservative t. = 0.1075. The percentage of stored pairs actually used to serve requests (0.97%) gives us
more information: most of the pairs are actually discarded, even with a high request rate. This highlights the
importance of the quantum memory decoherence value.

Once the first qubit is stored in memory, it already starts decohering. It waits for the other half of the
pair to be stored (~1ms of time-of-flight difference, averaged over the pass), and both further decohere until
the heralding confirmation has crossed the classical channel between the stations, an assumed 750 km fibre path
taking 3.75ms. Of the 6.2ms cutoff, ~4.6 ms are therefore spent before the pair can serve any request. These
effects are highly noticeable when the memory 75 is on the order of milliseconds and explain the values obtained
in this analysis.

To quantify the effect of a longer T2, we repeat the run at an optimistic value, 75 = 4s. We keep the cutoff
and the request rate at the same values, t, = 0.107, and 5 Hz respectively.

This analysis results in an availability roughly 80 times larger than the one before, at 4.1%. Since now
the entangled pairs remain in memory much longer, the fraction of pairs used to serve requests dramatically
increased, to 86.1%. Additionally, the longer coherence time provides a higher win rate amongst the served
requests, at 78.87%. All of these factors together translate into a global win of 75.159%, showing a quantum
advantage of more than 0.1 percentage point across all seeds.

The remaining question is whether we can do better with this memory: most pairs are used due to the large
request rate, but this also means that more requests will be served classically, bringing the global win rate down.
At the same time, the cutoff will affect both the availability and the fidelity of the pairs being consumed. We
therefore sweep both parameters in the next section.

Table 2. CHSH game played over the Delft—Innsbruck pass, for a 5 Hz request rate, and cutoff t. = 0.10 7.

Memory (7%) Availability | Pairs used | Played win | Global win
*Ca™, 62ms™ | 0.050% 0.97% 76.45% 75.001%
4 (optimistic) 4.10% 86.1% 78.87% 75.159%

4.2 Request-Rate and Cutoff Policy Map

With the same hardware and pass conditions, we can choose to change the cutoff policy and to study different
request rates. Eq. (1) shows that they act in opposite directions. A longer cutoff raises availability, because
a stored pair stays eligible for longer, but lowers played-game quality, because the pair a request consumes is
older and more decohered. A higher request rate does the opposite: it lowers availability, since demand outruns
what the link supplies, but raises played-game quality, because a pair consumed on arrival has had no time to
decohere.



We sweep the request rate from 0.1 to 100 Hz against cutoff ratios up to 0.75T, at T = 4s, and map four
quantities: the global advantage in percentage points (Fig. 4), availability (Fig. 5), the win rate on played games
(Fig. 6), and the fraction of stored pairs a game actually consumes (Fig. 7).

Availability behaves as the supply-limited picture predicts. It rises with the cutoff, from about 5% at 0.05 15
to about 31% at 0.757T% at the lowest demand, and falls with the request rate at every cutoff. Once demand
outruns supply, from 10 Hz upwards, essentially every stored pair is consumed. Furthermore, in the saturated
regime represented by a request rate of 100 Hz, most pairs are consumed before they have had time to decohere
in memory, yielding the same played win rate across different cutoff times.

In lower request regimes, we can see that played-game quality runs the other way. At 0.1Hz it falls from
about 79% at 0.057T% to 72% at 0.75 Ty, dropping below the classical 3/4 by 0.5 T, and significantly below it at
0.75T». Past that crossing a longer cutoff is actively harmful: it buys availability by admitting pairs that are no
longer worth playing, and the global advantage turns negative in the low-demand, long-cutoff corner.

The global advantage peaks between the extremes, as it benefits from both high availability and high played-
game win rate. The best region is found at cutoffs of 0.1-0.275 and demand between 0.2 and 0.5 Hz, where the
advantage reaches about 0.4 percentage points above the classical bound.

It drops in three directions, each for a different reason: towards high demand because availability collapses
even though quality is at its ceiling, giving only 0.01 points at 100 Hz; towards long cutoffs at low demand
because quality falls below the bound; and towards the shortest cutoff because availability starves faster than
quality improves: 0.057% is worse than 0.175 at every rate.

The map therefore highlights an operational conclusion: a balance between the cutoff and the request rate is
optimal for the overall win rate of our application.
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Figure 4. The global advantage, in percentage points above the classical 3/4 bound.
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5. DISCUSSION AND CONCLUSION

We have presented an integrated satellite-link and NetSquid simulation framework that spans the end-to-end
chain from orbital physics to application execution, resolving how orbital geometry, optics and memory hardware
combine into an application-level win rate. The model can recreate any orbital pass for any pair of co-visible
ground stations. We showcased the full chain on a European scenario: a Micius-like satellite serving trapped-ion
memories in Delft and Innsbruck over a single pass.

An initial study with a published 4°Ca* coherence of 62ms highlights the relevance of this parameter. At
this value, entanglement is often not present at the users’ memories when a request to run the application arrives
(0.050% of requests find stored entanglement and under 1% of the pairs stored are actually consumed, with
the rest being discarded). As a result, the global win rate is statistically consistent with the classical bound.
At Ty = 45, the same link serves 4.10% of requests, consumes 86% of its stored pairs and clears the bound at
75.159%.

The policy map presented showcases the effect of the operating knobs one can choose from, cutoff time and
application request rate, given a fixed set of hardware and pass conditions (Sec. 4.2). An optimal operating region
is identified, where the availability of stored entangled pairs and their win rate combine in a maximum global win
rate. This quantum advantage, ~ 0.4 percentage points, is modest but consistent over all simulated passes and
shows how with near-term hardware we can use satellite-distributed entanglement to beat any classical strategy
for coordination applications.

The satellite link model is sufficient for system-level budget analysis. However, it could be refined to account
for specific local-time conditions, to study in real time whether a deployed system is able to use a given satellite
pass to gain a quantum advantage for a coordination application.

Follow-up research can perform a systematic sweep over hardware and operating parameters and identify the
system requirements for a given advantage and request demand. One may also consider multiplexing to increase
the rate, as well as more than one memory slot per user, which the current model already supports.

Finally, the current tool is bounded to a single low-Earth-orbit satellite delivering entanglement only to
ground-station pairs it can see simultaneously. Multi-satellite and intercontinental architectures would lift this
dual-visibility constraint. Proposed families include orbiting and hybrid repeater designs,?3° satellites carrying
on-board quantum memories,?!'3? routing and scheduling across time-varying constellations,®® and comparative
protocol evaluations under free-space channels.?* Pursuing them would extend earlier space-segment design work
for trusted-node QKD constellations?® from key delivery to end-to-end entanglement distribution, to eventually
enable a quantum advantage for coordination applications at global scale.

APPENDIX A. EXTENDED MODEL PARAMETERS

Table 3 lists the parameter values assumed by the link budget of Sec. 2.2, the ground-segment chain of Sec. 2.3,
and the EU scenario presented in Sec. 3.

Quantum memory. We assume an optimistic cooperativity C' = 10?7 for the “°Ca™ trapped-ion memory,
which gives a CAPS reflection efficiency ncaps = 0.41. The qubit is encoded in two Zeeman sublevels of the
S1/2 electronic ground state, so decoherence is modelled as 17 — oo, Ty = 62 ms.??

Dark counts. The baseline takes rq. = 10 Hz at the 854 nm ion transition, read at the same detector bias point
as the efficiency nge, = 0.67.'® With AT = 1ns the conversion of Sec. 2.3 gives nq. = 1.0 x 1078, dominating
over the moonless-night sky term 7 = 1.4 x 1071% that Eq. (2) returns at the diffraction-limited field of view of
Table 3.



Table 3. Extended model parameters

Wavelength A (EU downlink) 1550 nm
Receiver aperture D,y 1.2m°
Transmitter aperture Diy 0.3 m?3%
Pointing jitter o, 2 prad®

Transmitter-optics loss

3.0dB per arm®’

Receiver optics / AO-to-fibre coupling

2.8dB!2 / 3.2dB'3

Source rate Rgy / fidelity Fy.

1.0 x 107s~1 / 0.963%°

Coincidence window AT / filter AX

1ns / 1nm

Field of view Q = 7(0.45)\/D,x)? (SMF)!2

1.06 x 10~ 12 gr

Sky radiance H (moonless night, 1550 nm)

15Wm2m tsr—125

CAPS reflection ncaps (C=10)

0.412%5:27

Detector efficiency n4et / dark-count rate (854 nm)

0.67 / 10Hz'®

QFC chain nqrc (1550 nm < 854 nm)

0.572 per arm!”

CAPS gate fidelity / readout fidelity

0.95820 / 0.9999124

Memory T3

oo (ground-state Zeeman qubit??)

Coherence T (published / optimistic)

62ms?? / 4s




APPENDIX B. MICIUS VALIDATION

This appendix gives the detail of the Micius validation of Sec. 2.2: how the candidate pass was identified, which
system-budget terms were held fixed, and how much each atmospheric input contributes. Figure 8 shows the
comparison between the results published in Yin et al.> and our simulation output.

Validation against Yin et al. 2020, Fig. 2
Micius pass over Delingha and Nanshan with a weather-constrained atmosphere

2800

—— Nanshan (simulation) = = Total (simulation) O Delingha (Yin et al. 2020)
—— Delingha (simulation) © Nanshan (Yin et al. 2020) & Total (Yin et al. 2020)

Distance (km)

400 T
75

b = Our simulation model result
O Yin et al. 2020, Fig. 2b

Attenuation (dB)

55 T T T r r
0 50 100 150 200 250 300
Time (s)

Figure 8. Simulated and measured Micius dual-downlink performance over the common visibility window of the Delingha
and Nanshan stations.® (a) Slant ranges for the geometry-matched candidate pass, against values digitised from their

Fig. 2a. (b) Total two-link attenuation predicted by the weather-constrained model, against values digitised from their
Fig. 2b.

Candidate pass. Yin et al.® report measurements collected between 6 September and 22 October 2018, but

they do not identify the calendar date of the pass plotted in their Fig. 2. We propagated the Micius orbital
elements for candidate passes in that interval and found the best match on 1 October 2018 at 18:11:11 UTC.



Fixed system budget. For each arm, the simulated attenuation is the sum of diffraction, pointing, atmo-
spheric extinction, and a fixed 12.8 dB system budget. That budget contains detector (2.8 dB), transmitter
telescope (3.0 dB), ground optics (3.0 dB) and coupling (4.0 dB) losses, from the published Micius experi-
ments. 3738

Atmospheric inputs. We infer the local atmospheric conditions at the two observatories during the candidate
pass from NASA POWER hourly data.?? We then recreate those conditions in our libRadtran implementation.!

APPENDIX C. CHSH MEASUREMENT PROTOCOL

This appendix specifies the measurement protocol used by the application layer. Alice receives input x € {0, 1},
applies R, (—m/2) if = 1, and measures in the Z basis to obtain outcome a. Bob first converts the delivered
Bi1 = |¥7) pair to |[®1) by applying X followed by Z. He then applies R, (—7/4) for y = 0 or Ry(+m/4)
for y = 1 and measures in the Z basis to obtain outcome b. The players win when a ® b = = A y. For an
ideal pair these angles achieve the Tsirelson value S = 2v/2, which corresponds to the quantum win probability
Py = cos?(m/8) ~ 0.854.
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