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Abstract—Quantum networks are essential to establishing long-
distance entanglements for many advanced quantum applications.
Recent breakthroughs have opened up the possibility of creating
a satellite-assisted global-scale quantum network. This paper pro-
poses LACE, a Loss-Aware Constellation Design framework for
a new type of satellite-assisted passive-optical quantum networks.
The goal of LACE is to ensure lowest possible worst-case loss for
ground-to-ground entanglement distribution with a fixed number
of satellites. Considering high photon loss and beam propagation,
we first develop a detailed loss model, incorporating factors such
as beam propagation and diffraction, atmospheric turbulence, and
beam truncation during end-to-end entanglement distribution. We
then design an algorithm to estimate the end-to-end loss given a
specific network constellation design, and propose a constellation
design framework to find a suitable constellation design with
as low end-to-end loss as possible. Using LACE, we explore
diverse satellite constellations under practical constraints, which
reveals critical insights into how network parameters and link
connectivity affect end-to-end entanglement loss. Notably, we find
that a constellation with 25 orbits and 32 satellites per orbit with
an altitude 550 km can establish a channel with approximately 30
dB loss, corresponding to only 150 km of ground fiber distance,
between ground stations separated by nearly 20,000 km. These
insights provide concrete guidance for future constellation design,
paving the way toward global-scale entanglement distribution.

Index Terms—Entanglement distribution, constellation design,
propagation model, LEO satellites, quantum network.

I. INTRODUCTION

In recent years, the development of a global-scale quantum
network has become increasingly critical for enabling en-
tanglement distribution across long distances, serving as the
foundation for emerging quantum applications such as quantum
key distribution (QKD) [3]l, distributed quantum computing
(DQC) [7]l, and quantum sensing [27]], [28]]. However, a ma-
jor obstacle to establishing a long-range entanglement with
a photon-based quantum network is the inevitable photon
loss in the transmission process. For example, direct photon
transmission through optical fibers is practically constrained to
a few hundred kilometers, as the optical fiber loss increases
exponentially as the distance increases [22]. Additionally,
unlike classical signals, quantum states cannot be copied or
amplified without adding noise due to the no-cloning theo-
rem [_25]). Therefore, typical noise control schemes in classical
communication are not applicable in a quantum network.

To overcome the limitation in long-distance transmission,
the first-generation quantum network has been proposed [11]].
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End-to-end entanglements are established through a sequence
of entanglement generation and entanglement swapping across
multiple repeaters. Despite their promise, quantum repeater
networks still face several critical challenges that hinder their
practical deployment, especially in limited quantum memories,
inefficient measurement devices, and exponential photon loss
with increasing distance in optical fiber connection [10], [[17].

In contrast, recent advances in satellite-based quantum com-
munication have provided notable successes [20]. In particular,
quantum satellites such as Micius have successfully demon-
strated the entanglement distribution over distances greater than
1,200 km through free-space optical links in the actual exper-
iment [26[]. Despite the promises, the feasibility of building
and operating a satellite-assisted global quantum network has
not been validated. A single satellite is not sufficient to cover
the entire globe (see Sec. [[Il). Meanwhile, building an entire
quantum satellite network faces numerous open problems,
ranging from near-term quantum device availability and re-
source constraints to detailed modeling of in-space propagation
and performance/cost analysis.

This paper introduces a novel Loss-Aware Constellation
Design framework for satellite-assisted quantum networks,
named LACE, aimed at achieving global-scale entanglement
distribution with minimal worst-case loss. Uniquely, LACE is
based on a new quantum satellite network architecture, which
utilizes only passive in-orbit optical instruments and no active
quantum devices such as repeaters or memories in space [[10],
[12]. Our main contributions are as follows:

« We propose a Loss-Aware Constellation Design frame-
work to support global-scale entanglement distribution.
To the best of our knowledge, this is the first work
to explore constellation design with a passive-optical
quantum network architecture.

« We develop a comprehensive analysis and characterization
of the photon transmission loss model, analyzing the im-
pact of turbulence loss in uplink and downlink, diffraction
losses between satellites, and beam truncation.

o We then design an algorithm to estimate the end-to-end
loss, and propose a constellation design framework to
determine the parameters for the lowest worst-case loss.

« We explore diverse satellite constellations under differ-
ent constraints with extensive simulations, and describe
critical insights that will guide the future development of
quantum satellite network constellations.

Organization. introduces background. provides quan-
tum network preliminaries. characterizes the photon trans-
mission loss model. §V]presents the end-to-end loss estimation
algorithm and constellation design framework for the worst-



case loss. §VIshows evaluation results. §VII]is the conclusion.

II. BACKGROUND AND RELATED WORK

Existing works primarily focused on terrestrial quantum re-
peater networks, especially in network optimization with dif-
ferent objectives. However, the reliance on repeaters hinders
the deployment for global-scale entanglement distribution.
Compared to terrestrial repeater networks, quantum satellite
networks show many advantages and potential. For instance,
light experiences almost zero loss in near-vacuum condi-
tions, and is mostly affected by beam diffraction that can
be realistically captured or controlled. Compared to the 0.2
dB/km fiber loss on the ground, space presents significantly
lower loss over distance exceeding several hundred kilometers,
as demonstrated in existing long-distance experiments [26].
The initial idea was to consider a single satellite as a relay
station for swapping and then serve two remote nodes in a
double-uplink architecture. Panigrahy et al. [21] focused on
distributing entanglements to remote ground station pairs while
deploying entanglement sources on satellites using a double-
downlink configuration. Boone et al. [5] studied entanglement
distribution in ground stations placed only on the equator. Kha-
tri et al. [|[17]] then designed a quantum internet consisting of
a constellation of orbiting satellites with continuous coverage.
However, all regard satellites as entanglement sources and they
ignore the fact that the restricted energy budget and payload
constraint of deploying such complex devices on the satellites.
Inspired by recent breakthroughs in direct quantum com-
munication with passive light guides [10], [15], entangled
photons can be transmitted directly from one to the other with a
sequence of lenses, eliminating the need for quantum memories
and measurement devices aboard. Numerical simulations show
promising results with the approach, both on the ground [15]
and in space [10]. Especially in space, the loss can remain
relatively low over long distances under ideal free-space prop-
agation, offering advantages over fibers. However, these works
have not yet addressed the network constellation design while
considering continuous beam propagation. Motivated by these,
this paper proposes a novel satellite-assisted constellation
framework specifically tailored for quantum networks, aiming
to effectively achieve global-scale entanglement distribution.

III. QUANTUM NETWORK PRELIMINARIES

In this paper, we focus on distributing maximally entangled
bipartite quantum states between remote ground stations. We
restrict our study to bipartite entangled states, since more
complex multipartite entangled states can be constructed from
bipartite entanglement distributed among multiple parties [[14].

A. Entanglement Distribution via a Passive-Optical Network

Entanglement generation: To enable quantum information
exchange between two remote ends, an entanglement source to
continuously generate entangled photon pairs is required. Com-
mon methods include spontaneous parametric down-conversion
(SPDC) [18]] and four-wave mixing [[19]. While entanglement
sources can be placed either on the ground or satellites, chal-
lenges such as stability requirements, precise alignment, and
high-power laser demands make space deployment difficult.

-
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Fig. 1: Entanglement transmission among satellites.

Therefore, deploying entanglement generation sources on the
ground is comparatively a more practical and feasible choice.
Entanglement transmission: Instead of the probabilistic pro-
cess of entanglement generation and swapping in a ground
repeater network, entanglement transmission among satellites
is more straightforward. Each satellite is equipped with ad-
justable lenses designed to reflect or refract incoming photons,
directing them to subsequent satellites or ground receivers. A
sequence of these satellite-mounted lenses forms a direct light
path from sender to receiver, as shown in Fig. [T

B. Satellite Coverage

To determine whether entangled photons can be transmitted be-
tween ground stations and satellites, we begin by analyzing the
coverage area of a satellite. In particular, a single satellite can
only cover a limited portion of the Earth’s surface, depending
on its altitude and the minimum elevation angle required by
the ground stations [8]. We represent the satellite’s coverage
area as a spherical cap on the Earth’s surface following [8]:

Scov = 27TR§ (1 - COS(‘?)) ) (1)
where
= arccos R €08 Omin | — Omi 2)
p = R+ h ‘min ‘min

and ¢ is the angular radius of the coverage circle, h is the
altitude, R. is the Earth radius and 6., is the minimum
elevation angle. The minimum elevation angle, defined as the
minimum angle above the horizon required for a ground station
to establish a reliable link with a satellite, significantly affects
the size of the satellite’s visible region. In Fig. as Omin
increases, the observable surface area decreases significantly,
further limiting the region where reliable optical links can be
established between ground stations and satellites.

C. Network Model

Formally, we consider a satellite network G = (V,E) as
an undirected graph consisting of LEO satellites in multiple
orbits, in which V' is the set of satellites and E is the set of
inter-satellite links (ISLs). The connection of ISLs depends on
the lens orientation and field-of-view limitations of satellites,
which give rise to different connection strategies (see Sec. [VI).

We define P as the number of orbital planes and N as the
number of satellites in each orbit, and the total number of
satellites V = N x P. We define h as the altitude of satellites,
with the assumption that all satellites share the same altitude.

To analyze end-to-end entanglement distribution, we model
each beam route as a path consisting of a sequence of optical
links between ground stations (GSes) and satellites (SATs). A
path begins at a GS, traverses one or more SATs, and ends at
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Fig. 2: Beam propagation between a ground station pair.

the other GS. Each link in the path, either a ground-satellite link
(GSL) or an ISL, has a transmission efficiency, representing the
fraction of photon power successfully transmitted across that
segment. Notably, the efficiency evolves dynamically based on
the beam state inherited from the previous hop, including beam
waist and propagation distance. Consequently, the end-to-end
loss must be computed sequentially (see Sec. [[V). Besides,
the availability of these links, also changes over time due to
satellite motion, further changing feasible paths and the end-to-
end loss. Considering satellite motion follows deterministic and
predictable orbital patterns, it is possible to estimate end-to-end
loss by average or by taking the maximum over many snapshots
of the satellite networks. Hence, in theoretical modeling, we
consider a fixed snapshot of the network.

Instead of focusing on entanglement distribution rate or
fidelity, which typically assume each operation as an indepen-
dent process, we study LACE using transmission loss as the
primary metric, as it directly captures the continuous evolution
of beam propagation. To evaluate how well a given constella-
tion supports this distribution, It is essential to understand how
photons propagate through the network and how transmission
loss accumulates along each link, which is explained below.

IV. LACE: BEAM PROPAGATION MODEL

In a photon-based quantum network, the predominant bottle-
neck is the inevitable photon loss during transmission, which is
tied to the satellite constellation. For instance, the atmospheric
loss during ground-to-satellite transmission depends on the
satellite altitude, and inter-satellite diffraction loss varies with
the physical separation between satellites. These dependencies
emphasize the need for a general loss model that captures how
constellation design affects overall transmission loss.

A. Uplink/Downlink Photon Transmission

To establish an entanglement between two ground stations, the
sender generates an entangled photon pair with self-equipped
entanglement sources and forwards one photon of the pair to
the receiver through a series of satellites, as shown in Fig.

During this process, it involves two direct ground-to-satellite
links: an uplink from the sender to the entry satellite, and a
downlink from the exit satellite to the receiver. The uplink
experiences significantly higher turbulence loss compared to
the downlink, due to two primary factors. First, in uplink trans-
mission, the beam propagates upward through the turbulent
atmosphere, which extends up to around 20 km. Atmospheric

turbulence causes beam wandering and broadening [4]], effec-
tively increasing the beam divergence early in its path. After
exiting the turbulent boundary layer, the already broadened
beam continues to propagate for several hundred kilometers
toward the satellite, resulting in substantial diffraction loss.
Second, practical limitations on the satellite payload restrict the
size of receiving lens, which further constraints the efficiency
for the uplink beam [10]. In contrast, during the downlink
transmission, the beam only encounters turbulence near the end
of its path and remains tightly focused during the majority of its
propagation, so the turbulence-induced broadening in downlink
transmission is much less significant. In this case, we model
the uplink loss as a combination of turbulence and diffraction,
while for the downlink, we consider diffraction loss only.

We assume the light beam is a Gaussian beam with an initial
beam waist of wg. Due to diffraction, such a beam diverges as it
propagates away from its waist, which is defined as the location
along the optical axis where the beam reaches its minimum
width. In uplink, the size of the beam spot at the satellite can
be quantified by the long-term beam width wyy as [9]], [[10]

z 42 \?
ah)=ud (1+CP)e2(2) . o
where wq is the initial beam width, z is the propagation

distance, and zg = 7(w3/\) is the Rayleigh range, k = 27”
and 7 is the Fried parameter for the uplink [[13]]
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where C,,(h) is the refractive index structure constant [2[], [24]]
2
C2(h) = 0.00594 (%) h10 (10—50) o(—h/1000)

2.7 % 107 18=h/1500 1 go(=h/100) (5
with A = 1.7 x 107! and v = 21m/s. This C,(h) profile
follows the H-V 5/7 model, which is a widely-used estimation
in turbulence analysis [24]. Notice that when estimating the
uplink 7o in Eq. (@), we integrate through the whole optical
length, i.e., from sender to the satellite (several hundreds of
kilometers) instead of ending at the atmosphere (about 20 km),
and therefore the resulting wyr is a high bound estimation [4]].

We then define ground-to-satellite link efficiency 7y to
quantify the ratio of received power at the satellite to the
transmitted power from the sender. The portion of the beam
that is beyond the receiving lens’s size will be truncated.

)

wrr

(6)



where p; is the receiving lens radius and 7y is a constant
empirical factor accounting for miscellaneous losses, such as
detector inefficiency, which we ignore as illustrated above. In
the downlink transmission, the loss model does not include air
turbulence loss, and therefore we use the ideal Gaussian beam
width as wrr with Eq. (@) in the efficiency calculation.

B. Inter-Satellite Photon Transmission

As illustrated in Fig. the end-to-end entanglements can
be established through multiple satellites. When the incom-
ing photon arrives, it first passes through the receiving lens,
which focuses the diverged beam onto an optical element. The
collimating lens then reshapes the refocused beam to a close-
to-parallel beam, which effectively reduces beam divergence,
thereby making it more robust against diffraction loss in the
later propagation. After the collimation, the beam will be sent
toward the next satellite. This segment forms a continuous
optical path through multiple satellites, with each satellite
receiving the incoming beam, collimating it, and forwarding
it to the next node. The beam waist evolves throughout this
process, and the transmission efficiency at each stage depends
on the accumulated diffraction loss and collimation quality.
Beam propagation between satellite ; and k: We begin with
the propagation phase between two adjacent satellites j and k,
such as satellites 1 and 2 in Fig. 2] Assume the beam waist of
this relayed beam from SAT j (called incoming beam) is w;,
and it propagates through open space and finally reaches the
receiver lens at SAT k with width w;_,; given by

2
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where L, is the propagation distance between w; and SAT k
2

(wjse)® =

and zg; = W;Uj is the Rayleigh range of the incoming beam.
Then the propagation efficiency between SAT j and SAT £k,
nga,k, is defined as how much light the receiving lens at SAT
k could receive from w;, given by

2
Wk =1 —exp —2( Pr ) . (8)

Wj—k
Beam refocusing at satellite £: Upon arrival at satellite &, the
incoming beam passes through a receiving lens, which acts
to refocus the expanded beam. This step reduces the beam
divergence accumulated during propagation and prepares it for
the next stage of collimation, forming a new Gaussian beam
with a beam waist w}, inside the SAT & [23]

(f:)?

wy,)? = w] , ©)
( k) j(ij_fr>2+31%J
where f; is the focal length of the receiving lens. Note

that when the propagation distance is much greater than the
Rayleigh range (i.e. Ljx > 2zr;), we assume the light beam
captured by the receiving lens has a constant wave front [[10].
The refocused beam forms an Airy disk located at one focal
length away from the lens, with central disk width wajry [6]
1.22)

5 Ir, (10)

Pr

Since most of the light energy is contained within its central
disk, whose pattern is similar to a Gaussian profile, we assume

/
Wy = WAiry =

that this beam will propagate as a Gaussian beam with beam
waist wfﬁ = wairy [10]. Notice that this constant-wave-front
approximation also applies to the first refocused beam from
uplink (inside SAT 1 in Fig. 2, as the beam has undergone a
huge broadening effect due to turbulence.

Collimating and forwarding: After refocusing, the beam is
sent through a collimating lens to minimize divergence for the
next propagation segment. This completes one inter-satellite
transmission cycle. The resulting beam waist and propagation
state at the output of satellite k£ are then used as the input
to the subsequent propagation phase toward satellite k + 1.
To collimate this refocused beam wj, and relay it to the next
satellite, the collimating lens should be placed one focal length
away from the beam waist, producing a collimated beam on
the opposite side, with waist width wy, given by [1]]

Je

Y

Ry
where f. is the focal length of the (I:Collimating lens and zg,, is
the Rayleigh range of the refocused beam wyj, inside SAT k.
The collimating efficiency at SAT k, 1%, is given by

2
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where wj,_, . is the beam width when wj, propagates to the col-
limating lens following the ideal Gaussian beam propagation,
and p. is the collimating lens’ radius.
The inter-satellite link efﬁciency njk (from w; to wy,) is
1" = o o (13)
Summary: Assuming there are in total d satellites in a path,
by iteratively applying this model across all satellites in the
path, the total satellite- to satellite transmission efficiency is

Ns = H 7712 23

The overall end-to-end transmlssion efficiency between two
ground stations s and ¢ is:

wk:w;

12)

pld=1d, (14)

1223 p(d=1)d
Mes H n 7 )
The end-to-end loss is primarily affected by all distances
between consecutive nodes along the paths, either between two
satellites or between a satellite and a ground station, which can
be represented as Loss(st) = —101ogq 7st-

Nst = TgsTlss = (15)

V. LACE: LOSS-AWARE CONSTELLATION DESIGN

A. Problem Formulation

Based on the loss model described in the previous section, we
now consider the problem of entanglement distribution between
pairs of ground stations through a satellite network. Each such
pair, denoted by st, is referred to as a source and destination
(SD) pair, and the set of all SD pairs is denoted by U. Our
objective is to design the satellite constellation in a way that
minimizes the worst-case total transmission loss among all SD
pairs. We formalize this in the following problem definition:

Definition 1 (LACE). Given the set of SD pairs U. The Loss
Aware Constellation Design problem seeks to determine the
constellation parameters (P, N, L), which define the resulting



Algorithm 1: End-to-end loss estimation algorithm

Algorithm 2: LACE Constellation Design Framework

Input: Satellite graph G = (V, E'), SD pair st, visible
satellite set V, V4, initial beam width w
Output: Loss(st)
1 vis(v) < 0,pa(v) <L, Loss(v) < oco,Vv € V' \ Vg;
2 Loss(v) < 0,beam(v) < wo, Vv € Vy;
3 while there exists unvisited node do

4 v 4 arg min,ecy {Loss(v) | vis(v) = 0};
5 vis(v) + 1;
6 if v is satellite sink in V; then break;
7 for u € Neighbors(v) do
8 if u € V, then
9 Loss(v) < uplink loss using Eq. (6);
10 beam(v) + refocused beam in Eq. (T0);
11 else
12 if u € V; then
13 | Loss(vu) < downlink loss using Eq. (6);
14 else
15 beam(u) < collimated beam in Eq. (TT));
16 Loss(vu) < inter-satellite loss using
Eq. (13);
17 if Loss(u) > Loss(v) 4+ Loss(vu) then
18 Loss(u) < Loss(v) + Loss(vu);
19 pa(u) « v;

20 return Loss(st);

satellite network G = (V, E), such that the maximum total loss
over all SD pairs in U is minimized, which is:

min  max Loss(st | P,N, h)

(PN ,h) steU

where Loss(st) denotes the end-to-end loss of pair st. Given
a specific constellation decided by (P, N,h), the ISLs are
typically connected in a fixed manner among all satellites.
Thus, the satellite network and the GSLs are uniquely defined
for a specific time based on the satellites’ locations. This
objective is subject to the following design constraints.

(1) Full ground station coverage: At any time, each ground
station must have at least one satellite above 6,,;,. This
constraint ensures that any ground station pair can send photons
to or receive photons from the satellite network at any time.

(2) Satellite numbers constraint: To reflect physical limi-
tations, we impose an upper bound V on the total number
of satellites. Specifically, given a constellation with P orbital
planes, and V satellites per orbit, it is required that P x N < V.

B. End-to-end Loss Estimation Algorithm Design

To solve the LACE problem, we estimate the total loss under
a given constellation configuration. This requires, for each SD
pair st € U, identifying a feasible transmission path through
the satellite network and computing its total loss based on the
propagation loss model. Since the loss over an inter-satellite
link depends on the cumulative beam evolution from the
source, the loss along a path is not a simple sum of independent
link losses. Instead, it must be computed sequentially along the
path, with the beam width dynamically updated at each hop.
Algorithm[I]is to estimate the end-to-end loss for an SD pair
st. Line |1] and Line [2] initialize visited flag vis(-), the parent

Input: Total number of satellites V), inclination angle ¢,
minimum elevation angle ,;,, SD pairs U
Output: Constellation (P/, N’ 1)
1 Lossyin < 0o, (P, N/, h/) « (L, 1,1);
2 Get all valid constellation configuration set in V;
3 for valid constellation configuration set (P, N,h) do

4 for each time interval T € T do

5 Build satellite network graph G with parameters
(P, N, h) and inclination 7;

6 for each st pair in U do

7 Identify visible satellites Vs, V; (Eq. (I));

8 if Vi 20NV, # 0 then

9 | Call Algorithm [1fto get Loss(st);

10 if Loss(st) < LosSy, then

11 Update Losspi, < Loss(st);

12 P — P, N — N, W« h;

13 return constellation (P, N, h')

node pa(-), the initial loss Loss(-) and beam width beam(-)
for all satellites in graph. In each iteration, the algorithm starts
from the node with the least loss and then marks it as visited
in Lines BH5] In Lines the algorithm updates the loss
for neighboring nodes and checks if the newly computed path
provides a lower cumulative loss compared to previous records.
Unlike traditional Dijkstra’s algorithm where each edge has
a static, independent loss, here the path loss dynamically
evolves along the path based on the evolution of light beam.
Specifically, after each hop, the beam waist and propagation
distance are updated based on the loss model, affecting the
efficiency and thus the loss of subsequent links. Consequently,
a node with a smaller cumulative loss at the current hop
does not guarantee a lower loss after additional hops, as the
degradation of beam state may lead to higher losses of the next
hop. This interdependence between the beam evolution and
path loss accumulation requires careful updating of the beam
state along with the loss at each node. The algorithm ends when
all nodes are visited. For the time complexity, since the number
of satellites is |V'| and the number of edges is | |, the algorithm
runs in O(| E|+|V|log |V|) time using a Fibonacci heap, where
|E| = O(]V]) for typical satellite network topologies.

C. LACE Constellation Design Framework

Based on the loss model and our end-to-end loss algorithm
design, the LACE framework is shown in Algorithm [2| Given
a total number of satellites V and inclination angle ¢, the algo-
rithm will first find all combinations of P and A/ whose product
is equal to V in Line 2] The details of this enumeration process
and its practical considerations are discussed later in this
section. Then, the algorithm checks all feasible combinations
in Line [3| and constructs a satellite network G = (V, E). In
Lines[dHI2] the algorithm estimates the end-to-end loss at every
time interval if there exist visible satellites for ground stations
st. The algorithm compares all end-to-end losses for different
constellations and returns the final feasible constellation. The
overall time complexity is O(|C| - || - T - L), where |C| is the
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Fig. 3: Worst-case loss in average for a fixed number of satellites

number of valid constellation configurations, |U/| is the number
of SD pairs, T is the total number of time intervals considered
and L is the time to estimate the end-to-end loss in Alg. [T}

VI. EVALUATION RESULTS
A. Evaluation Methodology

We simulated an LEO satellite constellation with the furthest
ground station pair located in major cities around the world.
By evaluating the loss for the farthest pair, we capture the
worst-case behavior of the network under realistic orbital
dynamics. The distances between the ground stations were
calculated using the longitude and latitude provided in [16].
The plane inclination was 90 degrees. The default total number
of satellites was 800, the default altitude was 550 km, and
the minimum elevation angle was set to be 10 degrees. The
constellation provided seamless coverage of ground stations at
any time. For our loss model, the parameters related to optical
beam propagation and lens characteristics were defined as
follows [4]], [10]. We assume that all the lenses (both receiving
and collimating) on all satellites share the same fixed size (p)
and focal length (f) as 1 m. We set wavelength (\) as 810 nm
and the initial beam divergence angle as 15 urad for calculating
the initial beam waist wy = ﬁ Additionally, for accurately
modeling line-of-sight constraints, we set R, as 6371 km.
We examined three distinct ISL connection strategies: (1)
Default: we adopt the widely utilized +Grid topology, in which
each satellite forms links with its two immediate neighbors
within the same orbit and one nearest satellite in each adjacent
orbit, resulting in four ISLs per satellite. (2) Diagonal: each
satellite connects to all feasible satellites in adjacent planes,
establishing links wherever direct line-of-sight is available and
not obstructed by the Earth. (3) All: each satellite establishes
ISLs with all other satellites within its line-of-sight. To de-
termine whether Earth obstructs an ISL, we computed the
midpoint of the link in the ECEF coordinate system. The
altitude of this midpoint is obtained by subtracting Earth’s
radius from its Euclidean norm. The link is considered feasible
if the altitude is positive. We monitored GSL changes every
10 seconds. Results were averaged over 3 runs in the same
setting. We used worst-case loss in average to measure the
average end-to-end loss of the farthest SD pair over time.

B. Evaluation Results

1) Worst-case loss comparison: Fig. 3| shows the worst-
case loss across various combinations while maintaining a
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fixed bound of 800 on the total number of satellites. We
observe that the network using “all” maintains the lowest loss
across different combinations in Fig. This result highlights
that equipping satellites with a sufficient number of lenses
provides greater flexibility in establishing ISLs. Moreover,
configurations where satellites are more evenly distributed tend
to reduce end-to-end loss, compared to highly imbalanced
deployments. Additionally, even when employing the “all”,
orbital altitude and elevation angle continue to have a notable
impact on the overall transmission loss. In Fig. [J(b)] the worst-
case loss increased as altitude increased. This indicates that
deploying satellites at higher altitudes results in increased
uplink and downlink distances, as well as longer inter-satellite
link distances, thereby significantly elevating the total loss.
In Fig. as the elevation angle increased, the number of
satellites visible to ground stations correspondingly decreased,
reducing the availability of feasible paths and potentially
resulting in situations where no entanglements can be estab-
lished. Thus, our first key observation is dense and balanced
distributed satellites with sufficient lenses and moderate
altitudes are critical for minimizing total transmission loss.

2) Different altitudes comparison: Fig. [d] shows the worst-
case loss at different altitudes. The loss decreased with the
increasing number of orbits in Fig. and with the increasing
number of satellites per orbit in Fig. B[b)] We observe that



increasing the number of orbital planes or satellites per orbit
consistently reduces the end-to-end. Furthermore, lower orbital
altitudes (e.g., 500 km) yield significantly reduced losses
compared to higher altitudes (e.g., 1500 km), reflecting the in-
creased transmission distances involved at higher altitudes. Our
second key observation is careful selection of configuration,
specifically increasing orbital density and reducing altitude,
can effectively enhance the performance of distribution.

3) Different link connection comparison: Fig. 5] shows the
worst-case loss at different link connections. As in Fig. the
loss initially decreased significantly as the number of orbital
planes increased. However, beyond approximately 25 orbital
planes, the reduction in loss became marginal, and the curve
gradually flattened. This observation indicates diminishing
returns from further increasing the number of orbital planes,
suggesting that deploying redundant orbital planes may not
yield substantial additional benefits in terms of loss reduction.
As in Fig. the loss using “all” and “diagonal” decreased
with the increase of the number of satellites per orbit, which
indicates that the increasing number of satellites per orbit can
provide more feasible lightpaths and further decrease the end-
to-end loss. However, the loss using “default” first decreased
and then increased with the increasing number of satellites per
orbit. This is because each satellite in “default” can establish
ISLs only in four directions. Consequently, when the number
of satellites per orbit increases, the establishment of entangle-
ment paths between distant ground stations typically requires
more intermediate hops, particularly involving satellites within
the same orbit. These additional hops lengthen the overall
entanglement path, thereby increasing the cumulative photon
loss. Our third key observation is increasing the number of
planes and satellites per orbit generally reduces total loss,
but excessive orbital planes yield diminishing returns, and
limited ISL connectivity like +Grid suffers increased loss
at high satellite densities due to longer multi-hop paths.

To summarize, LACE can serve as a guide for building
a global-scale satellite-assisted quantum internet with a
complete ISL connection strategy.

VII. CONCLUSION

In this paper, we introduced a Loss-Aware Constellation Design
framework (LACE) for satellite-based passive optical quantum
networks. aimed at enabling global-scale entanglement dis-
tribution. By developing a comprehensive beam propagation
loss model that incorporates diffraction, turbulence, and beam
truncation, we provided an accurate foundation for evaluating
end-to-end photon loss. We further propose an algorithm to
estimate the loss for end-to-end entanglements and also develop
a constellation design framework to determine the constella-
tion parameters. Through extensive simulations across diverse
constellation settings, we demonstrate how key orbital and
topological parameters influence transmission loss, offering
valuable insights for large-scale quantum network design.
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