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Abstract—Recent technological advancements in satellite
based quantum communication has made it a promising
technology for realizing global scale quantum networks.
Due to better loss distance scaling compared to ground
based fiber communication, satellite quantum communi-
cation can distribute high quality quantum entanglements
among ground stations that are geographically separated
at very long distances. This work focuses on optimal distri-
bution of bipartite entanglements to a set of pair of ground
stations using a constellation of orbiting satellites. In
particular, we characterize the optimal satellite-to-ground
station transmission scheduling policy with respect to the
aggregate entanglement distribution rate subject to various
resource constraints at the satellites and ground stations.
We cast the optimal transmission scheduling problem as an
integer linear programming problem and solve it efficiently
for some specific scenarios. Our framework can also be
used as a benchmark tool to measure the performance of
other potential transmission scheduling policies.

I. INTRODUCTION

Quantum entanglement distribution over long dis-
tances is necessary for numerous quantum applications
such as quantum key distribution (QKD) [1], teleporta-
tion [2], and distributed quantum computing [3]. Two
most promising solutions in which entanglements can
be distributed over global distances are, ground based
fiber connection with a chain of quantum repeaters,
and satellite based free space connection. In a ground-
based fiber connection, entangled photonic qubits are
sent through a single optical fiber link connecting two
remote users. It is well known that in such a direct con-
nection, the transmissivity and hence the entanglement
distribution rate decays exponentially with the distance
between the remote users [4]. Thus in practice, photonic
qubits can only be distributed up to distances of a few
hundred kilometers in fibers using direct connection.
Further long distance entanglement can be achieved
by inserting a chain of quantum repeaters between the
two remote users. Quantum repeaters [5] equipped with

978-1- 6654 0926-1/22/$31.00 ©2022 IEEE
Authorized licensed usé limited fo: University of Massachusetts Amherst. Downloaded on July 26,2022 at 14:21:18 UTC from IEEE Xplore. Restrictions apply.

quantum memories [6] perform entanglement swapping
and entanglement purification [5] to combine elementary
repeater-to-repeater link level entanglements providing
high quality end-to-end user entanglements.

An alternative strategy to achieve long distance entan-
glement is to use satellite based free space connection.
In the case of optical satellite links, the majority of pho-
ton’s propagation path is in empty space, thus incurring
much less channel loss and decoherence as compared
to a ground based fiber link. Also, recent experimental
successes [11], [12] in satellite based quantum commu-
nication, have made it possible to envision a global scale
satellite based quantum network.

In a satellite based quantum network, satellites are
deployed in constellations. The goal is to generate en-
tanglements between a set of pairs of ground stations.
While both down-link and up-link entanglement distri-
bution architectures have been proposed, the latter has
an additional loss component due to early atmospheric
diffraction also known as the shower-curtain effect [13].
In the double down-link distribution architecture, satel-
lites and ground stations act as transmitters and receivers
respectively. Each satellite holds entanglement generat-
ing photon sources that create pairs of entangled photons
and distribute the pairs to ground stations.

Recently, Khatri et al. [7], provided a detailed anal-
ysis of the double down-link architecture for a satellite
constellation based on polar orbits. The authors studied
multiple satellite configurations with a goal to minimize
the total number of deployed satellites and maximize
overall entanglement distribution rates across a set of
pair of ground stations. Assuming a time discretized
system, at the beginning of each time epoch, the au-
thors propose to schedule the satellite-to-ground station
transmissions in a greedy non-optimal manner. Also, the
authors ignore resource constraints in their formulation.



To the best of our knowledge, the problem of optimal
scheduling of satellite-to-ground station transmissions in
a satellite based quantum network has not been looked
at in the literature.

Resources in satellite based quantum networks, such
as number of transmitters per satellite, photon sources
and number of receivers, are limited. Therefore, effective
allocation of network resources and scheduling transmis-
sions are important to maximize the overall performance
of the network for a given constellation of satellites
and set of ground stations. This work serves for this
purpose. To the best of our knowledge, this is the first
work that aims at characterizing the optimal transmission
scheduling policy for a satellite based quantum network.
In this work, we aim to assign satellites to ground station
pairs dynamically based on the current state information
of the satellites and ground stations along with their
associated entanglement generation rates and fidelities
of entanglements. Consequently, our framework can be
used as a benchmark tool for other potential transmission
scheduling policies.

II. TECHNICAL PRELIMINARIES

In this section, we introduce the system model used
in the rest of the paper.

A. Satellite constellations and ground station pairs

We consider a satellite based quantum network that
distributes shared entangled photonic quantum states
between a set of ground station pairs. Denote , , and

as the set of satellites, ground stations, and pairs of
ground stations that request entanglement respectively.
The ground stations are located on earth, which rotates
around its axis with a rotation period of = hours. The
satellites are deployed in satellite constellations and orbit
around the earth at certain altitudes. Several examples of
constellations that has been considered for classical and
quantum communications include Polar, Walker, Iridium,
Starlink, and Kuiper [7]. While our results are applicable
to any constellation, for simulation purpose, we will
use the polar constellation. A complete simulation study
and comprehensive comparison of other constellations
remains part of our future work.

In a satellite based quantum network, each satellite has
photon sources that produce entangled pair of photons.
Satellites send each of the photons to a pair of ground
stations using a down-link channel. After an entangled
pair is successfully received by each of the two ground
stations, it can be used by any quantum application such
as QKD or quantum teleportation.
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We denote the elevation angle limit to be . Thus,
the entangled photon can successfully be received at
the ground station as long as the elevation angle (angle
between the satellite and horizon at the ground station)
of a satellite from the horizon exceeds . The elevation
angle is used to account for terrain obstructions, such
as buildings and mountains. For successful entanglement
distribution, the elevation angles for a satellite from both
ground stations must exceed

We also assume time is divided into fixed length
time slots. Both the satellites and ground stations have
limited number of resources, such as number of photon
sources and receivers. Thus at the beginning of each
time slot, based on current positions of the satellites
and the ground stations, the satellites are allocated to
ground station pairs to maximize the overall system-
wide entanglement distribution rate subject to resource
constraints. We discuss this in detail in Section III.

B. Loss and Noise model

Entanglement distribution over satellite links rely
heavily on utilizing photonic entangled pair generation
source and free-space optical communication strategies.
The location and configuration these sources, links and
any associated hardware depends on the quantum link
configuration chosen by the user(s).

For the dual downlink configuration highlighted in
Section II.A, we utilize a spontaneous parametric down-
conversion based dual-rail polarization entangled pair
source. This source is well-studied and widely utilized
for other tasks that involve quantum entanglement gen-
eration [9], [10]. The output quantum state from such
a source is described in the photon number Fock basis
(upto the support of photon pairs) [10]:

(1
where is a normalization constant and the term
coefficients are given by,

2
with denoting the mean photon number per mode of

the state. The entangled pair (in the dual rail basis) com-
ponent of the above state is ;
the vacuum portion is , and all the other terms
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Fig. 1: Dual downlink architecture for photonic entanglement distribution. (a) The satellite platform consists of
spontaneous parametric down conversion (SPDC) based entangled pair sources that produce the state in Eq. (1) and
distribute each qubit to the ground stations, with the necessary transmission optics. The ground stations consists
of receiver optics and adaptive optics (to minimize atmospheric distortion) that couple into the quantum memory
hardware. We assume that the system has perfect timing synchronization, accurate pointing and tracking, and inter-
station terrestrial classical communication links that are required for the protocol to succeed. (b) Total (Free space
+ atmospheric) and atmospheric distances of Satellite-to-ground station channels at time ¢.

are spurious two-pair emission terms. By controlling the
N, parameter one can limit the emission of these two-
pair terms whilst making sure the output state has a
considerable amount of the utilizable entanglement [9].

Since the link involves free-space optical transmission,
any analysis of such links must take into account the
characteristics of the optical channel. For the present
study, we account for transmission loss by studying the
property of the state after it passes through a bosonic
pure loss channel. Each qubit (i.e. pair of modes) under-
goes loss that is parametrized by a channel transmissivity
1ig(t) for a channel between satellite ¢ and ground
station g at time ¢. Details of the 7;4(¢) calculation is
given in Section II.C.

In general, transmission through a pure loss channel
reduces the mean photon number of the transmitted state,
and result in a pure state becoming mixed. Hence, this
affects the probability that both qubits of the entangled
pairs reach both parties successfully. Additionally, since
the output state has two-pair terms, loss may cause these
terms to lose a single photon and resemble the entangled
pair for each party. Note, that such terms are not nec-
essarily entangled, and hence result in a degradation of
the fidelity (to the ideal Bell pair) of a distributed pair.
Details of the model and the mathematical analysis of
the state is given in Ref. [8].

Additionally, our analysis takes into account excess
noise in the optical links (in the form of unfiltered

background photons) and dark clicks in the detectors
of the associated hardware. The inclusion of background
photons occurs at random and can only be detected when
the users detect their individual states. However since the
output quantum state is a superposition of multiple terms,
the user will be unable to distinguish a background
photon from photons generated by the source. As a
simple example, in the absence of loss, the detection
of the state |0,1) by a user could either mean they
received a qubit (of the generated ebit), or they detected
the vacuum state with one excess photon (which is not
entangled). Hence given a detection pattern, the output
state description is best expressed as a statistical mixture
of the possible states that could have given rise to the
pattern. This limits the fidelity of the output state. Paired
with a lossy optical transmission, such a noise process
can be highly detrimental to the quality of the shared
entanglement. This is simply because, with higher loss
there are fewer qubits that are successfully transmitted.
Since noise is independent of loss, there would be a
threshold after which background photons significantly
eclipse the entangled photons and drive the fidelity of the
distributed state below a manageable/suitable threshold.
In the present work, we take into account this effect
implicitly, by working in loss and noise regimes that
remain above the desired fidelity threshold. A detailed
analysis is given in Appendix D of Ref. [8].
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C. Channel Transmissivities

The transmissivity for a channel between satel-
lite and ground station at time depends on the
free space and atmospheric distances as shown in Fig-
ure 1 (b). Let be the distance between satellite

and ground station at time . Denote be
the distance between ground station and atmospheric
boundary when connected to satellite . We consider
optical links with circular apertures of diameter
and for the transmitter and receiver telescopes at
satellite and ground station respectively, operating
at some wavelength . The free space, atmospheric and
the overall channel transmissivity for such a link is well
approximated by,

3)

where is the atmospheric extinction coefficient.

Set of satellites

Set of ground stations

Set of pair of ground stations

Number of satellites

Number of pairs of ground stations

Maximum number of receivers at ground station
Maximum number of transmitters at satellite
Maximum number of simultaneous connections allowed
for ground station pair

Elevation angle limit (from the horizon)

Total number of time slots

Slot duration (in seconds)

A time slot ( )
Elevation angle of satellite from ground station
at time

Fidelity threshold

Optimization variable denoting if satellite is
assigned to ground station pair at time

Weight associated with the assignment of satellite
to ground station pair at time

Entanglement rate associated with satellite  for
entanglement of the ground station pair at time
Fidelity associated with satellite for entanglement
of the ground station pair at time

Indicator variable denoting if satellite covers both
ground stations and in pair  at time

TABLE I: Summary of Notations.
III. PROBLEM FORMULATION

We now propose the optimal transmission scheduling
policy associated with satellite based quantum network.
We summarize the notations used in Table I.

We assume time is slotted with slot duration  sec-
onds. Let denote the total number of time slots. Let
be any arbitrary time slot with . Let
be the binary decision variable denoting if satellite is
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assigned to create entanglement between ground station

pair at time In any transmission scheduling policy,
the overall goal is to assign to  so as to maximize the
objective Here,

denotes the weight/utility associated with the
assignment of satellite to ground station pair . Possible
choices of include the entanglement generation
rate or the average arrival rate of requests for
creating entanglement between ground stations in pair
for a particular quantum application such as: QKD

or quantum teleportation. Let , 1.e. pair
consists of ground stations  and Let be the
indicator variable defined as follows.
and
otherwise

“)
Here, denotes the fidelity of the entangled state
between satellite  and pair  with being the
minimum fidelity threshold. and are the
elevation angles of satellite from ground stations
and respectively. Note that, and are

determined at the beginning of time slot according to
the noise and loss models discussed in Section II.B.

Thus the optimal transmission scheduling problem
(OPT-SAT) at time slot can be cast as the following
integer programming problem.

OPT-SAT: (5a)

(5b)

(50

(5d)

S.t.

(5¢)
where and are the maximum number of trans-
mitters and receivers at satellite and ground station

respectively. denotes the maximum number of

simultaneous connections allowed for pair

Depending on request requirements, a ground station

can be part of multiple ground station pairs and thus
is not allowed to be allocated to more than satellites.
Constraint (5b) corroborates the same. Constraint (5¢)
ensures that satellite does not get allocated to more
than  ground station pairs. Similarly, Constraint (5e)
does not allow ground station pair to be allocated to
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Fig. 2: Solving OPT-SAT can be equivalent to (a) solving
a maximum weight independent set problem when R, =
1,T; = 1,L; = 1 and (b) solving a matching problem
when Rg =N, T; =1,L; = 1.

more than L; satellites. We also assume R, > L;,Vj €
F,g € j. Constraint (5e) ensures that z;;(t) are binary
decision variables.

The optimization problem (5) is an integer linear
programming problem. Below we consider few specific
scenarios and in some cases, design efficient exact algo-
rithms to solve OPT-SAT.

A. Single transmitter and single receiver scenario (Rq =
]_,Tg - ]--;LJ - ].)

We first consider the case when each satellite has
only a single transmitter and each ground station has
a single receiver. We can construct a graph G¢(V, E)
as shown in Figure 2 (a). We set V' = {(i|j1,72), Vi €
S,7 = {41, 42} € F,C;;(t) = 1}. We assign each vertex
v € V a weight wy, = w;;(t) where v = (i|j1,72)
and 7 = {j1,52}. Also we define E = {e =<
(|71, 52), (K|l 12) > s.t. i =k or {j1, ja} N {l1,lo} #
®}. It can be easily seen that solving OPT-SAT in
this case corresponds to obtaining the maximum weight
independent set of G;.

Finding the maximum weight independent set of a
general graph is NP-hard. However, for many classes
of graphs, a maximum weight independent set may be
found in polynomial time. Some examples include claw-
free graphs, P5-free graphs, perfect graphs and chordal
graphs [14]. Unfortunately, through careful choice of
values for C;;(t), one can construct scenarios for which
G, is not claw-free or perfect or chordal or P5-free,
thus advocating for the possibility that existence of an
efficient exact algorithm to solve OPT-SAT is unlikely.

Numerous approximation algorithms have been pur-
posed to solve the maximum weight independent set
problem. Below we briefly discuss one such algorithm
[15]. Let §, be the degree of vertex v. We assume
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the initial independent set to be empty. Let ~, =
2 u|(uw)eE Wu/wy be the weighted degree of vertex
v. Now, we add the vertex with the smallest value of
7y to the independent set. We then delete this vertex
and all of its neighbors from the graph. We redo this
process for the remaining sub-graph until it becomes
empty. Let p; be the approximation ratio for this algo-
rithm. It has been shown that [15] p; > where

Y= Zvev wyly/ ZUEV Wy

B. Single transmitter and multiple receiver scenario
(Rg=N,T;=1,L;=1)

Next we consider the case when each satellite has
only a single transmitter and each ground station has
multiple receivers. If we are restricted to assign only one
satellite to one ground station pair, then solving OPT-
SAT can be transformed into finding maximum weight
matching in a bipartite graph G¢(V, E') with bi-partition
(S,F) and V = S UF as shown in Figure 2 (b). In
this case, we define a weight function on the edges
w : E — R as follows. We set w;; = w;;(t)Ci;(t)
for all ¢ € 5,5 € F. The maximum weight bipartite
matching problem on G; can be solved efficiently by the
Hungarian algorithm with a time complexity of O(n?)
where n = max{N, M }.

Note that, the case with Rg = N,T; > 1,L; > 1 can
easily be efficiently solved by creating T; and L; copies
of satellite ¢« and ground station pair j respectively at
prescribed locations and by finding the optimal bipartite
matching on this extended bipartite graph.

_1
EES

IV. NUMERICAL RESULTS
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—e— Khatri et al. (matching)
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Fig. 3: Performance comparison of OPT-SAT with

greedy scheduling policy proposed by Khatri et al. [7].

In this section, we use simulations to compare the
performance of OPT-SAT to that of a greedy scheduling
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policy proposed in the literature [7]. We assume polar
satellite constellation where satellites are deployed in
equally spaced rings with ~ equally spaced satellites in
each ring at the same orbit altitudes. More details on this
constellation can be found in [7]. We assume the ground
station pairs to be all possible pair combinations of
the cities: Toronto, New York City, London, Singapore,
Sydney, Rio de Janeiro, and Mumbai. Thus we have
We set
day . Again, we set

and
satellite pump power to . We consider a
repetition rate for the entanglement source, i.e. during
a time slot of  second, entangled photons are
produced at the source. For each time slot ,
we consider the case when and
solve OPT-SAT by finding the maximum weight bipartite
matching as described in Section III.B.

We present the results of our simulation in Figure
3. We study the effect of satellite orbit altitude on the
number of successful entanglements generated across all
pairs of ground stations aggregated over all time slots.
Clearly, by increasing orbit altitude, the entanglement
generation rate decreases. At higher altitudes, the satel-
lite to ground station connectivity increases. l.e. the pass
time or the total time for which a satellite is connected
to both ground stations is more as compared to the pass
time for the same satellite orbiting in lower altitudes.
However, the transmission losses are huge at higher
altitudes due to greater free space distances travelled by
the entangled photons. Eventually, the loss component
dominates and we get lower entanglement generation
rate at higher altitudes. Moreover, as expected, OPT-
SAT performs better compared to the state-of-the-art
greedy scheduling policy. Also, notice that, the perfor-
mance difference between OPT-SAT and greedy schedul-
ing policy increases with increase in orbit altitude. At
higher altitudes, a satellite covers more ground stations
and a ground station is covered by more number of
satellites. Thus, the feasibility region/space of the OPT-
SAT problem increases with altitude and it increasingly
performs better than the greedy policy. At an altitude of

kilometers, there is around improvement in
performance of OPT-SAT compared to greedy.

V. CONCLUSION

In this work, we optimally scheduled the satellite-
to-ground station transmissions of bipartite entangled
photons in satellite based quantum network. We cast the
optimal scheduling problem as an integer programming
problem and discussed two specific scenarios represent-
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ing different resource constraints. Using numerical sim-
ulations, we compared the performance of our proposed
optimal scheduling policy to a state-of-the-art greedy
scheduling policy for polar satellite constellation. Going
further, we aim to extend our analysis to characterize
optimal scheduling policy for multi-partite entanglement
distribution. A simulation study to compare and contrast
the performance of different satellite constellations re-
main one of our future works.
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