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Recent experimental breakthroughs in satellite quantum communications have opened up the possibility of creating a global
quantum internet using satellite links. This approach appears to be particularly viable in the near term, due to the lower attenuation
of optical signals from satellite to ground, and due to the currently short coherence times of quantum memories. The latter prevents
ground-based entanglement distribution using atmospheric or optical-fiber links at high rates over long distances. In this work, we
propose a global-scale quantum internet consisting of a constellation of orbiting satellites that provides a continuous, on-demand
entanglement distribution service to ground stations. The satellites can also function as untrusted nodes for the purpose of long-
distance quantum-key distribution. We develop a technique for determining optimal satellite configurations with continuous
coverage that balances both the total number of satellites and entanglement-distribution rates. Using this technique, we determine
various optimal satellite configurations for a polar-orbit constellation, and we analyze the resulting satellite-to-ground loss and
achievable entanglement-distribution rates for multiple ground station configurations. We also provide a comparison between these
entanglement-distribution rates and the rates of ground-based quantum repeater schemes. Overall, our work provides the
theoretical tools and the experimental guidance needed to make a satellite-based global quantum internet a reality.
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INTRODUCTION

One of the most remarkable applications of quantum mechanics is
the ability to perform secure communication via quantum-key
distribution (QKD)'™*. While current global communication sys-
tems rely on computational security and are breakable with a
quantum computer””, QKD offers, in principle, unconditional
(information-theoretic) security even against adversaries with a
quantum computer. With several metropolitan-scale QKD systems
already in place® ', and with the development of quantum
computers proceeding at a steady pace'®'®, the time is right to
begin transitioning to a global quantum communications network
before full-scale quantum computers render current communica-
tion systems defenseless'®?'. In addition to QKD, a global
quantum communications network, or quantum internet®?2¢,
would allow for the execution of other quantum-information-
processing tasks, such as quantum teleportation?’?%, quantum
clock synchronization®*=", distributed quantum computation®?,
and distributed quantum metrology and sensing>>73°.

Building the quantum internet is a major experimental
challenge. All of the aforementioned tasks make use of shared
entanglement between distant locations on the earth, which is
typically distributed using single-photonic qubits sent through
either the atmosphere or optical fibers. These schemes require
reliable single-photon sources, quantum memories with high
coherence times, and quantum gate operations with low error. It is
well known that optical signals transmitted through either the
atmosphere or optical fibers undergo an exponential decrease in
the transmission success probability with distance®®*’. Quantum
repeaters*®*° have been proposed to overcome this exponential
loss by dividing the transmission line into smaller segments along
which errors and loss can be corrected using entanglement
swapping®”*' and entanglement purification®*™**. Several

theoretical proposals for quantum repeater schemes have been
made (see refs “>*>® and references therein); however, many of
these proposals have resource requirements that are currently
unattainable. Furthermore, experimental demonstrations per-
formed so far have been limited*’~*° and do not scale to the
distances needed to realize a global-scale quantum internet.

Satellites have been recognized as one of the best methods for
achieving global-scale quantum communication with current or
near-term resources>>*°>*, Using satellites is advantageous due
to the fact that the majority of the optical path traversed by an
entangled photon pair is in free space, resulting in lower loss
compared to ground-based entanglement distribution over
atmospheric or fiber-optic links. Satellites can also be used to
implement long-distance QKD with untrusted nodes, which is
missing from most current implementations of long-distance QKD
due to the lack of a quantum repeater. A satellite-based approach
also allows for the possibility to use quantum strategies for tasks
such as establishing a robust and secure international time scale
via a quantum network of clocks>®, extending the baseline of
telescopes for improved astronomical imaging>®~%, and exploring
fundamental physics>*°°.,

Several proposals for satellite-based quantum networks have
been made that use satellite-to-ground transmission, ground-to-
satellite transmission, or both®%>3>*61-5% Racent experiment565'7°'76
(see also ref. 77 for a review) between a handful of nodes opens up
the possibility of building a global-scale quantum internet using
satellites. As shown in Fig. 1, this means having a constellation of
orbiting satellites that transmit either bipartite or multipartite
entanglement to ground stations. These ground stations can act
as hubs that then distribute entanglement to neighboring ground
stations via short ground-based links. In order to successfully
implement such a global-scale satellite-based quantum internet,
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Fig. 1

entanglement depicted by wavy lines) to distant ground stations (observatories) that host multimode quantum memories for storage

A hybrid global quantum communications network. A satellite constellation distributes entangled photon pairs (red wave packets;

114-116

These stations act as hubs that connect to local nodes (black dots) via fiber-optic or atmospheric links. Using these nearest-neighbor
entangled links, via entanglement swapping, two distant nodes can share entanb%lement. Note that this architecture can support inter-satellite
entanglement links as well, which is useful for exploring fundamental physics®, and for forming an international time standard®.

many factors must be taken into account, such as economics,
current technology, resource availability, and performance require-
ments. Ideally, the satellite network should have continuous global
coverage and provide entanglement on demand at a reasonably
high rate between any two distant points on earth. Given this
performance requirement, important questions related to econom-
ics and resources arise, such as: How many satellites are needed for
continuous global coverage? At what altitude should the satellites
be placed? What entanglement-distribution rates are possible
between any points on earth, and how do these rates compare to
those that can be achieved using ground-based quantum repeater
setups?

In this work, we address these questions by analyzing a global-
scale quantum internet architecture in which satellites arranged in
a constellation of polar orbits (see Fig. 2) act as entanglement
sources that distribute entangled photon pairs to ground stations.
The nearest-neighbor entangled links can then be extended via
entanglement swapping to obtain shared entanglement over
longer distances. We start by determining the required number of
satellites for such a network to have continuous global coverage.
Since satellites are a costly resource, continuous global coverage
should be achieved with as few satellites as possible. To that end,
our first contribution is to define a figure of merit that allows us to
investigate the trade-off between the number of satellites, their
altitude, the average loss over a 24-h period, and the average
entanglement-distribution rates. By running simulations in order
to optimize our figure of merit, we obtain one of our main results,
which is the optimal number of satellites needed for continuous
global coverage, as well as the optimal altitude at which the
satellites should be placed such that the average loss is below a
certain threshold. We then compare the resulting entanglement-
distribution rates to those obtained via a ground-based entangle-
ment distribution scheme assisted by quantum repeaters. This
leads to another key result of our work, which is that the satellite-
based scheme (without quantum repeaters) can outperform
ground-based quantum repeater schemes in certain cases. We
also consider entanglement distribution to major global cities over
intercontinental distances. The key result here is that, with a
constellation of 400 satellites, entanglement distribution at a
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Fig. 2 Our proposed satellite-based quantum network. We allow
for Ng equally spaced rings of satellites. Within each ring, we allow
for Ns satellites in polar orbits.

reasonably high rate is not possible beyond approximately
7500 km.

We remark that our approach is similar to the approach taken in
ref. ®, in which ground stations are placed only on the equator
and there is a single ring of satellites in an equatorial orbit around
the earth. Our work goes beyond this by considering a genuine
network scenario in which multiple ground stations are placed
arbitrarily on the earth and there is a constellation of satellites in
polar rather than equatorial orbits, as shown in Fig. 2.
Furthermore, while prior work has considered satellite
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constellations for entanglement distribution®®”8, to our knowl-

edge, the type of dynamic quantum network simulation with
satellite constellations that we consider, along with optimization
over different constellation configurations, has not been pre-
viously studied.

We expect the results of this work to serve as a guide for
building a global-scale quantum internet, both in terms of the
number of satellites needed as well as the expected performance
of the network. In particular, our results comparing satellite-based
entanglement distribution to ground-based repeater-assisted
entanglement distribution suggest that, at least in the near term,
satellites are indeed the most viable approach to obtaining a
global-scale quantum internet.

RESULTS
Network architecture

Our proposed satellite network architecture is illustrated in Fig. 2.
We consider Ny equally spaced rings of satellites in polar orbits.
We allow for Ns equally spaced satellites in each ring, so that there
are NgNs satellites in total, all of which are at the same altitude h.
This type of satellite constellation falls into the general class of
Walker star constellations’®, and we consider it mainly for its
simplicity, but also because this constellation is similar to the
Iridium communications-satellite constellation®>®'. Prior works
have examined various other types of satellite constellations for
the purpose of continuous global coverage’®®2®* The recent
Starlink constellation® is also being used to provide a global
satellite-based internet service. Investigations of these other
satellite constellation types, and comparisons between them in
the context of a global quantum internet, is an interesting
direction for future work.

The satellites act as source stations that transmit pairs of
entangled photons to line-of-sight ground stations for the
purpose of establishing elementary entanglement links. The
ground stations can act as quantum repeaters in this scheme—
performing entanglement purification and entanglement swap-
ping once the elementary links have been established. In this way,
we execute long-distance entanglement distribution between
ground stations. Note that we could alternatively use the satellites
as quantum repeaters®®®’, which would require uplinks. It has
been shown in, e.g,, ref. ©3, that uplinks are more lossy and lead to
lower key rates for QKD. For this reason, we consider downlinks
only. The photon sources on the satellites produce polarization-
entangled photon pairs. State-of-the-art sources of entangled
photons are capable of producing polarization-entangled photons
on a chip with a fidelity up to 0.97%%°",

Overview of simulations

We obtain our results by running several entanglement distribution
simulations using the satellite network architecture illustrated in
Fig. 2. We consider as our baseline requirement that a satellite
network should provide continuous coverage to two ground
stations located on the equator. We thus start by running a 24-h
simulation with two ground stations at the equator separated by
distances d between 100 and 5000 km, and satellite configurations
ranging from 20 to 400 satellites at altitudes between 500 and
10000 km. We choose ground distances starting from 100 km
because 100 km is roughly the longest distance at which ground-
based entanglement distribution can be successfully performed at a
reasonable rate without quantum repeaters; see, for e.g,, refs 927>,
Our choice of satellite altitudes encompasses both low earth orbits
and medium earth orbits, which are the orbits currently being used
for most satellite communications systems®'5>,

A satellite configuration is given by the number Ny of satellite
rings, the number Ns of satellites per ring, and the altitude h of the
satellites. Our requirement of continuous coverage means that
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both ground stations must be simultaneously in view of a satellite
at all times. We also impose an additional requirement that, even
when in view of both ground stations, the total transmission loss
between a satellite and the ground station pair should not exceed
90 dB, in order to keep ebit rates above 1 Hz. (See the Methods
section for further simulation details.) Note that, based on the
satellite constellations that we consider here, two ground stations
at the equator is the worst-case scenario, in the sense that two
ground stations at higher or lower latitudes will always have less
satellite-to-ground loss on average (we show this in Fig. 5 below).

For all of our simulations, we take into account attenuation due
to the atmosphere; see the “Methods” section for a description of
our loss model. However, we assume clear skies, hence no rain,
haze, or cloud coverage in any area. Including these extra
elements would introduce extra attenuation factors (see, for e.g.,
section 2.1.1.4 of ref. *’and refs “®°7), which would increase the
overall satellite-to-ground transmission loss (see refs 7898 for an
analysis of satellite-to-ground quantum key distribution in a
localized area that incorporates local weather conditions). We also
point out that, especially in the daytime, background photons
(e.g., from the sun) can reduce the fidelity of the distributed
entangled pairs, because the receiver will collect those back-
ground photons in addition to the signal photons from the
entanglement source. This source of background photons is
perhaps the most difficult obstacle to continuous global coverage.
Timing information, as well as information about the spectral and
spatial profile of the signal, can help reduce the noise via filtering,
but only to a certain extent (see, for e.g., refs 7>°%). Furthermore,
because the probability to transmit single photons from satellite
to ground is quite low, the communicating parties must ensure
that the probability to collect background photons is even lower
in order to ensure a high signal-to-noise ratio (SNR), and thus a
high fidelity for the received quantum state. In the Methods
section we show how the fidelity of the transmitted states is
affected by spurious background photons.

Optimal network configurations for global coverage

Given two ground stations separated by a distance d and situated
at the equator, along with a particular satellite constellation
defined by (Ng, Ns, h), as described above, how do we evaluate the
performance of the given satellite constellation? Since satellites
are currently an expensive resource, we would like to have as few
satellites as possible in the network while still maintaining
complete and continuous coverage. We could therefore take as
our figure of merit the total number of satellites in the network.
Specifically, given an altitude h of the satellites and distance d
between the two ground stations, we define Nyp(h, d) to be the
minimum total number of satellites needed to have continuous
24-h coverage for the two ground stations (see the Methods
section for details). We could then minimize Nqp(h, d) with respect
to altitudes. On the other hand, we also want high entanglement
distribution rates. We let R(Ng,Ns,h,d) denote the average
entanglement-distribution rate over 24 h for the satellite
configuration given by (Ng, Ns, h) and two ground stations at
the equator separated by a distance d (see the Methods section
for the formal definition). The rate is calculated in a simple
scenario without multimode transmission from the satellites and
without multimode quantum memories at the ground stations.
We could then take the quantity

R (h,d) = maxR(Ne, Ns. h. d) (1)

as our figure or merit, which is the average rate (in ebits/s) over a
24-h period for a given altitude h and a given distance d, where
the optimization is over satellite configurations with a fixed h such
that there is continuous coverage for 24 h and the loss at any time
is less than 90 dB (see the Methods section for details). Now, as
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Fig. 3 Simulation results for two ground stations at the equator separated by a distance d. Left—optimal number Nog(h, d) of satellites for
continuous 24-h coverage. Center—Figure of merit in eq. (4) in units of ebits/s per satellite. Satellite configurations corresponding to the
maxima of the curves are shown in Table 1. Right—entanglement-distribution rates corresponding to the points in the plot in the central panel.

We assume a source rate of Rource = 10° ebits/s' .

one might expect, with fewer satellites the average loss would
increase, thus decreasing entanglement-distribution rates, while
increasing the number of satellites would decrease the loss, hence
increasing the average entanglement-distribution rate. In order to
balance our two competing goals—minimizing the total number
of satellites and also maximizing the average rate—we take as our
figure of merit the ratio of the average entanglement-distribution
rate to the total number of satellites:

R(NRa N$7 h7 d)
NgrNs
which has units of ebits/s per satellite. Then, the goal is to take the

satellite configuration that maximizes this figure of merit. In other
words, our goal is to find

(N3(d),Ng(d), h*(d)) := argmax c(Ng, Ns, h,d) 3)

RIS,

C(NR,Ns,h,d) = (2)

for any given distance d between the two ground stations, where
the optimization is constrained such that there is continuous
coverage to the two ground stations for 24 h and the transmission
loss at any given time is less than 90 dB (see the “Methods”
section for details). We suppress the dependence of the functions

%, NZ, and h™ on the distance d when it is understood from the
context. We let

C(h,d) == mil)s(c(NR,Ns,h,d) (4)

be the figure of merit ¢ optimized over Ng and Ns, with the
constraint that both ground stations have continuous coverage
over 24 h and that the transmission loss at any time is less
than 90 dB.

The results of our simulations are shown in Fig. 3. The complete
set of results for all ground distances and satellite configurations
considered is contained in the data files accompanying the paper.
We first consider the quantity Nope(h, d) as a function of altitude h
for fixed ground-station separations d (left panel of Fig. 3). In terms
of the satellite configurations, we find that at higher altitudes
more satellites per ring are required in general, while at lower
altitudes generally more rings are required. In terms of the total
number of satellites, we find that as the altitude increases the total
number of satellites decreases. Interestingly, however, as we
continue to increase the altitude we find that there are altitudes
(between 5000 and 6000 km) at which the total number of
satellites reaches a minimum. Beyond this range of altitudes, the
required number of satellites increases. The presence of this
minimum point gives us an indication of the altitudes at which
satellites should be placed in order to minimize the total number
of satellites. However, for these altitudes, the average
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Table 1. Satellite configurations (Nj, N%, h*), as defined in eq. (3),
corresponding to the maxima of the curves for the figure of merit C(h,
d) plotted in the central panel of Fig. 3.

d (km) h* (km) Ny, NZ Tas R (ebits/s)
1500 1000 7 13 62.80 1321.32
2500 1500 7 13 66.86 289.07
3500 2000 8 10 72.93 70.02
4500 3000 8 9 77.64 20.52
5000 3500 8 9 79.75 12.03

Also shown are the average loss Ny = Ngg(Ng, N5, h*, d) and average rate
R = R(Nj,N¢,h*, d) over 24 h for the optimal satellite configuration. See

the Methods section for the formal definition of 745 and R.

entanglement-distribution rates are generally quite low, on the
order of 10 ebits/s.

Next, we consider the figure of merit C(h, d) defined in eq. (4).
We plot this quantity for various values of the altitude h and
distance d in the central panel of Fig. 3. In the right panel of Fig. 3,
we plot the corresponding average entanglement-distribution
rate over 24 h. For all distances d, except for d =500 km, we find
that there is an altitude h at which C(h, d) is maximal. These
optimal altitudes, along with the values of Nz and Ns achieving the
value of C(h, d) and the corresponding average loss and average
entanglement-distribution rate over 24 h, are shown in Table 1.
Given a desired distance between the ground stations, these
optimal parameters can be used to decide on the number of
satellites to put in the network and the altitude at which to put
them so that there is continuous coverage, which then leads to
particular values for the average loss and the average
entanglement-distribution rate. Conversely, given a particular
performance requirement (in terms of the entanglement-
distribution rate), we can use our results to determine both the
required satellite configuration and the required distance between
the ground stations in order to achieve the desired rate. For
example, using the plot on the right panel of Fig. 3, in order to
achieve a rate greater than 10° ebits/s on average in 24 h, the
satellite constellation altitude should be less than 2000 km
(among the constellations considered), and the distance d
between the ground stations has to be roughly less than 1500 km.

In Fig. 4, we plot the entanglement-distribution rate to two
ground stations at the equator separated by a distance d = 1000
km with a satellite constellation given by Ng =9 satellite rings,
Ns = 10 satellites per ring, and altitude h = 1500 km. We also plot
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Fig. 4 Entanglement distribution as a function of time to two
ground stations at the equator. The ground stations are separated
by d = 1000 km with a satellite constellation given by Ng = 9 satellite
rings, Ns = 10 satellites per ring, and altitude h = 1500 km. We show
a snapshot from 2000 to 5000 s of our 24-h simulation. Top—the
distance L of each ground station to the satellite with the least total
transmission loss. Bottom—the corresponding entanglement-
distribution rate as a function of time, assuming a source rate of
Reource = 10° ebits/s"®.

2000 2500 4500 5000

the distances of the ground stations to a satellite. We find that the
rate exhibits a distinct oscillatory behavior with periodic bumps. In
each bump, the rate increases as a satellite gets closer to the
ground stations and decreases as the satellite passes by. All of the
bumps in the rate have slightly different duration and slightly
different peaks due to the fact that, at each time, the ground
station pair is generally in view of multiple satellite, and we pick
the satellite with the lowest transmission loss to the ground
station pair (see the Methods section for further details). In
general, therefore, each bump corresponds to a different satellite
distributing entanglement to the two ground stations.

Let us now consider optimal entanglement-distribution rates to
the two ground stations, i.e., let us consider the quantity ﬁom(h, d)
defined in eq. (1). The results are shown in the top panel of Fig. 5.
We assume that the satellites transmit entangled photon pairs at a
rate of Ryource = 10° ebits/s'%. Unsurprisingly, for every pair (h, d)

of altitudes h and distances d, the quantity ﬁom(h, d) is attained by
the satellite configuration that we considered that has the highest
number of satellites, namely Ng =20 rings and Ns = 20 satellites
per ring. However, despite the sharp increase in the number of
satellites, the rates are not much higher than those in the right
panel of Fig. 3, which are obtained by optimizing our main figure
of merit C(h, d). The highest rate among all distances is around
46 x 10* ebits/s, which is attained for a distance of 500 km and
altitude of 500 km.

In the bottom panel of Fig. 5, we display the results of our
entanglement distribution simulations when both ground stations
are at a different latitude, with Ny = Ns = 15. Due to the fact that
the satellites follow polar orbits in our network architecture,
meaning that they congregate at the poles, the entanglement-
distribution rates are higher for latitudes closer to the north and
south poles than for the equator. This result also confirms that
placing two ground stations at the equator is the worst-case
scenario in terms of average loss (and thus average rate).

Before continuing, let us remark that our technique for
obtaining optimal satellite configurations for continuous global
coverage, via optimization of the quantities defined in egs. (2) and
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Fig. 5 Average entanglement-distribution rates (over 24 h) for
two ground stations for various satellite constellations. In all
cases, we assume that the satellites transmit entangled photon pairs
at a rate of Ryource = 10° ebits/s'%. Top—optimal rate (as defined in
eq. (1)) among all satellite configurations considered for two ground
stations at the equator separated by a distance d. Each point in the
plot corresponds to Ng = 20 satellite rings and Ns = 20 satellites per
ring, because we find that this configuration achieves the maximum
in eq. (1). Bottom—both ground stations at various latitudes. The
ground stations are separated by approximately 18° in longitude.
The satellite constellation consists of Ng=15 satellite rings with
Ns = 15 satellites per ring.

(4), can be straightforwardly extended to an optimization
procedure that consists of more than two ground stations; see
the Methods section for details.

Multiple ground stations

We now present the results of an entanglement distribution
simulation consisting of multiple ground stations. We place 42
ground stations in a grid-like arrangement, with horizontal
separation (i.e., separation in longitude) of approximately 18°
and vertical separation (i.e., separation in latitude) of approxi-
mately 18°. We use a satellite constellation of Ng =15 rings and
Ns = 15 satellites per ring, for a total of 225 satellites. In Fig. 6, we
display the average loss for nearest neighbor pairs over a
simulation time of 24 h.

In the top plots of Fig. 6, we consider all possible nearest-
neighbor pairs in the simulation. As expected, the loss is lowest
away from the equator (latitude 0°), because neighboring ground
stations are closer to each other away from the equator, due to
the curvature of the earth, and because of the nature of our
satellite constellation (satellites congregate at the poles). We also
find that diagonal nearest-neighbor pairs have higher losses
compared to pairs that are horizontally or vertically separated. This
can be explained by the fact that diagonally-separated ground
stations are farther away from each other than horizontally- or
vertically-separated ground-station pairs. Our strategy for assign-
ing a satellite to a ground-station pair (see the Methods section)
thus favors pairs that are horizontally or vertically separated. We
also find that the maximum loss for a satellite altitude of h = 1000
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Fig. 6 Average loss and rate (over 24 h) for pairwise entanglement distribution for a collection of ground stations in a grid-like
configuration. The nearest neighbors are separated by approximately 18° in latitude and longitude. The satellite constellation consists of
Ngr =15 rings and Ns = 15 satellites per ring, for a total of 225 satellites. Average rates in the central panel are calculated in a simple scenario
without multimode transmission from the satellites and without multimode quantum memories at the ground stations. We assume that the
satellites transmit entangled photon pairs at a rate of Ryource = 10° ebits/s'. Top—entanglement distribution to all possible nearest-neighbor
pairs. Bottom—entanglement distribution only to diagonal nearest-neighbor pairs.

km is around 90 dB and the minimum loss is around 50 dB. For
h=5000 km, the maximum loss is around 105 dB and the
minimum loss is around 75 dB.

In the bottom plots of Fig. 6, we simulate a network such that
the satellites can only distribute entanglement to diagonally-
separated nearest-neighbor pairs. Now, since we do not allow
entanglement distribution between horizontally- and vertically-
separated pairs, we find that the maximum average loss decreases
and the minimum average loss increases. We still find that
ground-station pairs at latitudes farther away from the equator
have lower loss.

In the central panels of Fig. 6, we plot average entanglement-
distribution rates in a simple scenario without multimode
transmission from the satellites and without multimode quantum
memories at the ground stations. We assume that the satellites
transmit entangled photon pairs at a rate of Ryource = 10° ebits/s'%.
In the case of entanglement distribution to all nearest-neighbor
pairs (top part of the central panel of Fig. 6), the maximum average
rate is around 4000 ebits/s, and this occurs for horizontally
separated ground stations at latitudes of 54°N and —54°N. For
entanglement distribution only to diagonally-separated nearest-
neighbor pairs (bottom part of the central panel of Fig. 6), the
maximum average rate is around 450 ebits/s. It is possible to
compensate for the loss by having multimode signal transmission
from the satellites and by including multimode quantum memories
at the ground stations, which would increase the average rates.

Entanglement distribution between major global cities

Although the ultimate goal of a satellite-based quantum internet
is to have satellites distribute entanglement between any
collection of nodes on the ground, an example of which we
considered above, satellite-based quantum communication net-
works will likely have a hybrid form in the near term. In a hybrid
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network, the satellites distribute entanglement to major global
cities, which act as hubs that then distribute entanglement to
smaller nearby cities using ground-based links (see Fig. 1). With
this in mind, we now consider entanglement distribution between
pairs of major global cities. We run a 24-h simulation with a
satellite constellation of 400 satellites, with Ng=Ns=20, at
altitudes of h =500, 1000, 2000, 3000, 4000, and 5000 km. We
include the following cities in the simulation: Toronto, New York
City, London, Singapore, Sydney, Auckland, Rio de Janeiro, Baton
Rouge, Mumbai, Johannesburg, Washington DC, Lijiang, Ngari,
Delingha, Nanshan, Xinglong, and Houston. The Lijiang-Delingha
pair is chosen for comparison to a recent experiment’'. The
simulation results are shown in Table 2.

From Table 2, we see that at around a distance of 6300 km,
which is the distance between Singapore and Sydney, we can only
obtain an average loss less than 90 dB for altitudes greater than
2000 km. Similarly, entanglement distribution between London
and Mumbai (which are 7200 km apart) at an average loss less
than 90 dB is possible only for an altitude greater than 3000 km.
These results suggest that, using our constellation of 400 satellites,
a distance of around 7500 km is the highest for which
entanglement distribution at a loss less than 90 dB can be
achieved. Indeed, for Houston and London (which are 7800 km
apart), we find that the average loss is greater than 90 dB for all of
the satellite altitudes that we consider.

Comparison to ground-based entanglement distribution

Let us now compare the entanglement-distribution rates obtained
with satellites to the rates that can be obtained via ground-based
photon transmission through optical fiber with the assistance of
quantum repeaters. In particular, we compare the rates in the top
panel of Fig. 5 for two ground stations at the equator separated by
a distance d between 100 and 2000 km to ground-based repeater

Published in partnership with The University of New South Wales



S. Khatri et al.

npj

Table 2. Average loss over a 24-h period between select pairs of major global cities for a constellation of 400 satellites (Ng = Ns = 20) at various
altitudes.
City pairs Distance (km) Average loss (dB)

500 km 1000 km 2000 km 3000 km 4000 km 5000 km
Toronto and New York City 551 45.1 52.0 60.9 66.7 71.1 74.6
Lijiang and Delingha 1200 50.6 529 60.5 66.3 70.7 74.3
Houston and Washington DC 1922 75.1 66.9 737 783 81.1 83.1
Sydney and Auckland 2156 65.5 59.3 62.9 67.6 71.6 74.9
New York City and London 5569 >90 >90 82.6 79.1 79.7 81.1
Singapore and Sydney 6306 >90 >90 >90 833 825 83.2
London and Mumbai 7191 >90 >90 >90 >90 89.0 88.3

The following cities are included in the simulation: Toronto, New York City, London, Singapore, Sydney, Auckland, Rio de Janeiro, Baton Rouge, Mumbai,
Johannesburg, Washington DC, Lijiang, Ngari, Delingha, Nanshan, Xinglong, and Houston.

Rate (ebits/sec)

1000 1500

0 500 2000
d (km)
—8— /1 =500 km - M =10
h = 1000 km —_— M =20
—— 1 =2000 km M =50
—A&— J, = 4000 km

Fig. 7 Comparison of satellite-based entanglement distribution
to ground-based repeater-assisted entanglement distribution. We
consider two ground stations at the equator separated by a distance
d, with Nz =20 satellite rings and Ns =20 satellites per ring. We
compare to a ground-based repeater chain of the same distance d
consisting of M elementary links of equal length and Nyem =50
quantum memories per elementary link. The rate is given by eq. (5).

chains with endpoints the same distance d apart. For the latter, we
suppose that the distance d between the endpoints is split into M
elementary links by (M — 1) equally-spaced quantum repeaters.
We place a source at the center of each elementary link that
transmits entangled photon pairs to the nodes at the ends of the
elementary link. We assume that the probability of establishing an
elementary link is p = e %, where a = ="', and we also
assume that all repeater nodes are equipped with Nyem quantum
memories facing each of its nearest neighbors. Under these
conditions, the rate Ry .., (in ebits/s) of entanglement distribu-
tion between the endpoints is

CNmem 1
R = Wun
M Nrmem 2(d/M) Wiy, (5)
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where c is the speed of light and

00

e =50 00 )

n=1

(See the Methods section for details.) Note that our assumption
that p = e~% is the best-case scenario in which the sources fire
perfect Bell pairs (so that no entanglement purification is required)
and the Bell measurements for entanglement swapping are
deterministic. Furthermore, the formula in eq. (5) holds in the case
that the quantum repeaters have perfect read-write efficiency and
have infinite coherence time.

In Fig. 7, we compare the rate in eq. (5) with Nyem = 50 to the
rates shown in the top panel of Fig. 5. For an altitude of 500 km,
we find that the quantum repeater scheme with M =50
elementary links outperforms the satellite-based scheme for all
distances up to 2000 km. However, for M =10 and 20 elementary
links, we find that there are critical distances beyond which
satellites can outperform the ground-based repeater schemes. For
example, for an altitude of 500 km, the satellite-based scheme
outperforms the M=20 quantum repeater scheme beyond
approximately 600 km and the M =10 scheme beyond approxi-
mately 300 km. For an altitude of 1000 km, the satellite-based
scheme outperforms the M =20 repeater scheme beyond
approximately 1200 km. Similarly, for an altitude of 2000 km,
the satellite-based scheme outperforms the quantum repeater
scheme beyond approximately 900 km. For an altitude of 4000
km, the satellite-based rates are lower than the quantum repeater
rates for all values of M considered.

Currently, satellite-based schemes are arguably are more viable,
because high-coherence-time quantum memories (which are not
widely available) are not required. However, the monetary cost of
the satellites, along with other overhead monetary costs (e.g.,
launch costs) can make implementing a satellite-based entangle-
ment-distribution network challenging. Furthermore, local
weather conditions and background photons during the daytime
make it difficult to achieve the continuous coverage assumed
here, which ultimately results in lower entanglement-distribution
rates. On the other hand, ground-based quantum repeater
schemes can achieve higher rates than satellite-based schemes,
but this occurs only when the number of repeater nodes is quite
high, the number of quantum memories per repeater node is
high, and the coherence times of the memories is high. In
addition, quantum memories currently exist mostly in a laboratory
environment and are not at the stage of development that they
can be widely deployed in the field, and they certainly do not
have high enough coherence times to achieve the rates
presented here.
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DISCUSSION

In this paper, we explored the possibility of using satellites for a
global-scale quantum communications network. Our network
architecture consists of a constellation of satellites in polar orbits
around the earth that transmit entangled photon pairs to ground
stations (see Fig. 2). By defining a figure of merit that takes into
account both the number of satellites as well as satellite-to-
ground entanglement-distribution rates, we provided estimates
on the number of satellites needed to maintain full 24-h coverage
at a high rate based on the maximum value of the figure of merit.
Using our figure of merit to decide the number of satellites in the
network, we estimated the transmission loss and entanglement-
distribution rates that can be achieved for two ground stations
placed at various latitudes, for multiple ground stations at various
locations in a grid-like arrangement, and for multiple major global
cities in a hybrid satellite- and ground-based network in which the
cities can act as hubs that receive entanglement from satellites
and disperse it to surrounding locations via ground-based links.
Finally, we compared the achievable entanglement-distribution
rates for two ground stations using satellites to achievable
entanglement-distribution rates using ground-based links with
quantum repeaters. With a large enough number of repeater
nodes, along with a high enough number of high-coherence-time
quantum memories at each node, it is possible to obtain
entanglement-distribution rates that surpass those obtained with
satellites. However, satellite-based schemes operating without
quantum repeaters can, in certain cases, outperform quantum
repeater schemes, with drawbacks being that a relatively high
number of satellites is required and that adverse weather
conditions can prevent continuous operations and thus reduce
the rate. These drawbacks appear to be less prohibitive in the near
term than the major drawback of ground-based, repeater-assisted
entanglement distribution, which is that quantum memories with
very high coherence times are simply not widely available.
Therefore, it appears that a satellite-based scheme will remain
the preferred option over ground-based repeater schemes into
the near term, especially with the improving miniaturization and
increasing fidelity of entanglement sources®“° and the decreas-
ing cost and miniaturization of satellites®'3>*,

Our analysis of a global, satellite-based quantum internet opens
the door to plenty of further study. For example, our simulations
can be refined by taking into account local weather conditions.
Our optimization procedure can also be extended to include more
than two ground stations (see the Methods section). It would also
be interesting to compare other '%)Ipes of satellite constellations,
much like those studied in refs 8% Finally, to have a genuine
quantum network requires efficient routing algorithms. It would
be interesting to explore entanglement routing in a satellite
network along the lines of, e.g, refs 819219 in the classical
setting.

In summary, the broad-scope vision is to have a quantum-
connected world, similar to today’s internet, where users across
the globe can share quantum information for any desirable task. In
our view, the backbone of such a network is built on local and
global quantum entanglement, in which intercontinentally-
separated ground stations located in major cities act as
entanglement hubs connecting the local network users of one
city to those of another (Fig. 1). Hybrid networks interfacing space-
based quantum communication platforms with ground-based
quantum repeaters will make this vision a real possibility.

METHODS
Loss model

In the absence of spurious background photons, the transmission of
photons from satellites to ground stations is modeled well by a bosonic
pure-loss channel with transmittance nsgm“. For single-photon polarization
qubits (with a dual-rail encoding), transmission through the pure-loss
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channel corresponds to an erasure channel'®. That is, given a single-
photon polarization density matrix p, the evolution of p is given as

P NsgP + (1 — ngg)| vac ) vac| @

where |vac)(vac| is the vacuum state. Hence, with probability n.g, the
dual-rail qubit is successfully transmitted and with probability 1 — nyg the
qubit is lost. For the transmission of a pair of single-photon dual-rail qubits,
let r);g and r)szg be the transmittances of the two pure-loss channels. Then,

with probability n(syr](f;, both qubits are successfully transmitted and with

probability 1 — n(sgn%) at least one of the qubits is lost'®". In the following

subsection, we consider photon transmission in the presence of back-
ground photons.

The transmittance nsy generally depends on atmospheric conditions
(such as turbulence and weather conditions) and on orbital parameters
(such as altitude and zenith angle)®**”'%, In general, we can decompose
Nsg as

Nsg = NtsMNatm (8)

where ny is the free-space transmittance and n,m is the atmospheric
transmittance. Free-space loss occurs due to diffraction (i.e, beam
broadening) over the channel and due to the use of finite-sized apertures
at the receiving end. These effects cause ny to scale as the inverse-distance
squared in the far-field regime. Atmospheric loss occurs due to absorption
and scattering in the atmosphere and scales exponentially with distance as
a result of the Beer-Lambert law®”'%”1%  However, since atmospheric
absorption is relevant only in a layer of thickness 10-20 km above the
earth’s surface®’, free-space diffraction is the main source of loss in space-
based quantum communication. In order to characterize the free-space
and atmospheric transmittances with simple analytic expressions, we
ignore turbulence-induced effects in the lower atmosphere, such as beam
profile distortion, beam broadening (prominent for uplink communica-
tion®”®3), and beam wandering (see, for e.g., ref. '%). Note that turbulence
effects can be corrected using classical adaptive optics®’. We also ignore
the inhomogeneous density profile of the atmosphere, which can lead to
path elongation effects at large zenith angles. A comprehensive analysis of
loss can be found in refs 19678,

Consider the lowest-order Gaussian spatial mode for an optical beam
traveling a distance L between the sender and receiver, with a circular
receiving aperture of radius r. Then, the free-space transmittance ng is
given by3¢

2r?
Nes(L) =1 —exp ( W(L)z> 9)
where
N2
w(l) :=woi/1+ (—) (10)
LR

is the beam waist at a distance L from the focal region (L=0), Lg :=
rrng\’1 is the Rayleigh range, A is the wavelength of the optical mode, and
Wy is the initial beam-waist radius.

We model the atmosphere as a homogeneous absorptive layer of finite
thickness in order to characterize n,m. Uniformity of the atmospheric layer
then implies uniform absorption (at a given wavelength), such that nam
depends only on the optical path traversed through the atmosphere.
Under these assumptions, and using the Beer-Lambert law'®’, for small
zenith angles we have that

[
(nzin) ™", if —5<C<3,

(m
0, if[C] > 7,

Natm (L,h) = {
with n%n, the transmittance at zenith ({=0). For |{| > Z, we set Nam =0,
because the satellite is over the horizon and thus out of sight. The zenith

angle (is given by

(12)

for a circular orbit of altitude h, with R = 6378 km being the earth’s radius.

Note that the model of atmospheric transmittance given by eqgs. (11)
and (12) is quite accurate for small zenith angles37. However, for space-
based quantum communication at or near the horizon (i.e., for {=%n/2),
more exact methods relying on the standard atmospheric model must be
used'®®. In practice, it makes sense to set N.m =0 at large zenith angles,
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Table 3. Parameters used in the modeling of loss from satellites to
ground stations.

Parameter Definition Value

r Receiving aperture radius 0.75 m

Wo Initial beam waist 25cm

A Wavelength of satellite-to-ground signals 810 nm

n=n Atmospheric transmittance at zenith 0.5 at 810 nm®

107°
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\ 109
]
1077 1
i i L 10711 L L L L
100 500 1000 1500 2000 0.0 02 04 06 08 1.0
d (km) R (km) x10*
—— h =500 km — d = 1000 km
—— h =1000 km — d = 2000 km
—— h =2000 km —— d = 3000 km
—— h =3000 km d = 4000 km
h = 4000 km —— d = 5000 km

Fig. 8 Optical satellite-to-ground transmission. The total transmit-
tance is given by nsg = nenam Where the free-space transmittance
N¢s given by eq. (9), and the atmospheric transmittance nam is given
by eq. (11). Top—two ground stations g; and g, are separated by a
distance d with a satellite at altitude h at the midpoint. Both ground
stations are the same distance L away from the satellite, so that the
total transmittance for two-qubit entanglement transmission (one
qubit to each ground station) is '7259- Bottom—plots of the

transmittance n%, as a function of d and h.

effectively severing the quantum channel, because the loss will typically be
too high for the link to be practically useful.

To summarize, the following parameters characterize the total loss nsg =
NtsNatm: the initial beam waist wy, the receiving aperture radius r, the
wavelength A of the satellite-to-ground signals, and the atmospheric
transmittance n%5n, at zenith. See Table 3 for the values that we take for
these parameters in our simulations.

Using the values in Table 3, we plot in Fig. 8 (bottom) the total
transmittance as a function of the ground distance d between two ground
stations with a satellite at the midpoint; see Fig. 8 (top). We observe that
for larger ground separations the total transmittance r)zsg is actually larger
for a higher altitude than for a lower altitude; for example, beyond
approximately d =1600 km the transmittance for h=1000 km is larger
than for h =500 km. We also observe that there are altitudes at which the
transmittance is maximal. Intuitively, beyond the maximum point, the
atmospheric contribution to the loss is less dominant, while below the
maximum (i.e., for lower altitudes) the atmosphere is the dominant source
of loss. This feature is unique for optical transmission from satellite to
ground.
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Noise model

We now consider photon transmission in the presence of background
photons. We analyze the scenario in which a source generates an
entangled photon pair and distributes the individual photons to two
parties, Alice (A) and Bob (B). We allow the distributed photons to mix with
spurious photons (noise) from an uncorrelated thermal source, assuming a
low thermal background (which can be ensured via stringent filtering). We
then determine, in the high loss and low noise regime, the fidelity of the
distributed entangled photon pair.

First, consider a tensor product of thermal states for the horizontal and
vertical polarization modes:

R Y L (W
oo~ (St o)« (Sl ) e

(13)

where ny is the average number of photons in the thermal state for the
polarization mode k. We assume this state comes from an incoherent
source with no polarization preference (e.g., the sun), such that
Ny = ny =: n/2. Furthermore, we assume some (non-polarization) filtering
procedure, which reduces the number of background thermal photons,
such that n < 1. We then rewrite the above state to first order in the small
parameter n:

Qi et ~ ((1-2)0)0 +2[1X1]) @ ((1 —3)oxo] +2[1)1|)

_ (14)
~ (1 —n)|vac)(vac| + 3 (JH)H| + [V)XV]),
where |vac) = |0) ® |0), and
[H) := 1) ©10), (15)
V) :=10) ®|1). (16)
We thus define our approximate thermal background state as
8" .= (1 — )| vac ) vac| +g(\H>(H\ +VYV)), (17)

which serves as a good approximation to a low thermal background. The
transmission channel from the source to the ground is then approximately

s s a0 s s
‘C'lsgﬁ(pAMz) = TrEWEZ [(Uzwgfl ® Uj\zgfz)(pAWAz ® ewaz)(Uf’Zthl ® Uzzgfz) ]7
(18)

where U"s is the beamsplitter unitary (see, for e.g., ref. 0% ‘and A; and A,
refer to the horizontal and vertical polarization modes, respectively, of the
dual-rail quantum system being transmitted; similarly for E; and E,. Note
that for n =0, the transformation given by eq. (18) is equal to the
transformation in (7). For a source state pﬂB, with A = A;A; and B = B4B,,
the quantum state shared by Alice and Bob after transmission of the state
P35 from the satellite to the ground stations is

(Lo © Ly n,) (ho)- (19)

Let us first assume that we have an ideal two-photon source, which
generates one of the four two-photon polarization-entangled Bell states,
i.e, a state of the form p° = O := |[O* YO | or p° = Y* = [PF)YP*|,
where

+ 1

0%} := = (I, H) £V, V), (20)

s
V2

After transmission, we assume post-selection on coincident events, along
with high loss and low noise (n(sg,n%),ﬁ < 1). The post-selection allows
one to discard any occurrence in which one site registers a photon and the
other does not. Furthermore, under the high-loss and low-noise
assumptions, we can discard potential four-photon and three-photon
occurrences, as these occur with negligible probability compared to the
two-photon events. We thus focus our full attention on the two-photon
state corresponding to one photon received at Alice’s site and one photon
received at Bob's site. Mathematically, this (unnormalized) state is given by

|W*) = —=(|H, V) 2|V, H)). @

e (ﬁnigﬁw ® Enié‘.m) (piB)HA& 22)
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where
Mag := ([H)(Hls + [V)XVIa) @ ([HXHIg + [V)(V]p) (23)
is the projection onto the two-photon-coincidence subspace. With
Prs = O, it is straightforward to show that

Mas (ﬁnﬁé’ a5 ® E,ﬁ;) .ﬁz) () Mas

(x1X2 +y1¥, £212,) Oz

1
2
+3 (X2 + Y1y, F2122)Qpg 24)
+%(X1Y2 +y1x2)Whs
+3 (15 + y1%2)Wags
where
_ n 2 2
xi = (1=T)nly +5-((1 = 20g)" + (ng)"), (25)
ﬁ1 2
yi=—0=ng), (26)
zy = (1 =mn)ny) —mny (1 —2n), 27

with analogous definitions for x,, y,, z,. The fidelity of this quantum state
conditioned on one photon received by Alice and one photon received by
Bob is therefore
a <®+|HAB(Cn£;),m ® Eng)ﬁz)((DjB)l'lAB|®+>
[0} . Tr [l-lAB(ﬁn(é;w:ﬁ1 (2] L gé]‘ﬁz)((DAtB)nAB]

n
_ %(X1X2 + Yy, £ 2122)
(1 + y1)x2 +y,)
Assuming that r]gg) = n(szg) =Ny and Ny =N, =N, so that x; =Xy, y1 =y,
and z, = z,, and under the high-loss and low-noise assumption, for p° =
O* this reduces to

(28)

1 3
For ~— [ 1+——1. (29)

4 _\2
(1+a)

The ratio "% is just the local signal-to-noise ratio (SNR). Thus, assuming a
fidelity constraint F > F*, we obtain the following bound on the SNR
needed at each site in order to maintain a fidelity of F* during operation:

nsg 1 3 -1

(Ve=1) ~3(0-F) 30)

Here, we have assumed that the fidelity lies within some small range close
to one (e.g, 0.95<F*<1) and expanded to first order in 1 —F*. As an
example, consider F* = 0.99. Then, we must have SNR > 150 at each site.
Given that nyg~ 103, this implies a constraint on the number of
background photons per detection window of 1 < 7x 1075,

1.0

<
o0

<
=)

Fidelity

<
~

107! 10° 10! 102
SNR (1s/7)

Fig. 9 Fidelity of satellite-to-ground entanglement transmission

as a function of the signal-to-noise ratio (SNR) of the transmission

medium. The source state is in eq. (31), and the fidelity after
transmission is given by eq. (33).
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Let us now consider an initially imperfect Bell state generated by a non-
ideal entangled photon-pair source. Specifically, we consider the state

1—f
05 fo) = Fo®" + (T) @ +9F 4y, @3N
where f is the initial fidelity. Using the fact that
HAB(LHE;)E ® £q§§)ﬁz)(l’|}AiB)nAB
=3 (ay; +yix) 0k
+300y2 +y1x2) O (32)
+3 (%2 + Y1y, 2 2122) Wiz
+3 (X2 + Y1y, F2122) W5,
M 2

in the high-loss low-noise regime, and in the symmetric case Ny = nsg =
Nsg and Ay =1, =7, we obtain

<(D+‘|_|AB([',7 ;)ﬁ1 ® qu)ﬁz)(pf‘B(fo))l_lAB|®+>

(
F(fo) = .
(fo) Tr[Mas (L0 5, © Ly, (0rs (Fo))Mas]
33)
g Ao
~, L
(1+7)

Note that 1/4 < F < f,,. See Fig. 9 for a plot of this fidelity as a function of the
signal-to-noise ratio.

The background photon number n can be expressed in terms of the
photon flux/rate at a receiving site. Let R be the number of background
photons/s detected at a receiving site and AT be the coincidence time-
window. Then, n = RAT. Assuming background photons collected from,
e.g., moonlight or sunlight, are the dominant source of noise, we have the
following expression for the background photon rate'®''%:

HQ¢o mr2 AA
hc/A

where hc/A is the photon energy at mean wavelength A (h is Planck’s
constant and c is the speed of light), AA is the filter bandwidth, Qs is the
field of view of a receiving telescope (in steradians, sr) with radius r, and H
is the total spectral irradiance in units Wm™2um~"sr™". In the case of
daytime operating conditions, the total spectral irradiance includes direct
solar irradiance as well as diffuse sky radiation, with the latter consisting
mainly of solar light scattered by atmospheric constituents.

The spectral irradiance is generally a complicated function of atmo-
spheric conditions, the sun/moon sky position relative to the telescope
pointing angle, time of day and year, etc. Thus, for simplicity, in what
follows we keep H as an open parameter but consider it to fall roughly
within a typical range of He[107°, 25] (in units Wm Zum 'sr "),
associated with clear-sky conditions, with the lower value corresponding
to a moonless clear night and the upper value corresponding to clear
daytime conditions, when the sun is in near-view of the optical receiver
(see, for e.g., refs 10%119),

Using the relation n = RAT, with R given by eq. (34), in Fig. 10 we plot
the fidelity in eq. (29) as a function of the spectral irradiance H for several
orbital altitudes h and ground-station separation distances d. To make the
plot, we consider the situation depicted in Fig. 8, in which the satellite
passes over the zenith of two ground stations and is at the midpoint
between them. Note that spectral irradiance values on the order of
TWm2pm~"'sr™' (and above) correspond to clear daytime condi-
tions®" %1% Thus, for our chosen filter parameters, we see that
entanglement distribution across, e.g., a ground-station separation
distance of more than 2000 km, only seems feasible during the night
(H<102Wm~2um~" sr™"). We note, however, that these results are quite
sensitive to the filtering parameters, owing to the steep slope of the fidelity
in its mid-region.

An interesting extension of these results would be to consider a dynamic
model, in which one parameterizes the satellite-to-ground transmittance
and background photon rate in time. We do such a parameterization for
the transmittance in this work; however, parameterizing the background
photon rate requires real-time modeling of, e.g., the sun position relative to
the satellite orbit, modeling diffuse sky radiation, etc. Work along these
lines has already been done for satellite-to-ground quantum key
distribution between a satellite and a lone ground station (see, for e.g.,
ref. '19). A full, dynamical analysis of the fidelity for a noisy, global-scale
satellite-to-ground entanglement distribution protocol—utilizing, e.g., the

R= (34)
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Fig. 10 Fidelity of satellite-to-ground entanglement transmission
as a function of spectral irradiance. We consider transmission of
the Bell state ®* according to the scenario depicted in Fig. 8. The
fidelity is given in eq. (29), and the average background photon
number is given by n = RAT, with R given by eq. (34). In order to
calculate R, we let A=810nm, AA =1 nm, Q,, = 100 psr, r=0.5m,
and AT=1ns; see, for e.g., refs 7092110,

asymmetric noise model derived above—is an interesting direction for
future research.

Simulation details

In order to perform our simulations and to obtain optimal satellite
configurations, we used satellite constellations corresponding to the 42
pairs (N, Ns) shown in Table 4, where Ny is the number of rings in the
constellation and Ns is the number of satellites per ring (see Fig. 2).

Let {ri(t) € R®: 1 < i < NgNs} be the positions of the satellites relative
to the center of the earth at time t. If the satellites are at an altitude of h,
then ||r{(t)||, = Re + h for all t, where Rg is the radius of the earth and || - ||,
denotes the Euclidean norm. Let g;(t) € R3 be the position of the jth
ground station relative to the center of the earth at time t.

The distance between the ith satellite and the jth ground station at time
t is given by Lj)=|lr{t) — gid)ll>. Then, the satellite-to-ground
transmittance between the ith satellite, at altitude h, and the jth ground
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Table 4. Pairs (Ng, Ns), consisting of the number Ny of satellite rings
and the number Ns of satellites per ring, used in all of the simulations.
(Ng, Ns)

(2, 10) (4, 8) (5, 8)
(3, 10) 9,7) (6, 8)
(4, 5) 8, 7) (7, 8)
(5, 5) (7,7) (8, 8)
(6, 5) 6, 7) (9, 8)
(7, 5) (5, 7) (8,9)
8, 5) 4, 7) (9,9
9, 5) (8, 10) (7,14)
4, 6) 9, 10) (7, 15)
(5, 6) 8, 11) (10, 14)
(6, 6) (10, 10) (10, 15)
(7, 6) (4, 13) (15, 15)
(8, 6) (5, 13) (16, 16)
9, 6) (7, 13) (20, 20)

station is given at time t by

N (t:h) = ngs (L (8)) Mt (L1 (2), ), (35)

with ng(L;(t)) given by eq. (9) and n.um(L;j(t), h) given by eq. (11). The total
transmittance n*?'(t;h) at time t corresponding to the ith satellite, at
altitude h, transmitting one of a pair of entangled photons to ground

station j; and the other photon to ground station j,, is
Mk (6 ) = g (& hne) 65 h). 36)

In order for a satellite to be considered within range of a given ground
station pair, we require two conditions to be satisfied: (1) the satellite is
visible to both ground stations; and (2) the total loss (given via eq. (36)) is
less than 90 dB. If at least one of these two conditions is not satisfied, then
the satellite is considered to be not within range of the ground station pair.
Any interval of time in which at least one of the conditions is not satisfied
is called a “time gap”. We define the function

1 if j; and j, visible to i and
—10log,o (nE12) (t; h)) <90 dB 37)
0 otherwise,

range (i,jy,jp, ) :=

which tells us whether the ground station pair (j;, j,) is within range of the
ith satellite, at altitude h, at time t.

When performing our simulations, we find that at some times a
satellite is within range of multiple ground station pairs. In other words,
it can happen that a particular ground station pair is within range of
multiple satellites at the same time. We anticipate that, in the near
future, satellites will only have one entanglement source on board, so
we impose the requirement that at any given time a satellite can
distribute entanglement to only one ground-station pair. This require-
ment makes it necessary to uniquely assign a satellite to a ground-
station pair at all times during the simulation. We assign a satellite to the
ground-station pair that has the lowest loss among all ground-station
pairs within range of that satellite. This type of assignment strategy
means that, depending on the total number of satellites, there are times
at which ground-station pairs do not receive any entangled photon
pairs even though they are within range of a satellite (perhaps several),
simply because the loss would be too high. More sophisticated time-
sharing assignment strategies are possible, in which higher loss
assignments are taken at certain times for the purpose of distributing
entanglement to as many different ground-station pairs as possible. We
do not consider such an assignment strategy here (see ref. °® for work in
this direction), except for when there is a ground-station pair that has
only one satellite in view, but that satellite is in range of several other
ground stations. In this case, we assign that satellite to the “lone”
ground-station pair even if the loss is higher than another possible
assignment of that satellite. We let s.(j, j>) € {1, 2, ..., NgNs} denote the
satellite assigned to the ground station pair (j;, j,) at time t. For brevity,
we write s, = s4{jy, jo) if the two ground stations being considered is clear
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from the context. If no satellite assignment exists for the pair (j;, j,) at
time t, then we set s,(j;, j;) =0.

For two ground stations j; and j, separated by a distance d, the average
loss over a time T for the satellite configuration given by (Ng, Ns, h) is

,,gég (Ng,Ns, h,d) := 10I09,0<T2n5”"2 (t; h)) (38)

If no satellite assignment exists for the pair (j;, j>) at time t, then we set
RlS2) (¢ h) = 0. We write f45(Ng, Ns, h, d) when the ground station pair
(j1, j2) and the simulation time T are understood from the context.

We also define the average rate over time T for two ground stations j
and j, separated by a distance d for the satellite configuration given by (Ng,
Ns, h) as follows:

-

RU1/2)(NR7NS7h d

Z 5:/1 Iz) (39)

where

'T,(Srjw Jz)(t) — Rssourcent(f)tthjz (t;h) (40)
is the average number of entangled pairs received by the ground stations

jiand j, at time t, with R% . being the source rate of the satellite s. For

the simulations, we estimate plehia) (t) in a single shot by taking a sample

from the binomial distribution Bin(n, p) with n = R, trials and success
(Std142)

probability p = nys"*¥ (t; h) per trial. Throughout this work, we assume
that R% .. = 10° ebits/s for all satellites'®. We write R(Ng, Ns, h, d) when
the ground station pair (j;, jo) and the simulation time T are understood
from the context.

Figures of merit

Our figures of merit are based on entanglement distribution to a particular
pair (j;, j») of ground stations. The goal is to determine the optimal satellite
configuration such that there are no time gaps in a period of time T for the
pair (1, j,). The first three figures of merit separately optimize the total
number of satellites, the average loss over the time T, and the average rate
over the time T:

minimum  NsNi
NO) (h.d) — subjectto  erange (s¢,j;,/o,t) =1V1<t<T
opt.T o|lri(t)], =Re +h V1 <i<NgNs, 1<t<T
e ji,.j, separated by distance d,
(41)
minimum 7042 (Na, Ns, h, d)
ﬁEE‘T'U“"”(h,d) - subjectto  erange (s;,j;,jo,t) =1V1<t<T
’ o|lri(t)|l, =Re +h V1 <i<NgNs,1<t<T
e j1,j, separated by distance d,
(42)
maximum E(Tjw 'jZ)(NR,Nsﬁhﬁd)
E?pt,(j‘h)(fhd) — subjectto  erange (s, j;.j,,t) =1V1<t<T
olri(t)]l, =Re + h¥1 <i<NgNs, 1<t<T
® ji,j, separated by distance d.

(43)

In all three cases, we optimize over the pairs (Ng, Ns) shown in Table 4. We
write Nopilh, d), ﬁ‘;'%t (h,d), and [ (h,d) when both the ground station
pair (j;, j) and the simulation time T are understood from the context.

In order to obtain a satellite configuration that balances both the total
number of satellites and the average rate, we define the following figure of
merit:

R (N, Ns, h, d) (44)

UW]Z)(NR7NS h d) NN ,
RINS

which has an intuitive interpretation as the average number of ebits/s per
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satellite in the network. From this, we define

RY2) (Ng, Ns, h, d) / (NeNs)

erange (s, jq.j,, 1) =1V1<t<T

o|ri(t)]l, =Re + h V1 <i<NgNs, 1 <t<T
® ji.Jj, separated by distance d,

maximum

C(TJ‘JZ)(h,d) — subject to

(45)

which is simply the figure of merit c(’* 42) (NR,Ns, h,d) optimized over the
pairs (Ng, Ns) in Table 4. We write C(h, d) when both the ground station pair
(j1, j) and the simulation time T are understood from the context.

All of the quantities defined above can be defined in an analogous
fashion for multiple ground station pairs (instead of just one ground
station pair). For example, suppose that we have a set V of ground stations
andaset& = {(v,V,d,v):v,v € V,d,, € R} telling us how the ground
stations are connected pairwise to each other, with d, ,» being the physical
distance between ground stations v and v'. (Note that (V, £) corresponds
to a weighted graph, with V being the nodes of the graph and £ being the
weighed edges.) Then,

minimum  NgNg

subjectto  erange (s, v,V,t) =1 V1 <t<T, Vv,V €V
Nop 1(h.€) := olri(t)], =Re +h V1 <i<NgNs, 1<t<T
e v,V separated by distance d,,,and(v,Vv'.d, ) € €.
(46)
Letting
1 T
ﬁZB,T(NR=NS=h75) := —10log;, W Z"ltﬁ{vv , (47)
(v,v)e€ t=1
4 1 T
R (s N ) = g 30 3~ R (1) (@8)
) t=1

we can define the following quantities:

minimum F]ZB_T(NR,NS,h,E)
opt,V subjectto erange (s, v,V ,t) =1V1<t<T, Vv,V €V
Nagr (h,€) = _ )
o|lri(t)]l, =Re +h V1 <i<NgNs,1<t<T
e v,V separated by distance d,,, and (v,v',d,,) € &,
(49)
maximum ﬁ?(NRﬁNs,h.E)
ﬁopt.V(h €)= subjectto  erange (s, v,V,t) =1V1<t<T,Vv,v eV
T ollFi(t)]l, =Re +h V1 <i<NgNs,1<t<T
e v,V separated by distance d,,, and (v,v',d,,) € €,
(50)
maximum ﬁ:(NR,NS,h‘E)/(NRNS)
CV(h,€) = subjectto  erange (s, v,V t) =1V1<t<T, Vv,V €V
e of[ri(t)]l, =Re +h¥1<i<NgNs,1<t<T
e v,V separated by distance d,,, and (v,v',d,,) € £.
(51)

Quantum repeater rates

In order to compare the satellite-based entanglement-distribution rates
obtained in this work with rates that can be achieved using ground-based
guantum repeater schemes, we consider a chain of quantum repeaters of
total length d in which there are M elementary links and each repeater
“half-node” has Npem quantum memories; see Fig. 11 for an example. This

) r \ r \
[ o O o O |
[ o O o O |
[ o O o O |
[ o O o O |
[ o O o O |
A Ry Ry B
Fig. 11 A repeater chain with M =3 elementary links. All of the

elementary links have equal length, and there are Nyem=05
quantum memories per repeater half-node.
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results in Ny parallel quantum repeater chains between the end nodes.
If we allow entanglement distribution to occur independently for each of
the parallel chains, and we assume that the quantum memories have
infinite coherence time, then the expected number of time steps until one
end-to-end pair is obtained, i.e, the expected waiting time, has been
shown in [ref. """, Appendix B] to be

- i (1 -(1-q —p)”")M)NmW.

n=1

W,

Nener (52)
Now, the duration of each time step, i.e., the repetition rate, is limited by
the classical communication time between neighboring nodes for
heralding of the signals. (This is the best-case scenario. We do not
consider other factors that affect the repetition rate, such as the memory

read-write time.) The classical communication time is given by 2d/m)

=
resulting in a repetition rate of W for each of the Nyem parallel links of

an elementary link. The total repetition rate is therefore
in eq. (5) for the rate then follows.

A higher rate than the one in eq. (5) can be achieved by allowing for
spatial multiplexing, i.e, by allowing cross connections between the
different parallel chains''%. An analytic expression for the waiting time in
this scenario, in the case of M =2 elementary links, has been derived in
ref. '3, A general formula for the waiting time for an arbitrary number M of
elementary links appears to be unknown.

2‘("[’1”/7@). The formula
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