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Satellite-based quantum repeaters are a promising means of reaching global distances in quantum networking
due to the polynomial decrease of optical transmission with distance in free space, in contrast to the exponential
decrease in optical fibers. We propose a satellite-based quantum repeater architecture with trapped individual
atomic qubits, which can serve both as quantum memories and true single-photon sources. This hardware
allows for nearly deterministic Bell measurements and exhibits long coherence times, without the need for
costly cryogenic technology in space. We develop a detailed analytical model of the repeater, which includes the
main imperfections of the quantum hardware and the optical link, assuming high-altitude ground stations, and
consequently working in a regime of weak atmospheric turbulence. Our model allows us to estimate that high-rate
and high-fidelity entanglement distribution can be achieved over intercontinental distances. In particular, we find
that high-fidelity entanglement distribution over thousands of kilometres at a rate of 100 Hz can be achieved
with orders of magnitude fewer memory modes than conventional architectures based on optical Bell state
measurements.

DOI: 10.1103/z1vn-11m5

I. INTRODUCTION

The implementation of a quantum internet opens a range of
new opportunities for secure communication [1–3], enhanced
sensing networks [4–6], and distributed quantum computing
[7]. To exploit these opportunities in applications such as
protecting and optimizing large-scale power distribution net-
works [8] or probing fundamental constants and geodesy [9],
it is necessary to extend the range of quantum networks to
distances of thousands of kilometers.

To carry out quantum communication, we need to use pho-
tons to transmit quantum information. However, transmission
loss of an optical quantum signal cannot be compensated
with standard classical amplification techniques due to the
quantum no-cloning theorem [10]. Instead, quantum repeaters
have been proposed, where the total distance is divided into
smaller segments over which direct transmission is feasible.
The segments are then combined either through quantum tele-
portation [11,12] or quantum error correction [13,14] at the
repeater nodes to enable faithful transmission over the total
distance.

For optical fiber-based quantum repeaters, the transmission
between the repeater nodes decreases exponentially with dis-
tance, and hundreds of repeater nodes are required to cover
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distances at the continental scale. Alternatively, fiber-based
connections can be replaced with satellite-assisted free-space
optical links where transmission decreases only polynomially
with the distance [15–21]. For continental scales, this can
reduce the required number of repeater nodes by orders of
magnitude, making up for the arguably higher cost of space-
based quantum repeater nodes.

Quantum key distribution (QKD) has already been demon-
strated with the Micius satellite performing as a trusted node
for distances ranging from 500 to 7000 km [22,23]. However,
assuming that the satellite is a trusted node poses a security
concern.

In a more advanced approach, entanglement-based QKD
was achieved without relying on a trusted node, spanning
distances of up to 1200 km [24]. In this case, the satel-
lite served as a source of entangled photon pairs, paving
the way for future entanglement-based quantum networks.
Reaching larger distances by direct transmission, however,
requires a high-orbit satellite due to the limitation of the line
of sight of the ground receivers. This substantially increases
the transmission loss, making high-rate quantum communica-
tion extremely challenging. Alternatively, multiple low-orbit
satellites can operate in a quantum repeater architecture to
efficiently compensate for the transmission loss and ensure
line of sight between distant locations [16–18].

Previous theoretical work on satellite-based quantum
repeaters assumes the use of probabilistic optical Bell
state measurements (BSMs) [16], which require multiplex-
ing of thousands of memory modes to reach high-rate
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FIG. 1. Schematic diagram of the proposed scheme. (a) We consider a downlink scenario where the photons are transmitted from the end
satellites to the ground stations. Each of the satellites contains quantum memories, and entanglement swaps are performed on the satellites to
link the segments of the repeater (satellite-satellite or satellite-ground stations) once entanglement has been established. (b) Probabilistic Bell
state measurement after entanglement generation. The atom-photon entanglement generated through the emission of a photon from an atom
is swapped to atom-atom entanglement within a receiver satellite by means of a linear optics Bell state measurement. This is done using a
50/50 beam splitter (BS) and single-photon detectors. As shown in the figure, emitter telescopes typically need more memory modes than the
receiver telescope because we are operating in a low transmission probability regime.

communication over global distances. Additionally, the avail-
ability of on-demand entangled photon pair sources is often
assumed [16,18–20], which remains an outstanding tech-
nological challenge [25]. Promising candidate systems are
solid-state semiconductor quantum dots [26], which require
cryogenic temperatures to function, or multiplexing of sponta-
neous parametric down-conversion (SPDC) sources [27] and
single-photon sources [28].

We propose a satellite-assisted quantum repeater proto-
col based on trapped individual atomic qubits. Individually
trapped Alkali atoms can both function as efficient single-
photon sources [29] and atomic memories due to their long
coherence times [30,31]. Furthermore, they enable nearly de-
terministic BSMs through Rydberg-mediated two-atom gates
[32–34] and the possibility of scaling to hundreds of qubits per
repeater node [35,36]. Additionally, laser-cooling of the atoms
is sufficient to ensure long coherence times, which avoids the
need for costly cryogenic technology in space.

We develop a detailed analytical model of the repeater
protocol that considers the main imperfections of both the
quantum hardware and the optical link budget. For the lat-
ter, we assume high-altitude ground stations, allowing us to
operate in a weak atmospheric turbulence regime. In contrast
to Monte Carlo-based simulations [18], the analytical model
allows us to efficiently simulate long chains of quantum re-
peater nodes. We show that, for realistic satellite parameters
and quantum hardware errors, we can get high-fidelity (� 0.9)
entanglement distribution rates of 100 Hz over continental
distances of up to 1500 km using five satellites with less than
200 quantum memory modes per satellite.

II. RESULTS

A. Architecture

We consider a downlink scenario where photons are sent
from the end satellites to the ground stations, which is more
robust to atmospheric turbulence than the reverse uplink

scenario [17,37]. A high-level sketch of a three-node repeater
is shown in Fig. 1(a). The quantum repeater consists of differ-
ent types of satellites. Some satellites act as emitters, sending
photons to their neighboring satellites or to the ground station.
Others are receivers that collect the photons sent by the emitter
satellites. Both types of satellites are equipped with atomic
quantum memories and act as quantum repeater nodes, as
shown in Fig. 1(b). When adding more satellites, we always
ensure an odd number to maintain the structure of the receiver
and emitter satellites.

To distribute entanglement between the ground stations,
atom-photon entanglement is generated at the repeater sta-
tions through pulsed excitation of the atoms. The generated
photons are sent from the emitter nodes to the receiver ones,
where the atom-photon entanglement is swapped to atom-
atom entanglement by means of a linear optics BSM. Once
entanglement between two neighboring elementary links has
been successfully heralded, a nearly deterministic entangle-
ment swap operation is performed through Rydberg-mediated
atom-atom interactions. If the entanglement generation is suc-
cessful in all elementary links, the two ground states will share
an entangled pair.

B. Entanglement generation

For the generation of atom-atom entanglement, we con-
sider a "two-click" protocol [38], where each atom is
entangled with a time-bin encoded single photon through
pulsed excitation. This is then swapped to atom-atom entan-
glement by a linear optics Bell measurement. We focus on this
scheme since it only requires phase stability on the timescale
of the time-bin separation and does not have the fundamental
trade-off between rate and fidelity of "single-click" protocols
[39]. Furthermore, we consider a scenario where the entan-
glement swapping happens at a heralding station placed on
the receiving satellite. The loss will thus only affect one of the
photons, and the usual advantage of the single-click protocol
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FIG. 2. Individually trapped atoms in a cavity as the main hardware. (a) The quantum memories chosen are Rubidium (Rb) atoms in a
cavity, which also work as emitters. With a laser resonant with the |1〉 → |ex〉 transition, the atom is excited to the |ex〉 state from which it
will decay back to the |1〉 state with the emission of a photon. To selectively address only one atom in an entangling attempt, the other atoms
are shifted out of resonance through strong driving of the |ex〉 → |ex′〉 transition. (b) Nearly deterministic Bell state measurement. After the
elementary links are entangled, a nearly deterministic Bell state measurement is carried out to distribute entanglement between Alice and Bob.
The latter is performed by applying a CNOT gate between the atoms and a Hadamard gate in the control atom. To perform the 2-qubit gate,
we exploit the well-known Rydberg blockade: The |1〉 → |r〉 transition of the target atom is resonant with our driving field if (1) the control
atom is in state |0〉 but (2) shifted out of resonance by the Rydberg interaction if the control atom is in state |r〉.

of having a higher rate for long distances is thus not applicable
in this scenario.

We now describe the steps of the entanglement gen-
eration in more detail. Figure 2(a) shows how individual
atoms are trapped with optical tweezers inside macroscopic,
near-concentric optical cavities [35,36,40]. Throughout this
paper, we focus on an implementation with Rubidium (Rb)
atoms, though other alkali atoms such as cesium could also
be used. The closed optical transition between the 5S1/2,
|F = 2, mF = 2〉 ground state and the 5P3/2, |F′ = 3, mF′ = 3〉
excited state in 87Rb allows for spin-photon entanglement
through pulsed excitation. For simplicity, we first describe this
process for a single atom and then discuss how to perform the
operation for a collection of atoms.

First, the atom is prepared in a superposition of the spin
states,

|φ〉 = 1√
2

(|0〉 + |1〉), (1)

by means of standard optical pumping and two-photon Raman
driving [30,41]. We imagine that |0〉 = |F = 1, mF = 1〉 and
|1〉 = |F = 2, mF = 2〉 in the 52S1/2 ground state manifold.
Next, a short optical π -pulse is applied to induce the transi-
tion, |1〉 → |ex〉, where |ex〉 = |F′ = 3, m′

F = 3〉 in the excited
52P3/2 manifold. The excited state will subsequently decay
back to |1〉 by emission of an early cavity photon, |e〉. Next,
two-photon Raman driving is used to flip the population of the
ground states, that is, |0〉 ↔ |1〉, after which a second optical
π -pulse is applied, resulting in the emission of a late photon,
|l〉 if the atom is in the |1〉 state. Ideally, this procedure results
in the spin-photon entangled state

|ψ〉sp = 1√
2

(|0〉|e〉 + |1〉|l〉). (2)

When performing this operation on a collection of atoms,
it is important to prevent the emission from one atom from
interfering with another. To this end, we propose to operate
in a sequential manner where all atoms are initially prepared

in the state (|0〉 + |1〉)/
√

2 and then addressed sequentially
with the optical π -pulse for the generation of atom-photon
entanglement. An additional laser at 1530 nm addressing the
transition between the 52P3/2 and 42D3/2 excited manifolds
is applied to all atoms except the one subject to the opti-
cal π pulse. Specifically, a π -polarized laser will couple the
excited |ex〉 to the |ex′〉 = |F′′ = 3, mF′′ = 3〉 hyperfine level
of the 42D3/2 manifold. This is done to effectively shift the
|1〉 ↔ |ex〉 transition out of resonance for the other atoms,
since the excited dressed states will be detuned from the cavity
resonance by ±h̄�, where � is the Rabi frequency of the
laser-driven |ex〉 ↔ |ex′〉 transition [42]. Having � � g

√
N ,

where g is the single-photon Rabi frequency of the cavity-
coupled |1〉 ↔ |ex〉 transition ensures that there is effectively
no coupling of the atoms to the cavity field. In this way,
atom-photon entanglement can be attempted with each atom
sequentially as described previously.

The photons collected from the cavity are transmitted to ei-
ther one of the ground stations or another satellite, depending
on the specific location of the satellite in the repeater chain. In
both cases, a linear optics BSM is performed at the destination
to herald atom-atom entanglement, as shown in Fig. 1(b).
The latter is carried out with a 50/50 beam splitter and
single-photon detectors following the scheme of Ref. [38]. If
the BSM is successful, meaning we have measured an early
and a late photon, we have accomplished entanglement in an
elementary link, that is, satellite-satellite or satellite-ground
entanglement,

|ψ〉sp ⊗ |ψ〉sp
BSM−−→ |ψ〉 = 1√

2
(|01〉 ± |10〉). (3)

The phase of the superposition is determined by which detec-
tors record the photons. Since this information is known, it
is possible to change the phase with local qubit operations, if
necessary.
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C. Entanglement swapping

Following the successful atom-atom entanglement gen-
eration of neighboring links in the setup, we carry out
an entanglement swapping between the entangled atoms of
the different links. Previous satellite-based quantum repeater
schemes have considered photonic Bell measurements similar
to the entanglement generation step [16,17,20] to achieve this.
However, the downside of performing a photonic BSM is that
it has an intrinsic failure probability of 50%, which has a detri-
mental effect on the overall rate of the repeater. To circumvent
this, we consider nearly-deterministic Bell measurement be-
tween a pair of atoms through the Rydberg interaction. To do
so, the atoms are spatially rearranged. This can be performed
on a timescale of milliseconds [30,35], which is on the order
of the communication time between segments for the pa-
rameters considered later. This is different from the situation
in the entanglement generation step where the typical time
scale of the local operations is on the microsecond scale for
typical experimental parameters [35,36] and thus negligible
compared with the communication time.

A Rydberg-mediated Controlled Z (CZ) gate between the
two atoms [32,43,44] is assumed for the Bell measurement.
Since the originally proposed schemes in Ref. [43], there
have been a number of further developments to increase the
performance of Rydberg-mediated two-atom gates [32,44],
leading to experimentally reported gate fidelities exceeding
99% [34]. To illustrate the basic idea of how the Rydberg-
interaction allows for a two-atom controlled phase gate, we
focus, however, on one of the original schemes of Ref. [43],
illustrated in Fig. 2(b) for simplicity. First, a π pulse is applied
to the control atom, which makes the transition |1〉 → |r〉,
where |r〉 is a Rydberg state with a high principal quantum
number (n ≈ 60). Then, a 2π pulse is applied to the target
atom. If the control atom is in state |0〉, this pulse will make
the transition |1〉 → |r〉 → −|1〉 on the target atom. However,
if the control atom is in the Rydberg state, the Rydberg inter-
action will shift the transition out of resonance such that the
target atoms remain essentially unperturbed by the pulse. A
final π pulse brings the population of the control atom back to
|1〉 and concludes the gate. This operation amounts ideally to
a controlled phase gate between the atoms, which is sufficient
to perform a BSM.

To realize a Bell measurement, it is necessary to apply a
Hadamard gate on the target atom before the CZ gate and a
Hadamard gate on the control atom after the gate, which can
be done with two-photon Raman driving [30,41]. The qubit
states are then measured by first driving the closed |1〉 ↔ |ex〉
transition and collecting the emitted light, which detects if
the atom is in the |1〉 state. If no light is detected, the atom
is either in the |0〉 state, or it could have been lost from the
trap. The latter can result from the rearrangement step, the
two-atom gate, or simply from imperfect vacuum. To herald
whether the atom was lost, a Raman drive is applied to bring
the population from |0〉 to |1〉 followed by a second detection.
If light is collected, the atom was in the |0〉 state, while if no
light was collected, the atom is assumed lost. We note that this
means that the Bell measurement is in fact not deterministic
since there is a nonzero probability that the atom was lost, in
which case the operation fails.

D. Performance

To evaluate the performance of the repeater protocol, we
model a number of imperfections at both the quantum hard-
ware level and in the optical transmission budget. In what
follows, we describe these imperfections at a high level and
refer to Appendix B and the Supplemental Material [45] for
additional details of the modeling. At the quantum hardware
level, we consider different imperfections in the entanglement
generation, the quantum memories, and the entanglement
swapping.

Entanglement generation: In the generation of spin-photon
entanglement, we consider undesired two-photon emissions
and imperfect coupling to the cavity mode. After the en-
tangled photon is sent from the emitter to the receiver, a
probabilistic optical BSM is performed. The photons interfer-
ing may not be perfectly indistinguishable, which is accounted
for by including a nonunity visibility. The efficiency of the
detector and the coupling losses from free space to fiber are
also included in the link budget (see later). Moreover, dark
counts can generate a "click” in the detectors, despite no
photon being transmitted, which we include with a nonzero
dark count probability.

Quantum memories: The atom-atom entanglement will de-
cohere over time due to the dephasing of the spin state of the
atoms. We model this as single-qubit dephasing channels act-
ing on each atomic qubit, leading to an exponential decrease
of coherence with time. Furthermore, the atoms can get lost
from the traps due to imperfect vacuum, which we model as
an erasure channel with an exponential decay of the qubit
population with time.

Entanglement swapping: After entanglement between
neighboring links is successfully achieved, we carry out the
atomic Bell measurements in all the satellites of the chain
to enable entanglement swapping to the ground stations. To
account for imperfections in the CZ-gate, we assume that the
gate succeeds perfectly with some probability pswap, while
with probability 1 − pswap the swapping results in a "garbage"
state with zero fidelity with the desired Bell state. In addition,
we also include a finite probability that the atoms participating
in the Bell measurement are lost, which also destroys the
entanglement but is a heralded error.

Optical link budget: We compute free space propaga-
tion losses assuming a fundamental Gaussian beam under
transmitter pointing jitter. The latter is assumed to be de-
scribed by a radially varying Rayleigh probability distribution
function. Furthermore, for satellite-to-ground links, we ac-
count for atmospheric effects such as Rayleigh scattering and
turbulence-induced beam widening, operating in the weak tur-
bulence regime due to the assumption of high-altitude ground
stations. Finally, internal losses in the terminals, due to non-
ideal operation of the optical elements (i.e., absorption in
lenses and mirrors) are included.

In our simulations, we consider two different satellites.
One has the characteristics of the Micius satellite [24],
namely, a telescope with a 15-cm radius and 0.41 μrad
pointing error. In addition, we consider an improved second
satellite, with a 50-cm-radius telescope. In both cases, the
satellite orbit is at a height of 500 km from the surface of
the Earth, the same as the Micius satellite, and both ground
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stations have a 60-cm-radius telescope. We also assume the
satellites to be in a "string of pearls" configuration following
an equatorial orbit. The ground stations are assumed to be at a
height of 2000 meters to avoid Mie scattering. Mie scattering
is produced by particles of size comparable to the wavelength
of light, mainly due to atmospheric aerosols. These particles
are more abundant in the lower atmosphere and can be ne-
glected for higher elevations [46].

As detailed in the Supplemental Material [45], we can
derive an analytical estimate of the fidelity of final Bell pairs
distributed between the ground stations taking into account all
of the aforementioned errors and losses. To do this, we adopt
a model where errors either lead to a completely dephased
Bell state of the from ρdeph = (|01〉〈01| + |10〉〈10|)/2 or end
up in a nonspecified "garbage" density matrix ρgarb with zero
overlap with the desired target state |ψ〉 = (|01〉 + |10〉)/

√
2.

In our entanglement generation process, errors caused by
two-photon events, memory dephasing, and imperfect optical
visibility result in dephased Bell states. Since we operate in
a regime with low transmission and dark count probabilities
(pdark, pT � 1), we ignore terms proportional to pT pdark, ne-
glecting any interference between dark counts and the signal.
Dark counts thus only result in false heralding "clicks" where
no signal photon was received, leading to the preparation of
a nonentangled state of the corresponding memory qubits. To
provide a lower bound on the entanglement quality, we model
this nonentangled state as a garbage state with zero overlap
with the desired Bell state. This allows us to express the den-
sity matrix describing the entangled pairs in the elementary
links as ρlink = α|ψ〉〈ψ | + βρdeph + γ ρgarb. The dependence
of the coefficients α, β, and γ on the physical parameters
such as two-photon emission probability, transmission loss,
dark counts, and memory coherence time are given in the
Supplemental Material [45].

Finally, we model the imperfect entanglement swapping at
the repeater nodes as succeeding with probability pswap result-
ing in an error-free swap while with probability 1 − pswap, the
entanglement swapping results in a garbage state. This allows
us to obtain a compact expression of the final entangled state
between the end nodes of the repeater

ρAB = pnsat
swap(A[nsat]|ψ〉〈ψ | + B[nsat]ρdeph) + C[nsat]ρgarb

+(
1 − pnsat

swap

)
(A[nsat] + B[nsat])ρgarb, (4)

where pnsat
swap is the probability of no faulty entanglement

swapping operations across the chain of nsat satellites. The co-
efficients A[nsat], B[nsat], and C[nsat] can straightforwardly be
found from combining (nsat + 1) states of the form ρlink (see
Appendix A for details). Note that, in general, the coefficients
α, β, and γ will be different for each of the elementary links.
From Eq. (A10), it follows that the fidelity of the final state
with the target Bell state is FAB = pnsat

swap
A[nsat]+B[nsat]/2

A[nsat]+B[nsat]+C[nsat]
.

For the computation of the rate, we assume that Nmem

photons are transmitted sequentially in each elementary link
entangling attempt using 2Nmem atoms per emitter satellite,
since each satellite covers two elementary links. In each at-
tempt, we assume that the Nmem photons are emitted within
a time assumed to be negligible compared with the com-
munication time between the links, which is on the order
of milliseconds. We therefore set the repetition time of the

entangling attempt to match the longest communication time
between links in the repeater chain.

After each attempt, the entanglement in a link is either
swapped if the neighboring link is also successful or dis-
carded before a new attempt is made. We choose this mode
of operation because for quantum memories with second-long
coherence times, as considered in this work, the communi-
cation time between elementary links is too long to maintain
high-fidelity entanglement by storing successful links for mul-
tiple entanglement attempts. It is therefore desirable to have
enough multiplexing to ensure near-deterministic entangle-
ment generation in the elementary links [47].

To estimate the rate of the repeater, we first consider the
probability of generating n Bell pairs in a single elementary
link, which is simply

p(g,s)(n) =
(

Nmem

n

)
pn

link,(g,s)(1 − plink,(g,s) )
Nmem−n, (5)

where plink,(g,s) is the success probability per photon for
ground-satellite (g) or satellite-satellite links (s). This expres-
sion is valid in the regime where the optical transmission is
limited by beam divergence rather than pointing errors, since
the latter can induce correlated errors, whereas the binomial
distribution assumes uncorrelated loss. We verify that this is
the case for realistic pointing errors through Monte Carlo sim-
ulations of the distribution of entangled pairs in an elementary
link (see Supplemental Materials for details [45]). Since the
number of entangled pairs between the ground stations will
be limited by the link with the smallest number of successful
pairs, we can express the probability of generating n entangled
pairs between the ground stations, assuming deterministic
swapping, as

p(n) =
(

nsat−1∑
i=0

(
nsat − 1

i

)
ps(n)i ps(>n)nsat−(i+1)

)

·
⎛
⎝ 2∑

j=0

(
2

j

)
pg(n) j pg(>n)2− j

⎞
⎠

− ps(>n)nsat−1 pg(>n)2, (6)

where p(g,s)(>n) = ∑Nmem
i=n+1 p(g,s)(i).

Since the entanglement swapping is only near-
deterministic due to the possibility of atom loss, we need to
include the probability of losing some of these pairs due to
failed entanglement swappings. This modifies the probability
for establishing n entangled pairs between the ground stations
to

p f (n) =
Nmem∑
i=n

(
i

n

)
p(i)(1 − ploss )n pi−n

loss, (7)

where ploss is the probability of unsuccessfully combining the
entangled pairs in the elementary links to achieve an entangled
pair between the ground stations due to loss of at least one
atom in any of the elementary link pairs. The final average
rate of the repeater is then estimated as

R =
∑Nmem

i=1 ip f (i)

Tcom
, (8)
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FIG. 3. Multiplexing capabilities required to reach a rate of 10 Hz (orange) or 100 Hz (blue) and a fidelity of 0.9 in the entanglement
distribution protocol in a satellite chain of five satellites. (a) Number of memory modes, Nmem, needed in a satellite with the characteristics
of Micius, that is, the same size of the telescope (r = 0.15 m), pointing error (σ = 0.41 µrad), and height (h = 500 km), as a function of the
distance between ground stations. (b) Number of memory modes, Nmem, in the text, needed in a satellite with a bigger telescope radius than
Micius (r = 0.5 m) as a function of the distance between ground stations.

where we have assumed that the repetition rate is set by Tcom,
which is the longest round-trip communication time between
elementary links. Additional details about the calculation of
the rate and fidelity can be found in the Supplemental Mate-
rial, where we provide detailed expressions for plink,(g,s), ploss,
and Tcom.

Rather than using the rate analysis described previously to
estimate the achievable rate and fidelity for a fixed number
of atoms, Nmem, we instead estimate the number of atoms
needed to achieve a certain target rate and fidelity. We do
this to get a sense of the multiplexing capabilities needed to
reach fidelities above 90% compatible with secret key dis-
tillation [48,49], and rates above 10 Hz (100 Hz) such that
at least 10 (100) entangled pairs could be distributed within

the second-long memory time that we assume for the ground-
state memories. Fidelities above 50% indicate the presence of
entanglement. Since the satellites are moving in orbit, the rate
is estimated as the average rate during the time window where
ground-satellite communication is possible. This communica-
tion window is about 5 minutes per satellite pass above the
ground stations for the satellite height of 500 km considered
here.

In Fig. 3, we plot the necessary number of memory modes
per repeater node, to reach a certain rate of entanglement
between the ground stations, in this case 10 Hz or 100 Hz, and
a fidelity � 0.9 of the final Bell pair as a function of distance,
assuming a chain of five satellites. The parameters considered
in the simulation are shown in Table I.

TABLE I. Assumed values of the parameters in the model. The assumed values are compatible with current or near-term technology. The
parameters that differ from those shown in this table are indicated in the figures. The collection efficiency is defined as ηcoll = pηcav,coll, where
p = 0.99 is the probability of emitting in the cavity mode, and ηcav,coll = 0.5 is the collection efficiency from the cavity to free space. The
effective loss coherence times depend on the quality of the vacuum in the atomic memories and are assumed to be higher for ground stations
than on the satellites. The values of the transmission probability between satellites shown are the ones for the shortest distance between ground
stations (∼1300 km) and for the longest one(∼12 000 km) to provide a sense of the relevant regime.

Parameters considered for the simulations

Prob. of the emitter to emit a single photon p1 0.99
Prob. of the emitter to emit two photons p2 0.002
Collection efficiency ηcoll 0.49
Visibility of the photons V 0.999
Prob. of losing an atom in the entanglement swap ploss,swap 0.1
Effective loss time in satellite Tloss,sat 0.01 s
Effective loss time in ground station Tloss,gstat 1.5 s
Fidelity of the entanglement swap pswap 0.995
Dark detection probability pdark 10−6

Decoherence time in satellite τc,sat 1.5 s
Decoherence time in ground station τc,gstat 10 s
Photon detection efficiency η 0.98

Transmission probabilities in the elementary links

Trans. prob. sat.-ground. (r = 0.15 m) pT,sat-ground 0.14
Trans. prob. sat.-ground. (r = 0.5 m) pT,sat-ground 0.33
Trans. prob. sat.-sat. (r = 0.15 m) pT,sat-sat 0.052–0.0007
Trans. prob. sat.-sat. (r = 0.5 m) pT,sat-sat 0.55–0.03
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From the comparison of Figs. 3(a) and 3(b), it is seen that
increasing the radius of the satellite mirrors relaxes the multi-
plexing requirements up to two orders of magnitude. While
the Micius-like satellite requires more than 1000 memory
modes to achieve a rate of 100 Hz for a distance of 3500 km
between ground stations, the upgraded satellite only requires
∼200 memories. Additionally, the upgraded satellite only re-
quires around 1000 memory modes to reach a rate of 100 Hz
over distances � 8000 km. This is an order of magnitude less
than found in optical BSM architectures for similar satellite
characteristics [16].

We chose to target a final fidelity of � 0.9 since this allows
for direct extraction of secure encryption keys through QKD
[48,49]. If higher fidelity entanglement is required, this can, in
principle be achieved through entanglement purification [50].
Increasing the rate from the targeted 10 Hz or 100 Hz can be
achieved by increasing the amount of multiplexing. Increasing
the number of memory modes in Fig. 3 by a certain factor will
result in roughly the same increase in rate.

Table I shows the assumed quality of the hardware and
quantum operations, for example, the entanglement swapping
quality and photon detection efficiency, to reach a final fidelity
� 0.9. Lower error budgets in the quantum hardware will nat-
urally increase the performance of the repeater. While errors at
the 0.1% level are within reach of current neutral atom-based
hardware, entanglement purification techniques could also be
employed to leverage the effect of nonperfect operations at the
expense of a slower distribution rate.

III. CONCLUSION

In summary, we have proposed a satellite-assisted quan-
tum repeater architecture based on individually trapped alkali
atoms, which has several desirable features for functioning
as quantum payloads. In particular, the ability to perform
nearly deterministic BSMs with Rydberg-mediated two-qubit
gates significantly lowers the amount of multiplexing needed
to establish entanglement at continental distances compared
with protocols based on probabilistic linear optics BSMs
[16]. Additionally, the use of atoms as single-photon sources
circumvents the need for entangled photon sources and ab-
sorptive quantum memories.

We developed a simple but accurate analytical model
where we included the main imperfections of the quantum
hardware and the optical link, assuming high-altitude ground
stations, and consequently working in a regime of weak atmo-
spheric turbulence. This model allowed us to compute how
expensive, in the sense of the number of memory modes per
repeater station, it is to get high-fidelity entanglement at conti-
nental distances using the setup we propose. From this model,
we estimated that a chain of five satellites with a 50-cm radius
telescope, enables high-fidelity (F � 0.9) entanglement at a
rate of 100 Hz with less than 200 atoms per repeater station at
a range of 1500 km.

We believe that our model can be readily adapted to
provide first-order estimates of the performance for other
satellite-assisted quantum repeater architectures based on
heralded entanglement generation and entanglement swap-
ping, also with different quantum hardware. This is due
to the characterization of the effect of the physical errors

into simple lower-bound estimates of the fidelity of the
final state. Notably, our model allows for easy and fast
simulation of long quantum repeater chains in contrast to
Monte Carlo-based simulations [18], where the computa-
tional overhead increases rapidly with the length of the
repeater chain.

In addition to the promise of long-distance entanglement
distribution, satellite-assisted quantum repeaters also open up
new tools for more fundamental tests of nature. In particular,
the atomic hardware considered here presents new oppor-
tunities for quantum-enhanced sensor networks relevant for
searches for topological dark matter [51], global time-keeping
[4], and tests of the interplay between gravity and quantum
mechanics [52].
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APPENDIX A: ENTANGLEMENT SWAPPING

In this Appendix, we give a more detailed calculation of
how we carry out the entanglement swapping. Before the
entanglement swap, the state of each elementary link is of the
form:

α|ψ〉〈ψ | + βρdeph + γ ρgarb, (A1)

where α, β, and γ are the probabilities of getting the desired
entangled state, a dephased state, and a garbage state, respec-
tively, after taking into account imperfection in the source,
the transmission loss through free space and the atmosphere,
the photonic Bell measurements, and the decoherence of the
quantum memories. The full expression of these parameters
can be found in the Supplemental Material [45].

The input of the first entanglement swapping is the follow-
ing:

(α0|ψ〉〈ψ | + β0ρdeph + γ0ρgarb)12

⊗ (α1|ψ〉〈ψ | + β1ρdeph + γ1ρgarb)34, (A2)

which is followed by a CNOT gate on qubits 2 –3, a Hadamard
gate on qubit 2, and the measurement of both qubits. In this
expression, we have included a subindex on the coefficients
{α, β, γ }, since the states of the elementary links can, in
general, be different due to, for example, different transmis-
sion probabilities.
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After a successful (i.e., no atom loss detected) entangle-
ment swapping operation, the swapped state will be of the
form

A[1]|ψ〉〈ψ | + B[1]ρdeph + C[1]ρgarb, (A3)

where

A[1] = α0α1, (A4)

B[1] = β0(α1 + β1) + α0β1, (A5)

C[1] = γ0(α1 + β1) + γ1(α0 + β0) + p2γ0γ1. (A6)

The state after performing n entanglement swaps is described
by the recursive expressions:

A[n] = A[n − 1]αn, (A7)

B[n] = A[n − 1]βn + B[n − 1](αn + βn), (A8)

C[n] = γn(A[n − 1] + B[n − 1])

+ C[n − 1](αn + βn + p2γn). (A9)

Lastly, we also consider the fidelity of the entanglement
swapping operation. We assume that with probability, pswap,
the entanglement swapping operation is perfect, while with
probability 1 − pswap, the resulting state is a garbage state,
which amounts to a lower bound on the fidelity of the swapped
state. Thus, after nsat entanglement swaps (the number of
entanglement swaps is equal to the number of satellites), the
end-to-end entangled pair will be of the form:

ρAB = pnsat
swap(A[nsat]|ψ〉〈ψ | + B[nsat]ρdeph)

+ ((
1 − pnsat

swap

)
(A[nsat] + B[nsat]) + C[nsat]

)
ρgarb.

(A10)

APPENDIX B: MODELING OF ERRORS

In this Appendix, we provide more details on our model
of hardware imperfections and transmission loss in the satel-
lite repeater chain. Specifically, we describe how we model
two-photon emission errors, dark counts, quantum memory
dephasing, and atom loss. Finally, we describe our model of
the optical transmission, including beam divergence, pointing
jitter, and atmospheric absorption. Additional details can be
found in the Supplemental Material [45].

In the first step of the protocol for establishing entangle-
ment between the spin of the emitter and the photon, we
take into account two-photon emissions and that the photons
may not be emitted into the cavity mode. The collected pho-
tons are sent to the closest satellite or to the ground station
for the spin-spin entanglement generation. The photons will
reach their destination with probability pT, computed using
the optical link budget explained later in this section. These
free-space and atmospheric losses are modeled as a fictitious
beam splitter with transmission pT. The transmission of a
single-photon is modeled as follows:

â†
ph|0〉ph|0〉E → √

pTâ†
ph|0〉ph|0〉E +

√
1 − pTâ†

E|0〉ph|0〉E,

(B1)

where â†
ph is the creation operator for the collected mode,

while â†
E is the creation of a noncollected (environment) pho-

ton. Once the photon reaches the receiver, a photonic BSM is
performed between the emitted photon and a photon emitted
from an atom in the receiver system. The two photons may
not be perfectly indistinguishable and the efficiency of the
single-photon detectors and the coupling from free space to
fiber is not perfect. These factors are added to the model as
the visibility of the photons, the detector, and the coupling
efficiency. The photon detection efficiency of the spaceborne
superconducting nanowire single photon detectors (SNSPD)
is considered to be the same as the ones previously reported
in ground-based SNSPDs [54,55]. The authors expect that
such performances are possible in the near future, by lever-
aging the longstanding heritage of other cryogenic detectors
in space [56]. Moreover, dark counts can generate a "click"
in the detectors, when there is no photon to measure, which
is considered in the dark count probability. The photonic
BSM is modeled as a 50/50 beam splitter where just single-
photon emissions are considered indistinguishable, leading to
interference terms. In other words, we do not consider in-
terference between photons from two-photon emissions since
these will likely be emitted with very different temporal en-
velopes, resulting in negligible interference effects. As a result
of these imperfections, the final atom-atom entangled states
are captured by probabilistic mixtures of the ideal Bell state, a
dephased state, and a nonspecified garbage state with fidelity
zero (which includes, e.g., the |00〉 and |11〉 states) as specified
in the supplemental material [45].

The entanglement is "stored" in the hyperfine spin of the
Rubidium atoms but decoheres with time. We model this
as a dephasing channel, where the coherence (off-diagonal
terms of the density matrix) decays exponentially with time
as exp(−t/τc), where τc is the coherence time of the atoms
(assumed different for ground and satellites as detailed in
Table I). In addition, we assume that the atoms can get lost
due to imperfect vacuum. We model this by assuming that
with probability exp(−t/Tloss ) an atom is lost after a time t ,
where Tloss is an effective loss time (also assumed different
for satellite and ground).

After entanglement between elementary links is success-
fully achieved, we carry out the entanglement swapping in
all the satellites of the chain. To do so, the tweezers move
the atoms that have established entanglement with their coun-
terparts at the end of their respective elementary links to the
top positions of the cavity, such that we know where the
successfully entangled atoms are. The imperfections of the
entanglement swapping are modeled as described in the main
text.

As shown in Fig. 4(b), we include a number of imper-
fections and loss for the optical link budget. The free-space
propagation losses are computed considering a fundamental
Gaussian beam under transmitter pointing jitter. The latter
is assumed to be described by a radially varying Rayleigh
probability distribution function, which is the result of the
combination of centered Gaussian probability density func-
tions in both the vertical and horizontal directions. The joint
Gaussian probability density function of the pointing jitter is
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FIG. 4. Errors considered in the protocol. (a) Schematic representation of the quantum setup used and possible errors that can happen.
Two-photon emissions and imperfect coupling to the cavity mode are taken into account when modeling the atom-photon entanglement
generation. Dark counts, detector efficiency, and coupling to the fiber are included as imperfections in the Bell state measurements carried
out in the receivers. Nonperfect visibility of the photons involved in the Bell state measurement is also included. Finally, we include the
dephasing of the atoms and imperfections of the entanglement swapping operation. (b) Schematic representation of the transmission losses.
In the satellite-satellite link, we take into account transmission losses due to the propagation of the Gaussian beam and the pointing jitter of
the emitter. In the satellite-ground station link, we also consider the effect of the atmosphere, that is, the Rayleigh scattering due to molecules.
Additionally, losses originated in the terminals are also added to the model.

given by

f (x0, y0; σ ) = 1

2πσ 2
exp

(
−x2

0 + y2
0

2σ 2

)
, (B2)

where x0 and y0 are the coordinates of the pointing error in
the receiver’s aperture plane, and σ is the pointing jitter’s
standard deviation for both directions. The effect of point-
ing errors is that the center of the Gaussian beam profile
is not aligned with the center of the receiver. In the regime
where the width σ of the pointing jitter is small compared
with the beam waist at the receiver, w, the effect of pointing
jitter will be small and the transmission will be dominated
by beam divergence. This allows us to use the binomial dis-
tribution approximation of the number of successful pairs
in an elementary link used in our model [see Eq. (5)] us-
ing the average transmission probability with respect to the

pointing jitter. From numerical Monte Carlo simulations, we
find that, for w/σ � 10, the binomial distribution approxi-
mation is good (see the Supplemental Material for further
details [45]). For realistic pointing errors and beam focus-
ing characteristics [57], this requirement is fulfilled [45]. In
satellite-to-ground links, the atmospheric effects have been
included in the model using simulated atmospheric transmis-
sion from Ref. [58]. We consider that the ground stations are
at an altitude higher than 2000 meters [59], that the telescope
on the ground has a diameter of 2 meters, allowing for aper-
ture averaging effects of atmospheric turbulence scintillation
[37,60], and that weak turbulence conditions are satisfied
[37]. Given these three factors, the effects of atmospheric
turbulence-induced scintillation will be negligible, and the
beam wandering will be dominated by transmitter pointing
jitter.
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