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Abstract

Satellite-assisted entanglement distribution is a promising approach for realizing long-range quan-
tum networking. However, the limited coherence time of existing quantum memories makes it
challenging to obtain multiple event-ready entangled pairs between ground stations since one pair
decoheres before the successful distribution of another. We demonstrate how this can be circum-
vented by pairing existing satellite-compatible spontaneous parametric down conversion (SPDC)
sources with qudit-compatible quantum memories on ground. By operating the SPDC source as a
source of time-bin encoded photonic qudits, simultaneous distribution of multiple entangled pairs
between the ground stations can be achieved at a significantly higher rate than if the SPDC sources
was operated as a source of photonic qubits. We find that for achievable coherence times of sec-
onds and demonstrated satellite performances from the Micius satellite, the qudit operation leads
to several orders of magnitude faster distribution rates than the qubit-based operation when more
than one event-ready high-quality (Bell pair fidelity >0.95 as well as for fidelity >>0.9) entangled
pair is desired. To ensure high-quality entanglement distribution, we consider multiplexed quan-
tum memory operation storage and, in the qubit case, we also consider storage cutoff times.

1. Introduction

Encoding information into quantum systems leads to fundamentally new capabilities for data processing
and transmission [1]. Quantum key distribution (QKD) [2, 3] and blind quantum computing [4, 5] can
enable information-theoretic security in communication and cloud quantum computing provided that
entanglement can be established between the communicating parties. The standard approach for entan-
glement distribution involves sending photons through optical fibers. However, for long-distance links,
satellite-assisted free space links is a promising near-term approach that circumvents the need of com-
plex quantum repeaters to compensate transmission loss [6—11]. For example, QKD has already been
demonstrated with the Micius satellite as a trusted node for distances ranging from 500 to 700 km [12,
13]. In a more advanced approach, entanglement-based QKD was achieved without relying on a trusted
node, spanning distances of up to 1200 km [14], which is well outside the reach of any current fiber-
based approach.

To unlock the full potential of entanglement-based quantum networking, the distribution of mul-
tiple high-quality entangled pairs will be necessary. This allows for combating noise and imperfections
through entanglement purification [15, 16] as well as more advanced applications such as distributed or
blind quantum computing [17, 18]. In conventional photonic qubit-based approaches, multiple pairs of
photonic qubits are distributed sequentially [19] or in parallel [20, 21] and rely on a register of quantum
memories to store the successful pairs until all required entangled pairs are distributed. In such schemes,
the required coherence time of the quantum memories scales inversely with the transmission probability

© 2026 The Author(s). Published by IOP Publishing Ltd
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of the photonic link, such that lower transmission directly imposes the need for proportionally longer-
lived memories to maintain high-fidelity entanglement distribution [22]. To address this challenge, it has
been proposed to use high-dimensional photonic qudit encoding to simultaneously entangle multiple
pairs [22, 23]. However, the compatibility of such protocols with realistic satellite-based entanglement
sources, as well as their comparison with other qubit-compatible techniques like temporal multiplex-

ing [24-26] and storage-time cutoffs [27, 28], remains largely unexplored.

In this work, we propose a promising scheme for long-distance entanglement distribution where
a satellite-based spontaneous parametric down conversion (SPDC) source [29, 30] is operated as an
approximate source of photonic qudits to entangle two ground-based quantum memory (QM) regis-
ters. The qudit operation of the SPDC sources does not require any significant upgrade of the quantum
hardware on the satellite, which we assume have similar characteristics as the Micius satellite [14]. Qudit
compatible quantum memories are required for the ground nodes, which can be realized with existing
hardware based on cavity-coupled diamond color centers or atomic qubits [22, 31-33].

We compare the performance of the SPDC qudit operation with the standard qubit operation con-
sidering multiplexed-memory operation in both cases and storage cutoff times for the qubit one. For the
former, we assume the quantum memories can store more qubit pairs than required, which, in some
cases, can result in an effectively higher distribution rate. For the latter, we assume that an entangled
pair is discarded if it has been stored longer than a certain cutoff time since the quality of the entangle-
ment will have degraded too much from decoherence. By operating with a qudit dimension that cor-
responds to the desired number of event-ready entangled pairs, the memories only need to store the
entangled pairs for the duration of classical communication between two ground stations, to allow for
an heralding signal between the ground-stations. This leads to several orders of magnitude faster distri-
bution rates for high-fidelity entanglement distribution (Bell pair fidelity >>0.90) over distances ranging
from hundreds to over a thousand kilometers compared to the qubit operation for similar parameters
of the source, quantum memories, and satellite link. Our results demonstrate the practical advantage of
high-dimensional photonic encoding for long-range entanglement distribution using existing satellite-
based quantum hardware and near-term ground-based quantum memories.

2. Model

We consider a downlink setup where photons are sent from the satellite to the ground stations, as
sketched in figure 1. The goal is to establish m event-ready high-fidelity entangled pairs between two
ground stations, meaning that at a certain point in time, we have m entangled pairs simultaneously
available. We consider two distinct modes of operation, one using qubits and the other using qudits.

In both modes, we also allow for memory multiplexing where n € {0,1,...} specifies that nm quantum
memories are available at each ground station. Note, however, that we only consider the availability of
a single photonic source at the satellite such that entanglement attempts are performed sequentially and
not in parallel.

In the qubit mode of operation, shown in figure 1(a), approximate entangled photonic qubit pairs
are generated from an SPDC source and transmitted to the ground stations. Note that an SPDC source
provides only an approximate entangled-photon pair, since the output state is a mixture of vacuum,
single-pair, and higher-order multi-pair contributions, as shown in equation (1). The photonic qubits
are assumed to be encoded in the time-bin basis consisting of an early or late time bin. Upon successful
arrival at their respective nodes, the photons are stored in time-bin compatible quantum memories in
a heralded manner. This can e.g. be achieved through spin-dependent reflection of cavity-coupled dia-
mond defect centers or atomic quantum memories, as we will detail below. We will consider cases where
the number of available memory modes is equal or greater than the required number of entangled pairs.
Furthermore, we include the possibility of operating with a cutoff time such that pairs that have been
stored for too long and correspondingly have been subject to too much decoherence will be discarded.

In the qudit mode of operation, depicted in figure 1(b), the SPDC source generates approximate
entangled photonic qudit pairs encoded in a high-dimensional time-bin basis. We note that this merely
corresponds to viewing the consecutive emission of 2"~! approximate qubit pairs as an approximate 2"
dimensional qudit as we detail below. Thus, the operation of the SPDC source is in many ways exactly
the same as in the qubit mode of operation. The ground-based memories will, however, need to store
high-dimensional qudit states of dimension 2" in a heralded manner. Similarly to the qubit case, mul-
tiple cavity-coupled diamond defect centers or atomic qubits can be used to achieve this. Once success-
fully heralded, a 2"-dimensional photonic qudit pair generates m Bell pairs between the ground stations
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Figure 1. Experimental setup. We consider a down-link scenario where the entangled photons are transmitted from the satel-
lite to the ground stations. We also consider multiplexing, where we have more memory modes, n X m than pairs we want to
entangle. Here m is the desired number of pairs and n is the multiplexing factor. The figure-of-eight shape represents that we
send entangled photons to both ground stations. (a) Qudit mode of operation. The source fires entangled photons in a 2"-
dimensional time-bin encoding. When one pair of entangled photons arrives successfully at both ground stations, we simulta-
neously obtain the desired number of Bell pairs. (b) Qubit mode of operation. The source fires entangled photons encoded in a
two-dimensional time-bin encoding. If both photons arrive successfully at their ground stations, they are stored in the quantum
memories, depicted as the first successful pair at #. The other successful pair arrives at a later time, #;.

simultaneously. We will always consider the case where the qudit dimension matches the minimum nec-
essary to generate m Bell pairs. For this reason, we do not consider cutoff strategies for the qudit mode
of operation, but still include the possibility of having more memory modes than the required number

of Bell pairs to increase the distribution rate through multiplexing.

2.1. Entangled photon pair source

We consider an SPDC source as our probabilistic source of entangled photonic pairs. A pump laser is
used to drive a nonlinear optical crystal to emit time-correlated signal and idler photon pairs with a cer-
tain probability [14, 34, 35]. To generate time-bin encoded states, we consider a pulsed operation corre-
sponding to well-defined time bins of length 7;,. Two consecutive pulses generates an approximate time-
bin qubit pair and, in general, 2" consecutive pulses generates an approximate 2”-dimensional entangled
qudit pair of the form:

2M—1 oo
“I/>A,B = ® V1 —AZZ)\H|111,111>A7B
=0 n=0
m—1 2" -1
~(1-2)7 10,0045 +A Y 11
1=0
2" —12"—1

F XD 1 L) as+O0(N) | (1)

=0 j>I

where the subscripts A and B correspond to two different spatial modes directed toward the ground sta-
tions of Alice and Bob respectively, and the subscripts I,j enumerate the time bins that contain pho-
tons. In other words, the state |1 115, 115) AB denotes a state with photon pairs (in spatial mode A and
B) in the I'th and j’th timebin. The parameter A denotes the squeezing parameter, which quantifies

the strength of the SPDC process and is proportional to the pump amplitude. The desired term in
equation (1) is lezno_ ! |1;,1/) 4,5, which corresponds to a (not normalized) maximally entangled qudit
pair of dimension 2.

We assume the source operates in a weak-pump regime, where the squeezing parameter is much less
than one (A <« 1). Lowering the squeezing parameter decreases the probability of emitting a photon pair,
yet improves the fidelity by reducing multi-photon events (o< A?). In other words, there is a trade-off
between the rate and the fidelity of entanglement which depends on the dimension of the entangled
pair.

2.2. Photon transmission

Photon loss during transmission to the two ground stations will change the received state from the one
emitted by the SPDC source. We model this by passing the state in equation (1) through fictitious beam
splitters in each spatial mode where one output mode of the beam splitters corresponds to the loss while
the other is the transmitted mode. As we detail below, we assume that the storage of the received pho-
tons in the quantum memories is heralded by the detection of the photon. Any loss and inefficiency in

3
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Figure 2. Qudit state mapping to multi-qubit states. Quantum circuit illustrating the general operation of the qudit memory pro-
tocol at the ground stations. The figure shows an arbitrary qudit input state and the protocol generalizes to arbitrary mixtures

of pure states. The control nodes represent optical switches that route the incoming time-bin pulses to the corresponding quan-
tum memories based on the binary encoding of the time-bin. At the memories, a qubit-photon controlled not gate is performed
which entangles the qubit state of the memories with the photon. After the interaction, the incoming photon is measured in the
Fourier basis, which heralds the successful simultaneous storage of multiple Bell pairs.

the memory storage process can be directly included in the effective transmission probability, pr, of the
fictitious beam splitter together with the the free space transmission probability. The free space transmis-
sion probability is derived using the model in [36], which includes divergence, atmospheric absorption
and pointing jitter.

Additionally, we model false detections assuming that there is a probability pg,x that a detector clicks
despite no photon was received. We assume that this results in a stored state with zero fidelity with the
desired entangled Bell pairs to have a lower bound on the Bell pair fidelity.

2.3. QM operation

Upon arrival at the ground stations, the incoming photonic state is mapped to a (multi-)qubit state in
the qubit registers of the ground stations. We assume the availability of qubit-photon controlled gates,
which makes the transformation

[vac), [0) = [vac),, [0), (1) [0) = (1) 1), (2)

where |vac) ;, (|1),;,) denotes the absence (presence) of a photon in a particular mode. Such gates can
be implemented with existing hardware of cavity-coupled diamond color centers [31, 32] or atomic
qubits [33, 37] and can be used to store 2™ dimensional photonic qudits in # qubits in a heralded man-
ner with the protocol of [22]. Here, we sketch the main steps of this protocol and note that it also works
for photonic qubits (m = 1).

To simplify the explanation, we consider only the desired component of the photon state in
equation (1):

2m—1

1
0) = o > 1D apn|D5.ph- (3)
=0

At both Alice and Bobs side, the corresponding qudit interacts with m cavity-coupled qubit mem-
ories. Which of the m qubit memories the photon interacts with depends on the specific time-bin and
is controlled by photonic switching. The switching is programmed according to the binary represen-
tation of the time bins (see figure 2). Here the X-gate represents the Pauli-X matrix, o, = (1) (1)) ,
applied to the corresponding qubit register which is subsequently stored in a QM. The QFT repre-
sents the quantum Fourier transform that is applied to the qudit to facilitate the generalized X-basis
measurement needed to herald the arrival of the photon while erasing the which time-bin informa-
tion. Consequently, the decimal time-bin encoding of the 2™-dimensional qudits in equation (3) will
be transformed into the corresponding binary encoding in m qubits. A 2™-dimensional qudit state rep-
resented by |l) (I=0,1,...,2" — 1) can be changed to binary encoding by the following conversion:
[M10 = [bn—1 -1+ -hib)a (I €{0,1}) [22]. For example, the number 54 is mapped to 101, in binary
encoding.

The m-qubit register is initialized in the |0)®™ state, and the incoming photon flips the qubits cor-
responding to its binary-encoded state. If J; = 1 the ith qubit of the register will flip from |0) to |1). If
I; = 0 the qubit remains in state |0). After interaction at both ground stations, the resulting state of the

4
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qudit and qubit memory registers is:

2" —1

Z D) apnl D 5pnl2)al12) B, (4)

where |,) represents the state of the multi-qubit register in binary encoding. The successful storage of
the qudit information in the qubit registers is completed by detecting the photonic modes in a general-
ized X-basis such that the information about which time-bin the photons were in is erased. Such a mea-
surement can be implemented by applying local QFTs to the photonic modes at the ground stations,
which can be implemented with optical delay lines, beam splitters and phase shifters as outlined in [22,
38]. It corresponds to projecting the photonic modes onto basis states of the form

iy
Xk 62171' 1k/2"’ (5)
5= s >

where k € {0,1,...,2" — 1}. The measurement also heralds the successful transfer of the qudit informa-

tion to the qubit register i.e. that a photon was received. Up to local phases determined by the measure-
ment outcomes at Bob and Alice, the qubit register state following detection will be:

) = — (10,00 4.5+ |1,1)4.5)°". (6)

1
V2
To confirm the success of both sides, the measurement outcomes must be communicated between
Alice and Bob. During this time, referred to as the heralding time, 7y, the stored qubits experience deco-

herence. Additionally, in the qubit case, when more than one event-ready entangled pair is desired, the
already entangled pairs need to wait until all desired pairs have been successfully entangled during which
they also suffer from decoherence. We model this as a depolarizing channel where the quantum state
decays to a mixed state over time (), with a decoherence probability of 1 — e~ "/Ten Here, T,y is the
coherence time of the memories.

Besides the limited coherence time of the qubit registers, additional errors such as photon loss and
imperfect spin-photon gates will also affect the performance of the qubit registers. The photon loss can
be directly absorbed into the overall photon transmission probability as previously described. Imperfect
spin-photon gates and photonic switching affect the quality of the generated Bell pairs in a non-trivial
way, which is treated in detail in [38]. In particular, the qudit encoding can result in correlated errors
between the Bell pairs, which is a clear distinction between the qubit and the qudit mode of opera-
tion considered here. As shown in [38], the effect of such correlated errors depends on the application;
purification schemes are able to effectively target such correlated errors while quantum error correction
codes are less effective. Since the focus of this work is to study the effect of limited coherence time of
the qubit registers as well as the approximate entangled pair source, we will assume that these are the
dominant errors and neglect the effect of other imperfections in the qubit register storage for now. This
will allow us to provide general, hardware-agnostic bounds on the performance of both the qubit and
qudit operation of a satellite-based SPDC source for long-distance entanglement distribution.

3. Performance

To compute the rate of entanglement distribution, we need to estimate the rate of photons successfully
mapped to the qubit registers at the ground stations in both the qubit and qudit mode of operation.
However, for the following analysis, the qubit mode of operation can be viewed as a special example of a
two-dimensional qudit.

The length of a photonic time-bin is set by the repetition rate of the pump laser, r,.,. Consequently,
an approximate qudit pair of the form in equation (1) is emitted at a rate of ., /2™. If a detector clicks
at a ground station, which ideally heralds a successful storage, the receiver will close the access to the
qubits involved and send a (classical) heralding signal to the other ground station. If no signal has been
received from the other ground station after the heralding time 7, has elapsed (time of communication
between the ground stations), the qubits will be immediately reset in order to receive photons again.
Additionally, if a heralding signal for the corresponding qubits at the other ground station is received
within the communication time, the qubits will also be immediately reset. A successful entanglement will
only happen when the qubit pairs are available in both ground stations and heralding clicks are simul-
taneously recorded so that the ground stations both receive a heralding signal at the same time. Thus,

5



10P Publishing

Quantum Sci. Technol. 11 (2026) 035029 V Dominguez Tubio et al

the probability of successful entanglement distribution is given by pent = PsucT(0,0)» Where pg,c denotes
the probability that a single qudit pair is successfully transmitted and mapped onto the qubit registers,
assuming the qubits are available, and 7 (g o) represents the probability that the qubits are indeed avail-
able. We calculate the latter probability using a Markov chain [39].

To increase the entanglement distribution rate, we consider a multiplexing scheme, where there are
more available quantum memories than the desired number of entangled pairs. In particular, if m entan-
gled pairs are desired, we define a multiplexing parameter n € {0,1,...} that specifies that mn qubit
memories are available at each ground station. We will count one entanglement generation attempt
as attempting all mn qubit memories sequentially. Thus, the time of one attempt is 7. = 2m#n/rye,

(Te = 2"n/ryep) for the qubit (qudit) mode of operation. Additionally, we are in the limit pg, < 1 and
we will therefore consider a slightly sub-optimal protocol where we only allow for a single heralding
click per attempt. In other words, we discard events with more than a single heralding click per attempt.
However, the probability of multiple heralding clicks is very low for practically relevant parameters,
meaning that including such events would not significantly increase the rate. The fact that pg, is so
small is a consequence of the physical regime in which the protocol operates to generate high-fidelity
entangled pairs. In order to maintain high-fidelity entangled photon pair generation, the squeezing
parameter A of the SPDC source must be kept small to suppress higher-order multi-photon emissions,
which would otherwise degrade the fidelity of the entangled state. As a result, the probability of success-
fully generating the desired single entangled photon pair (pent) is inherently small, due both to the low
pair-generation probability from the SPDC source and the limited transmission probability through the
atmosphere. This ensures that multiple-click events are extremely rare, and we therefore only include
2nd order photon emissions in our analysis.

We estimate the average rate of the entanglement distribution from the average number of attempts,
(A) to obtain the desired number of event-ready entangled pairs:

1

k=t

(7)

To calculate (A), it is useful to define the parameters D and N to keep track of the many possible com-
binations of obtaining m entangled pairs across multiple attempts. In the qubit (qudit) mode of oper-
ation D=mn (D=n) and N=m (N = 1). Since we have at most one heralding click per attempt, the
average number of attempts to get m entangled pairs can be estimated as:

<A> (D N papproxpent Z Z ll +l

=0 iN>iN—1
a ; N—1;
+Z (i — ik1)> (1 — pe) PNFDin+D-NE T ®)
k=2
(1 _pent)D+l_k
- N+ D+1—k*
=1 1— (1 _pent)

This expression is valid both in the qubit and qudit mode of operation with the suitable choices of
D and N. It captures that in each attempt i;, we go through all the available memories. As the prob-
ability of entanglement is small, we discard the events in which more than one pair is entangled in a
single attempt. To account for all possible combinations where there are no simultaneous successes, we
sum over these combinations with condition i > 7,1 to ensure that each pair needs a different number
of attempts. The term 1 — p,pprox is the probability of obtaining m entangled pairs with more than one
heralding click per attempt. This can be calculated as:

D! N1
Paorox = (5 gy Pon (1 =)™

o0 (o) N
X Z Z (1 _pent) k:l(D+l_k) .

=0  iN=0

9)

As stated above pent = PsucTr(0,0)- In our simulations, we keep 1 — papprox < 1%, which ensures that we do
not significantly reduce the rate by discarding events with multiple heralding clicks in one attempt.

6
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Figure 3. Performance comparison of the qudit (crosses) and qubit (circles) modes of operations. We optimize the squeezing
parameter, A, between values ranging from 0 to 0.1 as we are working in the weak-pump regime, for each distance, as well as the
cutoff time for the qubit case. We assume a dark count probability of pg, = 1.6 - 107>, a memory storage efficiency of n = 0.5
(including photon detection), a SPDC repetition rate of rrep = 10™7s, and a qubit coherence time of Tcon = 10s. Additionally, the
transmission probability, pr is of the order of 1073, being ~8 - 102 for the shortest distance of ~200 km, and being ~2 - 103
for the longest distance of ~1200 km. In the left figure, the target fidelity is 0.9. The optimized value of the cutoff time, tcy, is

1 s. In the right figure, the target fidelity is 0.95. Here, the optimized .. is always 0.1 s. The qubit scheme is unable to generate
pairs with a fidelity of 0.95 for distances over 1050 km. These points are therefore omitted from the figure.

To compute the average fidelity of the entangled pairs, we take into account the effects of decoher-
ence during the waiting period for all pairs to become successfully entangled

D!
N- (D — N)!papprox

X f: . i [(1 _pem)Zszl(D+lfk)ik

i1=0 iN=0 (10)
X (F(Th) —|—F(7‘h + (iN—|— 1)7’6) + e

N

+F Th+TCZ(ij+1) ,
j=2

)NDf((Nfl)ZJrZ)

<F(t)> = P?Int(l ~ Pent

where F(#) is the fidelity of a pair after storage time t. The detailed expression for F(f) can be found

in appendix A, which also includes infidelities from higher-order photon terms and dark counts. Note
that we assume a worst-case scenario in which these events result in states with fidelity of zero with the
desired Bell states. The ordering used in equation (10) means that the iy’th pair is the last pair that gets
entangled and consequently, it only decoheres for the heralding time 7. On the other hand, the first
pair (i;) has to wait the longest, namely for 7, 4 7, Zf:z iy, where i is the number of entanglement
attempts needed for the kth pair to be successfully entangled.

The previous expressions for the average rate and fidelity of the entangled pairs (equations (8)
and (10)), do not operate with a cutoff time. In the qubit scheme, we add a cutoff time, t.,; < Tcon, to
the memories to ensure a certain target fidelity of the entangled pairs. We consider a strategy where once
the first pair has been entangled, it will be stored in the QM the chosen cutoff time, and the rest of the
pairs we want to entangle must be successfully entangled within that time. To account for this in our
expression of the rate and the fidelity, the sums over the attempts that occur after the first successfully
entangled pair will be bounded by the cutoff time. The updated expressions including the cutoff time
can be found in appendix B for the case of m = 2. Tables 1 and 2 show all the parameters assumed for
our numerical analysis. The transmission probabilities, needed for the calculation of pg,, are calculated
following the model of [36].

In figure 3, we show a comparison between the qudit and the qubit mode of operation when requir-
ing a minimum average Bell pair fidelity of 0.90 (left figure) and 0.95 (right figure) of two event-ready
entangled pairs (m = 2). For the qubit mode of operation we optimize the cutoff time to achieve the
maximum distribution rate for a certain distance. We assume the same performance in terms of memory
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efficiency and coherence time for both modes of operation and optimize the squeezing parameter \ to
achieve the highest distribution rate. Our results show that the qudit mode of operation results in orders
of magnitude larger distribution rates than the qubit mode. We also see that multiplexing increases the
distribution rate for the qudit case while it surprisingly does not for the qubit mode of operation. This
is because the attempt time increases as we increase the factor of multiplexing and the increase in suc-
cess probability is not significant enough to outweigh this. In other words, multiplexing is worth imple-
menting, if the rate at which the photons arrive at the ground stations, is higher than the communi-
cation time between them, which is not the case for the Micius parameters considered here where the
SPDC source rate is 10 MHz. Note that increasing the repetition rate of the SPDC source would eventu-
ally result in a rate boost from multiplexing also in the qubit case.

Additionally, from figure 3, we see that the use of four-dimensional qudits enables entanglement dis-
tribution of two Bell pairs with fidelity >90% over distances of up to 1250 km at which point the line
of sight covered by the satellite also becomes a limiting factor. However, we see that, at this maximum
distance, the entanglement rate drops to zero when the target fidelity is 0.95. The fidelity depends not
only on the coherence time and the waiting time for the successful entanglement of all pairs, but also on
the squeezing parameter (), the transmission probability (pr), the memory efficiency (7)), and the dark
count probability (pg.k). In the simulations, the squeezing parameter is optimized to achieve the high-
est rate under the chosen fidelity cap. However, for distances >1250 km, it becomes impossible to find
a squeezing parameter that ensures a target fidelity of 0.95 due to dark counts. This can be improved by
improving the overall transmission probability. The transmission probability is influenced by factors such
as the satellite’s altitude and the size of its transmitters. Detection efficiency, on the other hand, can be
enhanced by improving the detectors at ground stations. Therefore, while maintaining the same satellite,
upgrading the ground station’s detection systems could enable entanglement over even greater distances.

So far, we have focused on the simultaneous distribution of two Bell pairs, which would enable key
objectives as entanglement purification. If more Bell pairs are desired the qudit dimension should be
increased accordingly to allow for their simultaneous generation. While the analysis of the qudit pro-
tocol is straightforward for m > 3 Bell pairs, more complex cutoff strategies become available for the
qubit protocol. In particular, some Bell pairs may now be discarded while others are still kept in mem-
ory. Investigating these more complex strategies becomes significantly more challenging from a com-
putational standpoint. Unlike the analytical treatment possible for m = 2, it seems necessary for m > 3
to rely on numerical simulations to fully capture the stochastic dynamics of entanglement generation,
memory decoherence, and cutoff decisions. Given the regime of very low entanglement success probabil-
ities of satellite-to-ground scenarios we consider, such simulations would require very long runtimes to
yield statistically meaningful results. For this reason, we have chosen not to pursue an explicit study of
dynamic cutoff strategies in this work.

Instead, we performed a comparison to a qubit protocol without cutoffs (see appendix C) investi-
gating how the fidelity drops with distance when maintaining a distribution rate of 0.01 HZ for obtain-
ing m = 2,3,4,5 simultaneously available Bell pairs. We find that while the qudit protocol is capable of
maintaining an average Bell pair fidelity 290%, the average fidelity of the qubit protocol is below 50%
for the simulation parameters listed in table 1. Consequently, cutoff strategies will be needed to maintain
high fidelity for the qubit operation, which will inevitable result in a decrease in rate as demonstrated in
figure 3 for m = 2.

We have deliberately kept our analysis of the detection side of the protocol general to enable a
broadly applicable and fair comparison between the qubit and qudit protocols. Depending on the
ground station implementation, frequency conversion might be required to interface with certain mem-
ory platforms, introducing additional loss. Our error model includes losses during transmission, imper-
fections of the SPDC source from multi-photon emissions, QM decoherence, and a general detection
efficiency parameter 7. We note that local loss from the QM operations originating from, e.g. optical
switches and cavity scattering can be absorbed into this general efficiency parameter.

Arguably one can expect additional error sources from the qubit memory operation which will be
dependent on the concrete physical implementation. One possible implementation with optical switches
is outlined in [22] but more near-term implementations without optical switches are also possible as
described in [38]. As previously mentioned, cavity-coupled diamond color centers and atoms represents
a near-term hardware suitable for operation as heralded qudit memories [18, 31-33]. The effect of vari-
ous errors such as cavity scattering errors in the spin-photon CZ gate, imperfections in qudit generation,
dephasing of the photonic qudit, qubit gate errors, spin-qubit decoherence, and photon losses on the
qudit memory operation with such hardware has previously been analyzed in [22, 38]. Importantly, from
their analysis, we see that the effect of switching loss and imperfect cavity-scattering only scale logarith-
mically with the qudit dimension. The numerical analysis in [38] shows that errors at the few percent
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Table 1. All relevant parameters used in our
simulations are shown here for
convenience. Teop represents the coherence
time of the quantum memories in our
model, trep defines the repetition time of
the SPDC emitter, hg, is the orbital height
of the satellite considered, 77 denotes the
detection efficiency at the ground stations,
Pdark 1s the dark count probability which
gives the probability of getting a click in the
detector without a photon emitted by our
source being present, Aphoton is the
wavelength of the emitted photons, g is the
diameter of the ground stations aperture,
and r, gives the diameter of the satellite
aperture. These were mostly adopted from
[14, 34]. The parameter of the coherence
time is based on what has been
accomplished with cavity-coupled
diamond color centers, as shown

in [40, 41].

Constant Value

Teon 10s

frep 1.7-1077s
hsat 500 km

n 0.5

Ddark 1.6-107°
Aphoton 810 nm

Tg 0.6

s 0.15

Table 2. Distances and corresponding
transmission probabilities, calculated using
the model from [36].

Distance (km)  Transmission probability

202 0.008 4818
319 0.008 0688
435 0.007 5628
552 0.006 9541
668 0.006 2768
785 0.005 5368
901 0.004 7536
1018 0.003 9591
1134 0.003 1964
1251 0.002 5067

level for the cavity-mediated spin-photon gates as well as single qubit gate errors of ~0.1% are compati-
ble with generation of two Bell pairs with an average fidelity 2290%. Additionally, the effect of correlated
errors in the memory operation was also studied in [38], where it was shown that they can be effectively
mitigated by an optimized purification circuit. Quantitatively, for the generation of two entangled pairs
(m = 2) with errors at the percent level, [38] shows that the fidelity can be increased from around 90%
to about 93.5% after purification, whereas in the case of four pairs (m = 4), purification can boost the
fidelity from 74% to about 96%.

4, Conclusion

In summary, we have shown how satellite-assisted entanglement distribution can benefit significantly
from adopting a qudit mode of operation when mutliple, high-fidelity, and event-ready entangled pairs
are desired. Our simulations show that a qudit mode of operation results in several orders of magni-
tude higher distribution rates than a standard qubit mode of operation for all distances between 200
and 1200 km. Importantly, the qudit mode of operation does not require any substantial upgrades of
existing quantum satellites payloads but rather upgrades of the quantum memories at the ground nodes,
which are much more accessible. To achieve a general bound on the achievable rate, we have assumed
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negligible infidelities from the memory storage operation, except for the effect of limited coherence time.
Although errors in current hardware do not quite satisfy this assumption for the target fidelities of 90%
and 95% assumed in this work, we note that recent experiments with cavity-coupled diamond color cen-
ters have demonstrated spin-photon gates with infidelities of ~2%, qubit gate errors of ~1% and mea-
surement errors of ~1% — 2% [18] together with single photon storage efficiencies of ~40% [31] with
clear paths to improvement. Additionally, using nearby nuclear memory spins, coherence times on the
order of seconds have been demonstrated with the same hardware [40, 41], with the possibility to extend
the coherence time to the order of minutes using weakly coupled nuclear spins [42]. We also note that
[18] reports entanglement generation between two SiV qubit memories using a photonic qudit demon-
strating the compatibility of this hardware with photonic qudits. This makes it conceivable that satellit-
assisted high-quality entanglement distribution using the qudit mode of operation considered in this
work could be realized with near-term hardware.
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Appendix A. Fidelity

To calculate the fidelity of the entangled pairs at the ground stations, we consider the density matrix, p,
that describes the states of the memories following a successful heralding signal i.e. where both ground
stations recorded a single click (detectors are not assumed to be number resolving). We consider the
emitted states of the SPDC up to the third order (O()\?). To obtain a lower bound on the fidelity, we
assume that only the state corresponding to the desired first-order excitations from the SPDC source,
which is successfully transmitted and detected by both ground stations result in a non-zero overlap with
the desired desired Bell state, |®T) = % (|0)]|0) + [1)|1)). We consider a single entangled pair of memo-
ries by tracing over all other memory qubits, which provides us the following expression for p:

p= (szZTWZAZPpair + (2m71 (2" + I)Pé/\4774

Ddlick
+ 2" (1= prn) Npaane +2" (27 + 1) iy’
X (1= prn)* X* (paack +2) + 2771 (2" + 1)

X (1173T773 (1—pr) M +prn(1—pr)’ )\4pdark)
P (2771 27+ 1) (1 = pr) A

+2" (1 7PT77)2 )‘2 + 1) +0O ()‘6)) pgarbage) ) (Al)

where pg;c is the probability of the successful heralding signal corresponding to the normalization con-
stant of the matrix. The first term represents the desired first-order excited state of the SPDC source,
which prepared the memories in the state pp,ir, while the rest of the terms correspond to error terms
from higher order transmissions and dark counts in the detectors. We model these as resulting in a den-
sity matrix pgarbage> Which has zero overlap with the desired Bell state. As stated in the main text, A is
the excitation probability of the SPDC source, pr is the total transmission probability, and 7 is the com-
bined the memory storage and detector efficiency.
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The fidelity can now be expressed as:

FO=""r0) (A2)
where:
(0 | e[ 0F) = ﬁzmp%z (™ (1- ) )
X (efr/n n (1 - e—m) 61) n (1 N eftm)
(e (i)
and

Tr(p) = — (2"p7or" A* + 271 (2" + 1) pr X'y

B pclick
+ 2" prn (1= prn) N paasic + 2™ (27 + 1) pr®
X (1 7PT77)2 >‘4 (Pdark + 2) + 2m+1 (zm + 1)

x (p%f (1=prm) A + pra (1= prn)’ >‘4Pdark)
+ P (277 @7 1) (1 = prp)* 2
+27 (1= prn)’ X +1) + 0 (X)) (A4)

Here, we have applied a general decoherence channel on the memory qubits where with probabil-
ity 1 — e~t/Ta (1 —¢=*/T5), an X, Y, or Z Pauli matrix or an Identity matrix is applied to Alice’s (Bob’s)
qubit with relative probabilities ¢, €, €;, and €;. The time the pair is stored before the successful entan-
glement of all desired pairs is achieved is t. Note that this varies from pair to pair in the qubit mode
of operation as shown in equation (10), while t = #;, in the qudit mode of operation. In general, the
coherence times T4 and Tj of Alice’s and Bob’s memory qubits could be different, however, we set both
decoherence times to Ty = Tg = T, in our simulations. Furthermore, we assume that the decoherence
channel corresponds to a full depolarizing channel with €; = e, =¢, =€, =1/4.

Appendix B. Cutoff time calculation

Here, we show how we estimate the rate and fidelity for the qubit mode of operation when we have
cutoff time and we want to entangle two pairs. In this scheme, the second pair needs to be entangled
within the cutoff time, otherwise, the first entangled pair is discarded and we repeat the process again.
To estimate the average number of attempts to successfully entangle two pairs within the cutoff time,
we consider the average number of tries assuming a successful entanglement generation i.e. that the
pairs are generated within the cutoff time, (fg,c). The expression for this is similar to the one shown
in equation (8), except that the sum over the second pair, i, is bounded by a finite number of tries,
Neur> which is calculated using the cutoff time. This number of tries is defined as Ney = teyt/D7e, where
teue 15 the cutoff time, which is always smaller than the decoherence time of the quantum memories.

Specifically,
D!
b succ/ — 2 1- en (2b=3)
[ ]<n > (D_z)!pzppent( P t)
00 New—2 4 ' (B1)
<357 (i +2) (1 pent) PV
i1:0 =0
where p,, is given by
D, (2D—3)
[blp2p = ml’em (1= pent)
00 Neyr—2 . .
S Z Z (1 _pent)IZ(D_l)—i_Dl1 5
=0 i,=0
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and is the probability of successfully entangling two pairs within the cutoff time. Note that we still only
allow for a single success per attempt as described in the main text. To estimate the average number
of attempts, we also estimate the average number of attempts to obtain one entangled pair but fail to
entangle the second one within the cutoff time, (ng;), as well as the probability of this event, pg;. This
is given by
o0
[b] <nfail> = Ncut + <n1> = Lpent (1 7pent)D72 Z (il + 1) (1 *pem)Dil + Ncut
(D-1)! ’

i1=0

where (n;) is the average number of attempts to get the first pair. The probability of a failed attempt is

Prait = (1 = pent) N
We now estimate the average number of attempts to successfully entangle two pairs within the cutoff
time as

[b] (n) = Z (i (ngair) + <”suCC>)PéaﬂPsucc

1=l

(=]

(B2)

—_

((<nfai]> - <nsucc>)pfail + <nsucc>) )

psucc

where pgycc = 1 — pril. We note that pg.. & p,p for the parameters considered, as the probability of
heralding two pairs in the same attempt is very small. For the computation of the fidelity, we also trun-
cate the upper limit of the sum for i,

D!

_ 2 . 2D—3
[b] <F(t)> - Z(D—Z)!pzppent(l Pent)
00 Ney—2 (D Di
(D—1 1) .
X303 (1= pend) TV R () +F (i + G+ D)7,
i1=0 i,=0

Appendix C. m > 2 simulations

Here, we substantiate our claims that the qudit protocol outperforms a qubit protocol in many cases

by adding simulations for higher dimensions, since we focused on generating two entangled pairs in
the main text. For the simulations in figure 4, we are not considering a cutoff time for the qubit mode
of operation to limit the computational complexity. When a rate of 0.01 Hz is desired, we find that

the qudit protocol can generate high-fidelity entangled pairs up to 1250 km and at least up to 5 pairs,
whereas the qubit protocol can not generate high-fidelity pairs for this rate. In order to generate high-
quality pairs, concessions with respect to the desired rate have to be made when using the qubit proto-
col. We also find that without the use of multiplexing, the qubit protocol is not able to reach the desired
rate at larger distances. Considering a cutoff strategy to increase the fidelity will lead to even lower rates
for the qubit protocol. All in all, our results show that the qudit protocol outperforms the qubit proto-
col for generating 2 to 5 pairs of entangled qubits. This trend is expected to continue for any arbitrary
number of desired pairs, but it will come at the cost of a more complex implementation.
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Figure 4. Results for generating 2 to 5 pairs using the qubit (m = 1) and qudit (m € {2,3,4,5}) protocols, without a cutoff strat-
egy for the qubit protocol but with multiplexing. Here, we chose a target rate of 0.01 Hz for the entangled pair generation and
found the corresponding fidelity. For this target rate, we find that the qudit protocol always gets a fidelity of at least 0.9. The top-
left panel shows two pairs (qudit m = 2), the top-right three pairs (qudit m = 3), the bottom-left four pairs (qudit m = 4), and
the bottom-right five pairs (qudit m = 5). We kept all other relevant parameters the same as those in the main text (see table 1).
For some distances, multiplexing is required to reach the target rate of 0.01 Hz. Using a higher multiplexing factor than 10 yields
similar results in terms of fidelity.
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