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Extending Quantum Links: Modules for Fiber- and
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Elementary building blocks for quantum repeaters based on fiber channels
and memory stations are analyzed. Implementations are considered for three
different physical platforms, for which suitable components are available:
quantum dots, trapped atoms and ions, and color centers in diamond. The
performances of basic quantum repeater links for these platforms are
evaluated and compared, both for present-day, state-of-the-art experimental
parameters as well as for parameters that can in principle be reached in the
future. The ultimate goal is to experimentally explore regimes at intermediate
distances—up to a few 100 km—in which the repeater-assisted secret key
transmission rates exceed the maximal rate achievable via direct
transmission. Two different protocols are considered, one of which is better
adapted to the higher source clock rate and lower memory coherence time of
the quantum dot platform, while the other circumvents the need of writing
photonic quantum states into the memories in a heralded, nondestructive
fashion. The elementary building blocks and protocols can be connected in a
modular form to construct a quantum repeater system that is potentially
scalable to large distances.
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1. Introduction

Quantum key distribution (QKD) and re-
lated schemes are offering a paradigm
change in establishing secure communi-
cation: algorithmic security is replaced by
physically secure generation of encryption
keys.[1] The symmetric keys created byQKD
can be used to securely transmit messages
between two stations (Alice and Bob) via
public channels. Security is warranted by
physically detecting any eavesdropping at-
tack. To generate a key, the iconic BB84
protocol[2] employs nonorthogonal quan-
tum states of photons carrying qubit in-
formation, while other schemes make use
of measuring entangled photon pairs, such
as the Ekert protocol.[3] More generally, es-
tablishing entanglement of distant quan-
tum objects provides a critical resource
for efficient distribution of quantum infor-
mation, both at short and long distances;
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applications beyond quantum cryptography, such as dis-
tributed quantum information processing and future quantum
networks,[4] will also depend on this resource.
Networks based on individual point-to-point links (PPLs) over

50–80 km length have been realized at the metropolitan area
level, and even a long distance connecting Beijing and Shanghai
(≈2.000 km) has been bridged via 32 intermediate stations.[5]

So far, however, such networks rely on independent quantum
PPLs chained together by “trusted nodes,” connecting the links
by classical operations (“receive and resend”) and thus providing
full access to the transmitted bits at each node. Truly long-range
quantum links have been realized via satellite channels,[6] yet up
to now also the satellites serve as trusted nodes in such schemes.
Moreover, since these links require large-scale send-and-receive
facilities, it is likely that they need to be combined with “local-
area” ground-based quantum networks (of a smaller, intermedi-
ate range) as obtainable from the elementary fiber-based schemes
presented and discussed here.
At present the main obstacle in establishing large-scale quan-

tum networks are inherent losses of the transmission channels.
The current record for terrestrial, fiber-based point-to-point QKD
lies in the range of about 400 km.[7,8] As a consequence,[9] secret
key rates (SKRs) obtained via direct transmission (without inter-
mediate stations) through an optical quantum channel of length
L are effectively limited by the channel transmission efficiency
𝜂 = exp(−L∕Latt) for large L where Latt is the attenuation length
of the channel.[10] More precisely, this limit corresponds to a se-
cret key capacity of 1.44 𝜂 (per channel use and permode, in units
of secret bits[11]).[12] In particular, optical fiber systems feature a
loss rate of about 0.2 dB km−1 (corresponding to Latt = 22 km),
limiting useful distances to a few hundred km (Figure 1).
There are interesting methods to overcome this limitation

without the use of quantum memories by sending fairly sim-
ple quantum states (in the form of single photons or optical
coherent states) to a detector station placed in the middle of
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Figure 1. QKD rate in dB (normalized to the protocol’s clock rate) as
a function of distance in km. Point-to-point protocols scale as ∼ 𝜂 =
exp(− L

Latt
), limited by the “repeaterless” bound.[12] For telecom fibers:

Latt = 22 km. An ideal “single” quantum repeater with only one middle
station[13] scales as ∼

√
𝜂 = exp(− L∕2

Latt
). “Multiple” repeaters may further

reduce the effective loss and extend the transmission distance. The exact
“repeaterless” bound (secret key capacity) is −log2(1−𝜂) ≈ 1.44𝜂 in units
of secret bits,[12] where the approximation only holds for sufficiently small
𝜂 (large distances).

the channel.[14,15] Especially the “twin-field QKD” concept[15] is
appealing, as it needs[16] neither multiple parallel channel trans-
missions nor nondestructive measurements with feedforward
and multiplexing,[14] but instead only transmission of phase-
sensitive single-mode quantum states and their interference at
the middle station. Experimental proof-of-principle demonstra-
tions of the twin-field concept were reported very recently.[17–19]

Both approaches[14,15] reduce the effective channel length by a fac-
tor of two, corresponding to an enhanced transmission efficiency
of

√
𝜂 = exp[−(L∕2)∕Latt]. However, neither of them has been

shown to be scalable to larger distances by further improving the
effective transmission. In principle, there are other, all-optical
approaches for long-distance, even scalable quantum communi-
cation with no need for storing qubits inmatter-basedmemories,
but such schemes depend on the engineering of complex multi-
photon (entangled) quantum states and a sufficiently close spac-
ing of stations along the channel (every 1–5 km) in order to exploit
the sophisticated concept of quantum error correction codes.[20]

Therefore, it is currently assumed that the most feasible and
promising route toward long-distance quantum communica-
tion, while entirely avoiding trusted node configurations, is
based upon the use of quantum repeaters (QRs)[21] that include
intermediate stations (typically every 10–100 km) equipped
with quantum memories realized by atomic or solid-state
qubits. Here, we consider elementary fiber- and memory-based
schemes, which we refer to as quantum repeater cells (QR cells).
By storing quantum states for sufficiently long, these schemes
allow to enter the rate regime[13] between 𝜂 and

√
𝜂 and may

serve as modular building blocks for bridging larger distances.
Thus, ultimately, true quantum networks based on quantum
repeaters should not only eliminate the need to trust the stations
along the channels of the network but also achieve a QKD rate
scaling with distance at least as efficient as a trusted relay or
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Figure 2. Generic QR link for increasing the communication distance. Ini-
tially, for each segment AA′ and B′B, quantum memories (full circles) are
entangled with each other (double red line) over a distance L/2. Via a Bell-
state measurement (black box) on the two memories in the central re-
peater node, the entanglement is swapped to the outer memories A and
B separated by distance L. Thus, a new, longer segment is created that is
usable for further extensions of the quantum link by repeated concatena-
tion of this procedure including some form of quantum error detection or
correction.

an entanglement distribution rate scaling more efficient than a
quantum relay where each node only measures optical quantum
states without storing them. Compared with quantum PPLs
chained together by trusted nodes and other forms of quantum
relays, genuine repeater-based quantum networks would thus
represent a leap both conceptually and quantitatively.
The first QR concepts were proposed already 20 years ago[21]

to overcome the distance limitation by distributing, enhancing,
and connecting short-range entanglement through local quan-
tum operations and classical communication. In the simplest
case, quantum correlations from two entangled point-to-point
segments AA′ and B′B are connected via a collective Bell-state
measurement (BM) at the central “repeater” node A′B′, resulting
in so-called entanglement swapping to nodes A and B (Figure 2).
These larger segments can then be concatenated further in the
same way, while a simple multiplication of the channel transmis-
sion efficiencies per segment and a propagation and accumula-
tion of errors can be prevented by storing quantum information
in quantum memories and applying entanglement purification
on many entangled pairs in each segment[21] or incorporating
quantum error correction codes into thememory qubits.[20] Over-
coming the distance and rate limitations in a scalable fashion,
QRs offer highly attractive functionality for future long-range
quantum networks.[22]

Experimentally, QRs have remained an enormous challenge
up to now.[20,23] A QR constitutes a system based on several differ-
ent hardware components. Although all necessary components
have been demonstrated to some extent individually, combining
these into a fully operational (and hence scalable) repeater sys-
tem is demanding and first experimental demonstrations in this
direction are now only beginning to be reported.[24]

One of the most critical hardware components are the quan-
tum memories required to effectively synchronize the arrival of
quantum information for further processing at the individual
nodes. Depending on the range and the application of the re-
peater system, the required memory coherence times vary. For
example, in order to establish entanglement over 1000 km via a
standardQR[21] at leastmillisecond storage times are needed only
to be able to cover the waiting time for a classical signal sent over
the total distance. In a fully nested quantum repeater with proba-

bilistic entanglement purification and swapping steps including
two-way classical communication, even longer storage times will
be required.[25] Deterministic entanglement swapping and quan-
tum error correction of local gate andmemory errors may reduce
these requirements,[20] but most memory systems are still not
sufficiently long-lived or fault-tolerant.[26]

Here we analyze small-scale, functional QR systems that may
serve as elementary building blocks for experimental QR realiza-
tions on a larger scale. Implementations are considered for three
different physical platforms, for which suitable components are
available: quantum dots, trapped atoms and ions, and color cen-
ters in diamond. The aim of these elementary schemes is to ex-
perimentally approach a regime at intermediate distances (up to
several 100 km) in which the qubit transmission and secret key
rates exceed the limits of direct transmission. Based on a simple
model we compare the properties of the different platforms cap-
turing the influence of source and memory efficiencies on the
repeater performance for each system.
In order to assess and compare the specific capabilities of each

platform, we primarily consider the most dominating and dis-
tinct effects in a typical elementaryQR, namely, transmission loss
in the fiber channel and memory dephasing at the repeater sta-
tions. In addition, we do include source and detector efficiencies,
but we omit, for example, detector dark counts. These have a sig-
nificant impact on secret key rates for larger distances.[27] The
overall performance of the source includes an experimentally de-
termined efficiency and a clock (repetition) rate whose influence
on the repeater rates depends on the repeater protocol.
The memory quality is given by an experimentally determined

coherence time, but the impact of memory dephasing errors on
the entanglement fidelity and thus the secret key fraction can be
controlled by a freely chosen, so-called memory cutoff time.[28]

This means a quantum state is never kept in the memory for
longer than a maximal storage time in order to optimize the se-
cret key rates or almost entirely suppress dephasing errors. In
ourmodel, for comparison with the dimensionless “repeaterless”
bound (secret key capacity), the finally considered secret key rates
per channel use and per mode are also dimensionless and not
expressed in Hz. Thus, clock rates given in Hz only have an indi-
rect effect on theQR performance via the accumulated dephasing
times and the corresponding variations of the required cutoff.We
consider two different protocols, one of which is better adapted to
the higher source clock rate and lower memory coherence time
of the quantum dot platform. The other protocol, however, cir-
cumvents the need of writing the transmitted optical quantum
states into the memories in a heralded, nondestructive fashion.
It will become apparent that for both protocols, in principle, the
elementary building blocks can be connected in a modular fash-
ion to construct a QR system that is potentially scalable to larger
distances. Let us now first introduce a minimal set of experimen-
tal parameters that can be used to quantitatively assess the per-
formance of a memory-based QR system.

2. Minimal Set of Experimental Parameters
Characterizing QR Performance

We assess the performance of a single QR cell (as it will be de-
fined in Section 3) or, similarly, a two-segment QR in a simplified
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model applicable to all three physical platforms. For this pur-
pose, we choose three experimental parameters that are primarily
related to the sources’, the detectors’, and the memories’ efficien-
cies: the zero-length channel or link coupling efficiency, Plink, the
source/memory clock time 𝜏clock (time span between two trig-
ger/excitation events or memory write-in and reset time),[29] and
the memory coherence time 𝜏coh. The link coupling efficiency
Plink incorporates the photon creation efficiency, fiber channel in-
and outcoupling efficiencies, and, depending on the protocol, a
detector efficiency or amemorywrite-in efficiency; the fiber chan-
nel transmission efficiency 𝜂 will be treated separately from Plink.
We consider sources generating true single-photon states as ob-
tainable from initial entangled spin–photon resources. A single
photonic qubit that is launched into the fiber channel is encoded
into two field modes (typically corresponding to polarization or
time-bin encoding). Such single-photon-based two-mode qubits
can be easily “rotated” into any qubit state and measured in any
qubit basis; for two qubits simple partial Bell-statemeasurements
are available. These single-photon qubit states are also most ro-
bust against path length fluctuations along the optical channels
and compatible with the stationary matter qubits (as opposed
to weak coherent states or other phase-sensitive single-mode
states, although also for this case repeater protocols exist[23]). The
memory coherence time 𝜏coh is defined via the time-dependent
probability for a random phase flip to occur on a memory qubit,
1
2
(1 − exp(− t

𝜏coh
)), see Section S2 (Supporting Information). In

addition, we include a memory cutoff time, i.e., a maximally
allowed storage time until any quantum memory is reset and
reinitialized. For a summary of the relevant experimental param-
eters and our notation used throughout the paper, see Section S1
(Supporting Information).
Let us briefly discuss the influence of the finite link coupling

and channel transmission efficiencies in an idealized general
QR, without errors and for an arbitrary number of stations/
segments, on the QR performance, corresponding to a raw rate
in the QKD context. We can then compare this with a quantum
PPL, i.e., a scheme without the use of quantum memories solely
based on direct transmission of quantum states. A single QR seg-
ment can be thought of as a quantumPPL over distance L/nwhen
the total channel of length L is divided into n segments. The raw
rate in Hz, i.e., the number of (quantum) bits (secret bits in QKD
without errors) per time and per mode, for one segment is then
given by

link(L∕n) =
Rlink(L∕n)

NT0
(1)

where Rlink is the overall (dimensionless) link efficiency,[30]

T0 is the time duration between two channel uses (i.e., time
consumed per use), and N is the number of modes in case that
several modes are sent in parallel through the optical channel.
In general, Rlink(L∕n) may exceed unity, but it must necessarily
remain smaller than one either for not too short segment lengths
(i.e., channel segments with more than 3 dB transmission loss
for each[12]) in a single-mode link or for an optical encoding
based on discrete qubit states, as it applies to our two-mode-
qubit-based schemes. This is why we refer to Rlink(L∕n) as an
efficiency and we may decompose it into the two contributions

coming from the link coupling and channel transmission
efficiencies

Rlink(L∕n) = Plink𝜂
1∕n (2)

where, more specifically, the second factor describes
the channel transmission in a single repeater segment
𝜂1∕n = exp[−(L∕n)∕Latt] (i.e., 𝜂 is the probability that a single-
photon two-mode qubit remains intact after its parallel trans-
mission over two independent amplitude damping channels of
length L, while

√
𝜂 represents the amplitude damping parameter

of a Gaussian single-mode loss channel of length L).
If we connect the segments without the use of quantum

memories like in a relay, effectively multiplying the efficien-
cies of the individual segments, we obtain at best (Rlink(L∕n))n =
(Plink)

n(𝜂1∕n)n = (Plink)
n𝜂. Since this scales with distance like a

PPL over the whole channel, we may just remove the interme-
diate stations to obtain Rlink(L) = Plink𝜂 =: RPPL(L). This link ef-
ficiency for the total two-mode PPL, up to a factor of 1.44 and
for small Plink𝜂, can also be identified as a “realistic repeater-
less” bound for a single-mode channel of length L including a
finite link coupling efficiency for the quantum PPL between Al-
ice and Bob with finite source, fiber coupling, and detector effi-
ciencies at Alice’s and Bob’s stations. For the raw rate in Hz (per
mode) obtainable over the whole channel, we can now also write
PPL(L) = RPPL(L)∕NT0 = (Plink𝜂)∕NT0. In this case, if Alice di-
rectly sends a qubit to Bob over the entire distance, she will use
N = 2 modes for a two-mode-encoded photonic qubit and she
may also send many qubits sequentially at a high source clock
rate (𝜏clock)

−1 ∼ GHz such that the final rate PPL is ultimately
limited only by 𝜂 since T0 = 𝜏clock (also assuming sufficiently fast
detectors at Bob’s station).
Once quantum memories are employed at the intermediate

stations, in principle, a raw rate in Hz (per mode) for the to-
tal distance scaling asQR ∼ (Plink 𝜂

1∕n)∕NT0 can be approached
(at fixed n), which corresponds to an expression similar to that
for the rate in a single QR segment. The quantity Plink is once
again the link coupling efficiency related with a single repeater
segment and recall that we do not consider additional success
probabilities from entanglement purification and swapping in
the present discussion on an idealized QR. However, Plink should
now also contain any inefficiencies related to the light–matter in-
terface or the memory write-in for one segment. Even more im-
portant, comparedwith amemoryless quantumPPL bridging the
total distance, the time unit for one channel use T0 (as only for
a PPL uniquely defined and coinciding with the source/detector
clock time) will be significantly larger than a source clock time
𝜏clock. For the memory-based QR, depending on the specific pro-
tocol, T0 must include the local memory write-in and reset times
(∼ MHz−1) and the necessary waiting times for classical signals
announcing successful quantum state transmissions. Thus, al-
though typically one also has N = 2 modes for the optical qubits,
beating even the realistic “repeaterless” bound expressed in Hz
requires a sufficiently long distance such that the superior scaling
of 𝜂1∕n dominates over the inferior “clock rate” of the memory-
based repeater. So it is important to recognize that even the
ideal memory-based QR, compared to a quantum PPL with fast
sources and detectors, starts with a “repeater disadvantage,” and
only for sufficiently large distances can this be converted into a
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“repeater advantage.” If errors are included, no longer all trans-
mitted (quantum) bits (when employed for QKD) can be turned
into secret bits. Related with this, for large distances, the QR rates
drop further due to the need of probabilistic quantum error de-
tection (such as entanglement purification) on higher repeater
levels (alternatively, as said before, quantum error correctionmay
be employed for all local gate and memory errors).
Note that all-optical quantum repeaters (at least those that

work entirely without feedforward operations at the intermedi-
ate stations) can, in principle, operate at the same clock rate as
a direct-transmission PPL. However, not only do we need rather
complicated encoded states for this approach but also typically
(though not necessarily) many optical modes N > 2 are required
to transmit a logical qubit. Therefore, also in this case, sufficiently
many segments have to be concatenated to benefit from the bet-
ter effective transmission per segment, (Rlink)

′(L∕n), compared to
the long-distance PPL that works with N = 2. Such a better effec-
tive transmission due to quantumerror correction at every station
requires sufficiently short segment lengths, as opposed to the
schemes we consider here. For short segment lengths, as already
mentioned above, non-qubit-based schemes would in principle
even allow for a “link efficiency” greater than one corresponding
to the transmission of more than a single qubit (secret bit) per
channel use.[31] A unique exception is the twin-field QKD con-
cept, for which we also have a high clock rate, only limited by
lasers and detectors, and even just a single mode N = 1 for the
optical transmission. However, this approach is not known to be
scalable beyond

√
𝜂.[32]

To conclude, beating the (realistic) dimensionless “repeater-
less” bound by means of a multimode memory-based quantum
repeater with an effective overall transmission efficiencyRQR, i.e.,
effectively exceeding the overall efficiency of a multimode direct-
transmission PPL

RQR(L) > 1.44 N Plink 𝜂 = 1.44 N RPPL(L) ≳ (N∕2) RPPL(L) (3)

is the minimal requirement even for a small-scale quantum re-
peater module to eventually be able to obtain better rates  in
Hz for large-distance quantum communication with many mod-
ules than what is obtainable via a long-distance PPL. Here, N is
the number of modes and RPPL(L) = Plink 𝜂, as introduced ear-
lier, refers to a two-mode direct-transmission PPL that covers the
total channel and employs no quantum memories at all. Thus,
here the link coupling efficiency contains only source (with fiber
incoupling) and detector (with fiber outcoupling) efficiencies,
Plink = Psource 𝜂det. The factor 1/2 in the lowest bound above has
been included to stress that RPPL(L) represents a two-mode link
efficiency. The bound in the middle is the (realistic[33]) multi-
mode “repeaterless” bound for large L. In other words, overcom-
ing the dimensionless bounds with a small, elementary repeater
is the first necessary condition to be met for an experimental
demonstration of in-principle scalable quantum repeater func-
tionality. In our schemes, the QR stations are connected by opti-
cal two-mode channels, henceN= 2. In this case, overcoming the
direct-transmission efficiency bound expressed by a two-mode
PPL corresponds toRQR(L)> RPPL(L)= Plink 𝜂. In our quantitative
comparison later (Figures 5 and 7), we will consider as a figure of
merit the SKR in a memory-based QR scheme per channel use
and per mode. Up to the secret key fraction factor that includes

the effect of the dephasing errors for a chosen QKD protocol (see
Section S2, Supporting Information), SKR then corresponds to
RQR(L)∕2. The relevant benchmarks will be the ideal “repeater-
less” bound (single-mode secret key capacity), −log2(1 − 𝜂), and
SKR for a “realistic” but error-free PPL (per channel use and per
mode), RPPL(L)/2 = Plink 𝜂∕2. Yet ultimately, a comparison must
rely on rates in Hz, per time and per mode:QR versusPPL.
To sum up, for a given channel transmission efficiency (with

Latt = 22 km), we consider three fundamental parameters:

1) The link efficiency Rlink, which is composed of the link cou-
pling efficiencyPlink (now also includingmemory efficiencies)
and the channel transmission efficiency per segment 𝜂1∕n,

2) The memory coherence time 𝜏coh, which can influence both
the repeater raw rates and the secret key fraction in the QKD
context, and

3) The clock time 𝜏clock, which, depending on the protocol,
can have a significant impact even on the dimensionless
repeater rates, namely, indirectly in the presence of memory
dephasing.

In the following, we will discuss in detail several variants of
small-scale proof-of-principle repeater protocols which can be
classified into basically two distinct classes: node sends photons
(“NSP”) and node receives photons (“NRP”). For each protocol
we will then specify the particular form of the above three fun-
damental parameters, especially decomposing the link efficiency
into further experimental parameters depending on the protocol.
Eventually, we will be able to insert particular values for each of
the three hardware platforms in order to compare their possible
present and future repeater performances.

3. QR Cell: A Generic Experimental System
Showing QR Functionality

Before introducing the basic concept of a QR cell in detail, and
applying it to two different protocols and three different physi-
cal platforms, let us start by summarizing the overall concept for
establishing a QR within our framework:

• A quantum channel is realized by an optical fiber.
• Intermediate stations along the channel include sources of sin-
gle/entangled photons or spin–photon entanglement, beam
splitters, detectors, possibly wavelength converters.

• The “repeaterless” bound limits the (secret key) rates in point-
to-point communication (direct transmission without inter-
mediate stations).

• The QR segments create entanglement of two spatially sep-
arated quantum memories connected by a direct quantum
channel.

• The QR cells consist of two half QR segments with a central
QR node containing quantum memories.

As described in the Introduction, the focus here is on fiber
channels with a fixed channel attenuation. In our model, the
quantitative effect of wavelength converters can be absorbed into
Plink via a wavelength conversion efficiency (see Section S6, Sup-
porting Information). While Figure 2 shows how entangled QR

Adv. Quantum Technol. 2020, 1900141 © 2020 The Authors. Published by Wiley-VCH GmbH1900141 (5 of 15)



www.advancedsciencenews.com www.advquantumtech.com

Figure 3. Entanglement creation within a QR segment (with QR nodes
sending photons like in the “NSP” protocol below). At the end nodes spin–
photon entanglement (full-open pair of circles) is generated. An optical
Bell-state measurement on photons arriving at the central photonic node
produces entanglement of the end nodes. This configuration does not yet
exploit the storage capabilities of the quantum memories, since the pho-
tons need to arrive simultaneously at the middle station.

segments, once they are available, can be connected by entangle-
ment swapping to increase the distance of a QR, Figure 3 illus-
trates how a single QR segment itself, defined as an entangled
pair of quantum memories located at neighboring repeater sta-
tions, may be established via an optical BM on two photons (two
qubits) emitted by the two quantummemories placed each at the
end points.[34]

3.1. Protocol 1: Node Sends Photons

3.1.1. Model, Parameters, Modularity, and Rate Analysis

One of the simplest, most generic protocols promising to show
the functionality of a memory-based QR system was put forward
by Luong et al.[35] This protocol, which we refer to as NSP pro-
tocol, is based on an arrangement that we will call a QR cell.
Generally, this is an elementary structure that contains the min-
imal set of components required to show the functionality of a
memory-based QR scheme, thus allowing to analyze schemes
that can, in principle, overcome the “repeaterless” bound. An
additional important property of a QR cell is that concatena-
tion of QR cells renders the system (if, ideally, only affected by
channel loss), in principle, scalable (Figure 4). This extra fea-
ture is needed, as we know that the “repeaterless” bound can
be overcome in a restricted (not fully scalable) sense via a mid-
dle station not equipped with quantummemories.[14,15] The NSP
protocol relies on only a few generic parameters, whose impact
on the QR performance can be clearly identified. It thus allows
to compare different hardware platforms, including a qualita-
tive and quantitative assessment of their relative strengths and
weaknesses.
For a functioning QR cell (Figure 4b), the central node,

equippedwith a pair of quantummemories, is crucial. It allows to
asynchronously establish effective entanglement in the two half
segments, although an entangled state will never be physically
shared between the end points of a QR cell. Instead, one would
measure the optical signals emitted from the central node at the
end points of the cell to establish correlations and obtain a secret
key. The specific feature of the NSP protocol for the QR cell is
that at the central QR node quantum states with spin–photon en-
tanglement are locally created and then the photons are coupled
into the communication channels, i.e., the node sends photons

toward the detectors placed on the left and right ends of the cell
(Figure 4b). The concatenation of several QR cells then involves
two-photon interferences to perform optical two-qubit BMs at the
photonic nodes (Figure 4a).
Note that similar elementary QR schemes with a single QR

node emitting and sending photons were considered in refs.
[36,37] (considering a range of experimental parameters similar
to ref. [35], however, including additional memory cutoffs, being
adapted to the specific hardware platform of NV centers, and, in
ref. [37] incorporating the twin-field QKD concept[15] based on
single-photon interference).
Let us discuss the underlying model for a QR cell with the

NSP protocol in more detail. A single QR cell (Figure 4b) of
total length L is composed of a central memory station placed in
the middle between two receiving stations each equipped with
photon detectors. The conceptually simplest scenario is when
the two quantum memories each emit a single photon in two
polarization modes entangled with the memory internal state.
One photon is sent to the left receiver and the other photon to
the right receiver (Figure 4b). The probability for each photon to
arrive at its intended detector after travelling over a channel dis-
tance L/2 is exp[−(L∕2)∕Latt] ≡

√
𝜂. Without the use of quantum

memories both detectorsmust click simultaneously for the trans-
mission to succeed, which happens with a probability

√
𝜂
2 = 𝜂 =

exp(−L∕Latt) corresponding to the direct-transmission efficiency
over a distance L. Thus, a single photon could be equivalently
sent directly from left to right without the central station. How-
ever, by employing quantum memories, once the middle station
is informed about the detection of one photon left or right, the
respective memory is kept and for the other light-memory pair
further attempts are made to eventually have a second photon
arriving at its detector and being detected. A final BM on the two
quantum memories, effectively swapping the entanglement of
the two spin–photon pairs onto the two successfully distributed
photons, establishes correlations between the two detectors such
that a secret key can be shared provided that noncommuting
observables were measured at the photon detectors (like in a
BB84 protocol). Thanks to the memories, in principle, the trans-
mission probability for the total distance L then scales as

√
𝜂,

corresponding to an effective transmission over only half the
distance L/2.
The most extreme scenario in a QR cell would be to attempt

distributing effective entanglement by sequentially (rather than
simultaneously) sending photons entangled withmemory qubits
to the left and to the right (e.g., first to the left), and start sending
those photons entangled with a second spin (e.g., the right one)
only when the arrival of a photon belonging to the first spin (e.g.,
arriving at the left detector) was confirmed and the first spin qubit
(e.g., the left quantum memory) was determined to be held for
storage. Such an approach can be experimentally useful, because
the central node may no longer require two distinct memory sys-
tems (with the typical example of a single NV center whose nu-
clear spin with coherence times of the order of seconds allows for
efficient storage and whose electron spin with coherence times
of the order of milliseconds can be employed as an interface to
the optical communication channel;[36,37] another example would
be an ion-based quantum memory composed of two ion species
where one is adapted for storage and the other for light–matter
interfacing[38]).
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Figure 4. a) Full QR link with two QR segments (NSP) like in Figure 3. b) QR cell (NSP) with two half QR segments and a central node for storage as a
minimal element for exploiting memory capability. The pair of quantummemories at the central node enables a valid Bell-state measurement also when
the left and right half segments become entangled at different times.

The effective transmission probability RQR is related to the
inverse average number of attempts it takes for successfully
transmitting the photons to both ends. However, besides this av-
erage number, the ultimate secret key (or qubit) rate of a repeater
scheme expressed in secret bits (or qubits) per second,QR, also
depends on the actual duration per attempt (recall the discussion
in Section 2). Moreover, the longer a single attempt takes, the
smaller the number of attempts becomes that can be executed
well within a given quantum memory’s coherence time. In the
NSP protocol, the duration per attempt is distance-dependent,
because any new attempt can only be initiated when the classical
signal from the detector has been received. Thus, the total dura-
tion of a single attempt is dominated by this waiting time that
includes quantum and classical signal transmissions, T0 =

L
c
for

the QR cell (Figure 4b) and T0 =
L
2c
for the two-segment setup

in Figure 4a assuming the same total distance L in either case.
Hence, the influence of an increased experimental clock rate
(𝜏clock)

−1 for preparing spin–photon entanglement and emitting a
photon is less significant for theNSPprotocol.More precisely, the
average dephasing is determined by the factor exp(− T0

𝜏coh
), includ-

ing the memory- and protocol-dependent quantity 𝜏coh/T0 that
counts howmany distribution attempts fit into the givenmemory
coherence time window (see Section S2, Supporting Informa-
tion). In the NSP protocol, for the QR cell, we have T0 =

L
c
+ 𝜏clock

≈
L
c
with the relatively large distances that we are interested in.

For the QR cell in the NSP protocol (Figure 4b), we have the
link coupling efficiency Plink = Psource 𝜂det where Psource includes
all efficiencies related to a source emitting photons entangled
with a spin memory and coupling them in (and eventually out
of) the fiber channel, i.e., it is the probability to get a photon
into and out of a single-mode fiber channel per trigger/excitation
event, and 𝜂det is the detector efficiency (regarding the effect of
wavelength converters, see Section S6, Supporting Information).
Constructing two QR segments like in Figure 4a with the NSP
protocol corresponds to Plink = 1∕2(Psource)2 (𝜂det)2, because one
segment is successfully bridged only when both sources at its end
points create photons that are both detected at the photonic node
in the middle (the factor 1/2 takes into account the efficiency of a
standard partial, beam-splitter-based two-photon two-qubit BM).
However, the time duration per attempt for one segment of the
two-segment scheme (Figure 4a) is half as big as that for the QR
cell (Figure 4b) at any given total distance L, as mentioned above.

Table 1. Currently available experimental parameters for the three QR plat-
forms: color centers (NV, SiV), quantum dots, ions (calcium, ytterbium),
and atoms (rubidium).

Platform Plink [%] (𝜏clock)
−1 [MHz] 𝜏coh [ms]

NV centers
a)

5 50 (0.5) 10

SiV centers
b)

5 30 (5) 1

Quantum dots
c)

10 1000 (32) 0.003

Ions
d)
(Ca/Yb) 25 0.47 (0.007) 20

Atoms
e)
(rubidium) 50 5 (0.005) 100

a)
Refs. [36,37];

b)
Refs. [39,40];

c)
Refs. [41–43];

d)
Refs. [44–46];

e)
Refs. [47,48].

Table 2. Potentially available future experimental parameters for the three
QR platforms: color centers (NV, SiV), quantum dots, ions (calcium, ytter-
bium), and atoms (rubidium).

Platform Plink [%] (𝜏clock)
−1 [MHz] 𝜏coh [ms]

NV centers
a)

50 250 (5) 10 000

SiV centers
b)

50 500 (50) 100

Quantum dots
c)

60 1000 (323) 0.3

Ions
d)
(Ca/Yb) 50 10 (1) 300

Atoms
e)
(rubidium) 70 10 (1) 1000

a)
Refs. [36,37];

b)
Refs. [24,39];

c)
Refs. [43,49];

d)
Ref. [50,51];

e)
Refs. [47,48].

In addition to the three experimentally determined parame-
ters Plink, 𝜏clock, and 𝜏coh, we include a memory cutoff parameter
imposing the rule that quantum states will never be stored for a
longer time than given by the cutoff.[28] In other words, the QR
protocol is aborted and started from scratch as soon as a quantum
memory’s storage time has exceeded the imposed storage limit.
The memory cutoff can be freely chosen. Our analysis is based
on the experimental parameters for the three platforms as given
in the tables next.
Table 1 refers to the state of the art presenting the currently

available, realistic values for each platform. Table 2 shows poten-
tial future parameter values, i.e., an idealization compared to the
state of the art. Nonetheless, the latter are physically reasonable
and not fundamentally unobtainable.
For (𝜏clock)

−1 we list two types of values for all platforms, as will
be explained later when we discuss the NRP protocol, because
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(𝜏clock)
−1 is not important here for the NSP protocol. Since

(𝜏clock)
−1 is of the order of MHz or higher for most platforms,

the clock times ∼1 µs or shorter are negligible compared with
L
c
≳ 50 μs for distances L > 10 km. The only exceptions are ions

and atoms with the longest clock times around 200 µs. For dis-
tances L > 100 km this also goes below L

c
≳ 500 μs. Moreover, for

smaller distances, the elementary time unit T0, even including
the experimental clock times, is small compared with the values
of 𝜏coh assumed for ions and atoms. Overall, (𝜏clock)

−1 plays no
significant role in the NSP protocol.
The future parameters of NV centers are obtained by extrapo-

lating the values of refs. [36,37], especially for the link coupling
efficiency (and for the clock times as needed later), and assum-
ing a 13C nuclear spin for the memory. Similar assumptions are
made for the SiV centers based on refs. [24,39,40]. Compared to
NV centers, the SiV platform has the advantage of not only allow-
ing for efficient quantum storage via the nuclear spins but also
providing a potentiallymore efficient photon–spin interface (with
higher cooperativities available); though a drawback of SiV is the
need for very low temperatures[52] (below 500 mK).[53] Further
details regarding the experimentally assumed parameters can be
found in Section S6 (Supporting Information).
For the quantum dot platform, based on experimentally

achieved quantum dot photon-collection efficiencies of 60%[42]

connected with a near Gaussian beam profile which is preferen-
tial for large fiber incoupling efficiencies, we estimate the link
coupling efficiency Plink to 10% (Table 1). Anticipating improve-
ments in photon-collection efficiencies up to 90% together with
improved fiber-coupling efficiencies, we assume that a possible
future value of Plink is 60% (Table 2). Regarding the clock times,
we estimate spin-preparation times in a quantum dot to be in
the few 100 ps regime, and together with reported radiative re-
combination times also in the range of a few 100 ps,[43] we expect
achievable clock rates of 1000 MHz for a quantum-dot-based
nonclassical light source (we refer to Section 3.2 for a further
discussion on the impact of experimental clock rates). Additional
remarks concerning these experimental parameters can be
found in Section S6 (Supporting Information).
We assumed fairly good experimental parameters for the ru-

bidium atom and calcium ion platforms. The presently available
values for Plink and 𝜏coh refer to current experiments with rubid-
ium atoms in a cavity.[47,48] More specifically, atomic eigenstates
can be chosen for the qubit encoding such that the effect of exter-
nal magnetic fields is significantly reduced. This way coherence
times above 100 ms have been measured.[47]

The performance of a QR may be quantified in a meaningful
way by the secret key rate that can be obtained for a given length
L of the quantum channel connecting the two parties Alice and
Bob. The advantage of using the secret key rate as a figure of
merit is that it incorporates both the efficiency and the quality
(or fidelity) of the quantum state transmission at the same time.
A high efficiency, i.e., a high (effective) transmission probability
or raw rate leads to an increasing secret key rate, whereas a low
fidelity, i.e., a high error rate, results in a decreasing secret key
rate (typically incorporated via a secret key fraction). In our rate
analysis, we shall consider, on the one hand, secret key rates in an
entanglement-based BB84-type scheme, for which optimalmem-
ory cutoffs exist, since a cutoff chosen too small will reduce the
raw rate and a cutoff chosen too large will lead to a stronger ac-

cumulation of dephasing errors reducing the secret key fraction.
In other words, the infidelities from the finite coherence times of
the memories, eventually becoming manifest as an infidelity of
the effective entangled state shared between Alice and Bob after
the BM on the memory qubits, are mapped onto a reduced secret
key fraction for a BB84 QKD scheme (see Section S2, Supporting
Information).
On the other hand, in an alternative picture independent of

QKD, we shall only consider the raw rate (without inclusion of
dephasing errors) by choosing the cutoff sufficiently small in
order to almost entirely suppress dephasing errors and keep the
final fidelities of the (effective) entangled state above a certain
value such as 0.95. This means the maximally allowed storage
time is chosen well below the memory’s coherence time for
the loaded memory at the central station waiting for the second
transmission to succeed. More details can be found in Section S3
(Supporting Information).
It should be stressed that our simplified model does not

entirely capture intrinsic effects arising from specific memory
errors (beyond pure dephasing) and other error sources for a
given hardware platform, such as an imperfect initial spin–
photon state prior to its storage-time-dependent dephasing and
imperfections of the final two-spin two-qubit BMs, but also
detector dark counts. All these additional error sources lead to ef-
fective entangled states that are randommixtures of four instead
of just two Bell states (see Section S2, Supporting Information)
resulting in secret key rates eventually dropping to zero beyond
certain distances. An advantage of our simple model, however,
is that we are able to use only very few parameters to compare
QR schemes employing different hardware realizations with
different error mechanisms for the preparation and storage of
quantum states. We can then clearly identify which parameter in-
fluences the (still to some extent idealized) QR performance in a
certain way, mainly manifesting itself in the rate versus distance
plot of Figure 1 as a negative offset, i.e., a downshift of the curve
due to link coupling inefficiencies, and an increased slope, i.e.,
an additional distance-dependent rate reduction due to memory
inefficiencies.

3.1.2. Results and Comparison for Different Platforms

The resulting raw and secret key rates calculated for ourmodel in
the case of the NSP-QR cell (as illustrated by Figure 4b) with the
different hardware platforms can be seen in Figure 5. The upper
part shows the raw rates RR for distributing effective entangled
states with a fidelity of at least 0.95 for current (left) and future
(right) experimental parameters. The lower part shows the cor-
responding SKRs. All rates (in dB) are per channel use and per
mode (recall the discussion at the end of Section 2).[54]

With current parameters, only the rubidium atom platform
enters the repeater regimes. For future values, as calculated, all
platforms except for quantum dots enter the repeater regimes.
However, the different platforms exhibit a slope increase, i.e., a
more rapid decline of the rate with distance, to a different extent
in accordance with their ranking in terms of memory coherence
time (see Table 2). Apparently, the slope of the rates is clearly con-
nected to the memory efficiencies. The plots cover distances up
to 400 km and the curves may be extrapolated to larger distances.
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Figure 5. Secret key rates (SKR) and high-fidelity raw rates (RR) for a small NSP-based QR scheme (QR cell). The bottom plots show SKR in dB as a
function of the total distance L in km for experimental parameters as currently available (left) and as potentially available in the future (right). The top
plots show RR in schemes where the entangled states effectively created over the total distance L have a fidelity of at least 0.95 (left: current parameters,
right: future parameters). Curves that are disappearing beyond certain distances (or completely missing for quantum dots) no longer (never) exceed
F = 0.95. The different platforms correspond to NV (violet) and SiV (green) centers, ions (brown), rubidium atoms (red), and quantum dots (yellow).
The light gray area illustrates the (secret key) rate regime between ∼ 𝜂 (curve in bold black: “repeaterless” bound) and

√
𝜂 (line in dark gray: optimal

rate for QR cells or two-segment QR schemes). The bold black dashed lines represent the realistic “repeaterless” bound Plink𝜂∕2 (direct transmission
via PPL) with finite link efficiencies Plink = 0.1, 0.7.

However, recall that detector dark counts and some other im-
perfections that could make the rates eventually drop to zero are
not included here. The negative offset from the “repeaterless”
bounds at zero distance is related to the link coupling efficiency.
The quantum dot platform, as calculated here for the NSP proto-
col, does not enter the repeater regime at all, not even for future
parameters (it does though for rather short distances when
compared with a “realistic repeaterless” bound as a benchmark
that is defined with a smaller link coupling efficiency Plink = 0.1).
Some curves drop faster than the “repeaterless” bound, which
seems contradictory. However, note that even when the very
first qubit distribution attempt is successful both memories are
already subject to dephasing for one time unit. For platforms
with insufficient coherence times, this results in an even steeper
decline of the secret key rates compared to the “repeaterless”
bound, although the 𝜂 scaling could be formally attained via the
raw rate by not storing the quantum states at all, i.e., setting the
cutoff value to zero (see the Supporting Information). All this will
become different for another protocol below (NRP) for which, in
particular, all platforms are able to access the repeater regimes.
For the NSP protocol, besides a single QR cell (Figure 4b),

there is also the variant of a QR with two full segments (Fig-
ure 4a). As discussed before, for equal total distance L, the two-
segment scheme has a smaller elementary time unit compared

to the QR cell (T0 =
L
2c
vs T0 =

L
c
). However, at the same time,

the two-segment scheme has a smaller link coupling efficiency
(Plink = 1∕2(Psource)2 (𝜂det)2 vsPlink = Psource 𝜂det).
For comparison and completeness, we present the rates of the

two-segment scheme in Section S4 (Supporting Information).[55]

One can see that it performs slightly worse compared to the QR
cell. In all plots the secret key rates can sometimes be greater than
the raw rates, which again seems contradictory. However, note
that for the secret key rates, the optimized memory cutoff (which
must neither be too small nor too large to prevent a too small raw
rate or a too small secret key fraction, respectively) typically leads
to a worst-case fidelity much lower than the minimal fidelity of
0.95 allowed for the calculation of the raw rates alone (requiring a
very small memory cutoff to almost entirely suppress dephasing
errors).

3.2. Protocol 2: Node Receives Photons

3.2.1. Model, Parameters, Modularity, and Rate Analysis

In order to potentially benefit from a higher source repetition rate
as available from the quantum dot platform, we shall consider
an alternative NRP protocol (Figure 6). In this protocol, photons

Adv. Quantum Technol. 2020, 1900141 © 2020 The Authors. Published by Wiley-VCH GmbH1900141 (9 of 15)



www.advancedsciencenews.com www.advquantumtech.com

Figure 6. a) Full QR link with two QR segments incorporating the NRP concept. The BMs in Figure 4a are now replaced by Bell-state sources. b) QR
cell consisting of two half QR segments and a central node for storage as a minimal element for exploiting memory capability. As opposed to the QR
cell in Figure 4b, here the quantum memories “receive” photons from two sending stations; whether a photon has arrived must be confirmed by a
nondestructive measurement on the qubit, here realized by a photonic BM on a “local” photon emitted from the memory (open circle) and the photon
transmitted through the channel. As before, the final BM on the memories can also be valid when the QR segments become entangled at different times.

are sent from two sending stations to the central memory station
where the arrival of a photonic qubit is nondestructively (e.g., by a
linear-optics photonic BM teleporting the arriving photonic qubit
to the memory qubit) detected before or while it is “written into”
the memory. At any failure event, the next photon pulse can be
processed with a delay only depending on the repetition rate of
the source or depending on the typically longer write-in and reset
times of the memory. In this case, the duration per attempt cor-
responds to the clock time of the source or the write-in time and
is independent of the channel distance, T0 = 𝜏clock, as opposed to
the situation for the NSP protocol where T0 is mainly determined
by the length of the repeater segments.
Thus, the factor that specifies the average memory dephas-

ing (see Section S2, Supporting Information) now becomes
exp(− 𝜏clock

𝜏coh
), while it is now the ratio 𝜏coh/𝜏clock that counts the

number of distribution attempts fitting into the given memory
coherence time. However, note that this feature is specific to a
single NRP-QR cell and as soon as several cells are combined into
a larger QR system, distance-dependent waiting times for classi-
cal signals have to be taken into account again. As a consequence,
similar to what holds in general for the case of the NSP protocol,
a scalable QR based upon NRP modules (see next) will also be
mostly influenced by an experimental improvement of the link
coupling efficiency and the memory coherence time, and much
less by an enhanced experimental clock time.
A QR cell now still has a central node equipped with quantum

memories, but at the end points there are no longer detectors,
but sources for optical quantum states such as BB84-encoded
single-photon-based qubits (Figure 6b). The memory node now
receives the photons. This may be realized by a direct and her-
alded write-in mechanism (such as those of refs. [56–58]), for
which certain write-in inefficiencies and infidelities would ap-
ply, or by first preparing spin–photon entangled states at the cen-
tral node and then coupling the photons near the memories lo-
cally with the arriving photons coming from the left and right
sources (by an optical BM, see Figure 6b). Similar to the NSP
protocol, also QR cells based upon the NRP protocol can be con-
catenated in order to scale up the QR system to larger distances
(Figure 6a). The “photonic nodes” where the half segments meet
are now no longer performing BMs like in the NSP case, but

are instead equipped with entangled photon pair sources (Fig-
ure 6a). Compared to the NRP-based QR cell here, a similar el-
ementary QR scheme with a single QR node receiving photons,
for BB84-encoded photonic qubits equivalent to what is referred
to as measurement-device-independent QKD[59,60] assisted by a
quantum-memory-based middle station, was considered in refs.
[61–64] (again mainly adapted to the specific hardware platform
of NV centers, but also presenting comparisons with other plat-
forms in ref. [63] and incorporating the idea of a deterministic
final BM on the electronic and nuclear spins of a single NV cen-
ter in ref. [64]).
In order to keep memory dephasing errors small and the

fidelity of the effective entanglement shared between Alice and
Bob above a certain minimum, in the NSP protocol, for an
increasing L a decreasing number of attempts can be executed at
a given memory coherence time because of the L-dependence of
a single attempt’s duration and the growing storage time needed
per transmission attempt. In the NRP-protocol-based QR cell
(Figure 6b), this L-dependence disappears, since the quantum
signals are sent to, and no longer emitted from, the quantum
memories. The memory cutoff can be chosen independent of
distance and the time duration per transmission attempt can
be made arbitrarily small by increasing the repetition rate of
the sources up to the local memory write-in and reset times.
This means the cutoff (expressed by the number of allowed
attempts during one storage cycle) can be chosen much higher
resulting in larger raw rates. Moreover, this way the memo-
ries have less time to be subject to dephasing during a given
number of attempts leading to a larger secret key fraction.
Generally, the NSP and NRP protocols have both their bene-
fits and disadvantages. The NSP protocol does not require a
nondestructive detection of an arriving photonic qubit or an
efficient heralded write-in mechanism, but the memory station
has to wait for the classical signals from the receiving detector
stations. In contrast, the NRP protocol relies on a nondestructive
measurement or any other means to nondestructively write the
incoming “flying qubit” into a “stationary qubit” in a heralded
fashion; however, there are no extra waiting times for classical
signals (as long as we consider the elementary QR cell of Fig-
ure 6b). In addition, the NRP scheme inherits all benefits of
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measurement-device-independent QKD with an untrusted mid-
dle station receiving and measuring the quantum states coming
from two outer sending stations.[59–64] For the rate analysis of
the NRP-based schemes, the main experimental parameters
taken into account in our simple model are the same as for
the NSP-based schemes: the link coupling efficiency Plink, the
memory coherence time 𝜏coh, and the source/memory clock time
𝜏clock which now for the NRP-QR cell may have an actual impact
on the repeater performance.
The two types of values given in Tables 1 and 2 for (𝜏clock)

−1

either exclude (numbers without brackets) or include (numbers
in brackets) the additional sequences and operations that are typ-
ically needed in order to reinitialize a spin every time when an
attempted write-in of an arriving photonic qubit failed. Clearly,
these numbers differ significantly, and it depends on the par-
ticular protocol whether the spin is affected by a failed write-
in and has to be reset or not. The specific teleportation-assisted
write-in processes as illustrated in Figure 6 would always, in
every round, require a newly prepared spin–photon entangled
state. However, there are also schemes where the initial spin
state is to a great extent only altered at those events when a pho-
tonic qubit is actually arriving, ready to be coupled to the spin
qubit, and eventually detected (we refer to such schemes as a
direct write-in).[24,56–58] Therefore, we will consider both above-
mentioned types of values for (𝜏clock)

−1 corresponding to the two
extreme scenarios where the experimental clock rate in the NRP
protocol is either determined by the repetition rate of a nonclassi-
cal source (reaching values as high as 1 GHz for a quantum-dot-
based source) or where the necessary spin reset times are fully
taken into account.[65] The former scenario is somewhat more
general, as it does not rely upon a particular protocol for the spin–
photon interface. However, it is idealized assuming an ultrafast
write-inmechanism. In our quantitative analysis in Section 3.2.2,
we shall combine this idealization with the extra assumption of
a deterministic write-in. The complementary scenario of a non-
deterministic, slow write-in including memory reset times will
be considered in Section S5 (Supporting Information). Further
details regarding the experimentally assumed parameters can be
found in Section S6 (Supporting Information).
For the QR cell in the NRP protocol (Figure 6b), we now have

Plink = Psource Pwrite where Psource again includes all efficiencies
related to a source emitting photons (this time prepared in BB84
states) and coupling them into (and eventually out of) the fiber
channel. The parameter Pwrite represents the probability for
successfully writing a photonic qubit arriving at the central node
into the respective memory (regarding the effect of wavelength
converters, see Section S6, Supporting Information). If a spin–
photon entangled state and a linear-optics BM are exploited for
this in order to teleport the arriving photonic qubit to the mem-
ory spin qubit (see Figure 6b), we have Pwrite = 1∕2 Psource(𝜂det)2
wherePsource specifically refers to the generation of a spin–photon
entangled state. Note that if the BB84-encoded photons were
produced in a similar fashion (via initial spin–photon entangle-
ment) with the same source efficiencyPsource, wewould obtain the
link coupling efficiency Plink = Psource Pwrite = 1∕2(Psource)2 (𝜂det)2,
which actually coincides with that of the NSP-based two-segment
QR (Figure 4a), because in terms of the link couplings the two
schemes become identical when the photonic nodes in the mid-
dle of each segment of the NSP scheme both move to the central

node right next to the memories (except that the “local” photons
may no longer require fiber coupling).[66] For other write-in
methods,[56–58] we may just directly insert numbers for Pwrite.
Although the two-segment concatenation of NRP-based QR
cells and half segments (Figure 6a) demonstrates that the basic
modules can be systematically combined to build an in-principle
scalable QR system, we shall not consider this scheme in our rate
analysis. As opposed to the QR cell in Figure 6b, the combined
scheme in Figure 6a does require classical communication to
inform the two central memories about the successful loading
of their memory counterparts with photons originating from the
same entangled photon pair, and thus it will have smaller rates
than the QR cell alone (in this context, however, see also the dis-
cussion on quantum repeater design presented in ref. [67]). More
theoretical details can be found in Sections S2 and S3 (Supporting
Information).

3.2.2. Results and Comparison for Different Platforms

The resulting raw and secret key rates calculated for our model
in the case of the NRP-QR cell (as illustrated by Figure 6b) with
the different hardware platforms can be seen in Figure 7. The
upper part again shows the raw rates for distributing effective
entangled states with a fidelity of at least 0.95 for current (left)
and future (right) experimental parameters. The lower part again
shows the corresponding secret key rates. All rates (in dB) are
again per channel use and per mode (recall the discussion at the
end of Section 2). The plots in Figure 7 are for a deterministic
memory write-in scheme, Pwrite= 1. Moreover, as for the values
given in Tables 1 and 2 for (𝜏clock)

−1, the rates in Figure 7 have
been calculated excluding additional spin sequences (numbers
without brackets).[68]

This time we observe that already with current parameters all
platforms enter the repeater regimes.With future parameters, for
the simple model used in the rate calculations (no dark counts
and no depolarizing errors), all platforms achieve a rate slope
∼
√
𝜂 over the entire distance of 400 km as shown, thus fully ex-

hibiting the repeater advantage. This also holds in particular for
the quantum dot platform that, though having the worst mem-
ory coherence time, can fully benefit in the NRP protocol from
the highest clock rate (see Table 2).
For the NRP-QR cell, we may then also consider an ex-

plicit write-in mechanism in the form of a linear optical BM
(Figure 6b). In this case, instead of assuming unit write-in effi-
ciency like for the rates calculated in Figure 7, we have Pwrite =
1∕2 Psource(𝜂det)

2 as mentioned above. Moreover, the additional
sequences for spin reinitialization are included in (𝜏clock)

−1 (num-
bers in brackets in Tables 1 and 2). We present the corresponding
rates calculated for this situation in Section S5 (Supporting
Information).

4. Conclusion

As the effective clock rate in a memory-based QKD or QR system
is always slower than that of a direct point-to-point quantum con-
nection driven from a laser source at ∼GHz rates, the memory-
based system will become potentially more efficient only at large
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Figure 7. Secret key rates (SKR) and high-fidelity raw rates (RR) for small NRP-based QR schemes (QR cell assuming Pwrite = 1 in Plink = Psource Pwrite).
The bottom plots show SKR in dB as a function of the total distance L in km for experimental parameters as currently available (left) and as potentially
available in the future (right). The top plots show RR in schemes where the entangled states effectively created over the total distance L have a fidelity of
at least 0.95 (left: current parameters, right: future parameters). The different platforms correspond to NV (violet) and SiV (green) centers, ions (brown),
rubidium atoms (red), and quantum dots (yellow). The NV/ions curves, invisible for future parameters, coincide with those of the other platforms. The
light gray area illustrates the (secret key) rate regime between ∼ 𝜂 (curve in bold black: “repeaterless” bound) and

√
𝜂 (line in dark gray: optimal rate for

QR cells or two-segment QR schemes). The bold black dashed lines represent the realistic “repeaterless” bound Plink𝜂∕2 (direct transmission via PPL)
with finite link efficiencies Plink = 0.1, 0.7.

communication distances requiring sufficiently many elemen-
tary QR segments and additional quantum error detection and
correction at higher “nesting levels” of the QR. At such large
scales, quantum memories must be sufficiently long-lived or
fault-tolerant to survive the necessary waiting times especially for
the classical signals sent back and forth between the QR stations.
However, a necessary requirement for a large-scale QR to show
a performance superior to that of direct transmission is that its
fundamental elements already exceed the bounds constraining a
“repeaterless” system on a smaller scale: employing an elemen-
tary QR cell or a two-segment QR should on average lead to a
larger secret key or qubit transmission rate than obtainable in a
direct transmission. We have investigated such basic elements
for a QR system considering two protocol variants for three dif-
ferent hardware platforms.
Combining the basic building blocks in a modular fashion

allows to construct a QR system, that is, considering only
channel loss, scalable to larger distances. For the realistic situ-
ation including general memory and operation errors (such as
depolarizing errors with infidelities from the initial states, the
light–matter interfaces, and write-in processes, or the spin–spin
Bell measurements as well as detector dark counts) eventually
additional methods of quantum error correction/detection will

be required. Nonetheless, for the small-scale QR elements
(cells and two-segment schemes) discussed in this work the
impact of both finite link and memory efficiencies (the latter
described by a simple dephasing model including a “memory
cutoff”) on the repeater performance has been analyzed for
various hardware platforms. The aim was to keep our model
sufficiently simple in order to allow for an analytic treatment
and to be able to assess the performances in terms of a small
set of experimental parameters. Among the three parameters
identified—link coupling efficiency, memory coherence time,
and experimental clock rate—most important, especially toward
combining the QR modules into a large-scale system, turn out
to be the former two parameters. The experimental clock rate
specifically influences the performance of our NRP-QR cell.
While, depending on the protocol, some platforms turn out to

be superior to others with current and future experimental pa-
rameters as assumed in our model, a promising further direc-
tion could be a hybridization between the different platforms, for
instance, combining the high clock rates of quantum-dot-based
sources with the long memory coherence times of rubidium
atoms orNV centers. In ourNRPprotocol, where quantummem-
ories can receive photons at a rate only limited by the source’s
clock rate and thememory write-in and reset times, but not by the
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classical communication times, the “repeaterless” bounds can be
exceeded quite comfortably under the assumptions of our sim-
plified model. Even when NRP-based QR cells are connected to
reach larger distances, like in our NRP-based two-segment QR
scheme using sources of entangled photon pairs, high source
clock rates can still be of great benefit.[67] Yet, in general, once
QR building blocks are connected to construct a larger system
composed of many repeater segments or cells, the classical com-
munication times become a limiting factor in any protocol based
on quantum memories.
Ultimately, deciding which quantum communication system

performs better for a given range must rely upon rates deter-
mined in Hz, i.e., per time in seconds. Nonetheless, for a suffi-
ciently large range, the better effective transmission efficiency of
a memory-based QR system that becomes manifest in a scaling-
with-distance advantage over any point-to-point link will even-
tually also lead to higher rates in Hz for the QR. In particular,
combining many sufficiently short repeater segments improves
the scaling and allows to keep the classical communication times
small, provided that errors beyond transmission loss can be dealt
with via additional quantum error correction. The resulting rates
may still be rather small for a single repeater chain, but they can
be increased by operating many chains in parallel or via more ad-
vancedmultiplexing techniques. Such approaches, besides quan-
tum error correction, can also help to keep memory errors small,
thus enhancing the overall secret key rates.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.

Acknowledgements
The authors acknowledge support from the BMBF in Germany for the
project Q.Link.X.

Open access funding enabled and organized by Projekt DEAL.

Conflict of Interest
The authors declare no conflict of interest.

Keywords
color centers, quantum communication, quantum dots, quantum re-
peaters, trapped atoms/ions

Received: December 22, 2019
Revised: June 29, 2020

Published online:

[1] a) V. Scarani, H. Bechmann-Pasquinucci, N. J. Cerf, M. Dušek, N.
Lütkenhaus, M. Peev, Rev. Mod. Phys. 2009, 81, 1301; b) S. Piran-
dola, U. L. Andersen, L. Banchi, M. Berta, D. Bunandar, R. Colbeck,
D. Englund, T. Gehring, C. Lupo, C. Ottaviani, J. Pereira, M. Razavi,
J. S. Shaari, M. Tomamichel, V. C. Usenko, G. Vallone, P. Villoresi, P.
Wallden, arXiv:1906.01645, 2019.

[2] C. H. Bennett, G. Brassard, in Proc. IEEE Int. Conf. Computers, Systems
and Signal Processing, Vol. 175, IEEE, New York 1984, p. 8.

[3] A. K. Ekert, Phys. Rev. Lett. 1991, 67, 661.
[4] S. Wehner, D. Elkouss, R. Hanson, Science 2018, 362, eaam9288.
[5] http://www.chinadaily.com.cn/china/2017-09/30/content_

32669593.htm (accessed: October 2017).
[6] a) J. Yin, Y. Cao, Y.-H. Li, S.-K. Liao, L. Zhang, J.-G. Ren, W.-Q. Cai,

W.-Y. Liu, B. Li, H. Dai, G.-B. Li, Q.-M. Lu, Y.-H. Gong, Y. Xu, S.-L. Li,
F.-Z. Li, Y.-Y. Yin, Z.-Q. Jiang, M. Li, J.-J. Jia, G. Ren, D. He, Y.-L. Zhou,
X.-X. Zhang, N. Wang, X. Chang, Z.-C. Zhu, N.-L. Liu, Y.-A. Chen, C.-Y.
Lu, R. Shu, C.-Z. Peng, J.-Y. Wang, J.-W. Pan, Science 2017, 356, 1140;
b) G. Vallone, D. Bacco, D. Dequal, S. Gaiarin, V. Luceri, G. Bianco,
P. Villoresi, Phys. Rev. Lett. 2015, 115, 040502.

[7] A. Boaron, G. Boso, D. Rusca, C. Vulliez, C. Autebert, M. Caloz, M.
Perrenoud, G. Gras, F. Bussieres, M.-J. Li, D. Nolan, A. Martin, H.
Zbinden, Phys. Rev. Lett. 2018, 121, 190502.

[8] H.-L. Yin, T.-Y. Chen, Z.-W. Yu, H. Liu, L.-X. You, Y.-H. Zhou, S.-J. Chen,
Y. Mao, M.-Q. Huang, W.-J. Zhang, H. Chen, M. J. Li, D. Nolan, F.
Zhou, X. Jiang, Z. Wang, Q. Zhang, X.-B. Wang, J.-W. Pan, Phys. Rev.
Lett. 2016, 117, 190501.

[9] In combination with transmission losses another limiting factor are
dark counts of the detectors. At a distance of 400 km, only ≈ 10 pho-
tonic qubits would be transmitted per secondwhen sent at GHz clock
rate. Thus, beyond 400 km the optical signals will eventually vanish
under dark count noise. In this work, the maximal total distance con-
sidered is 400 km, which in the repeater scenario is divided at least
into two segments of maximally 200 km length for each.

[10] M. Takeoka, S. Guha, M. M. Wilde, Nat. Commun. 2014, 5, 5235.
[11] The factor 1.44 stems from the change of base of the logarithm in the

Taylor expansion of the secret key capacity,−log2(1 − 𝜂) = − ln(1−𝜂)
ln2

=
𝜂

ln2
+ O(𝜂2), where 1

ln2
= 1.442695… and 𝜂 ≪ 1.

[12] S. Pirandola, R. Laurenza, C. Ottaviani, L. Banchi, Nat. Commun.
2017, 8, 15043.

[13] S. Pirandola, Commun. Phys. 2019, 2, 51.
[14] K. Azuma, K. Tamaki, W. J. Munro, Nat. Commun. 2015, 6, 10171.
[15] M. Lucamarini, Z. L. Yuan, J. F. Dynes, A. J. Shields,Nature 2018, 557,

400.
[16] For a small-scale experiment along the lines of ref. [14], but circum-

venting such complications, see ref. [69].
[17] Y. Liu, Z.-W. Yu, W. Zhang, J.-Y. Guan, J.-P. Chen, C. Zhang, X.-L. Hu,

H. Li, T.-Y. Chen, L. You, Z. Wang, X.-B. Wang, Q. Zhang, J.-W. Pan,
arXiv:1902.06268, 2019.

[18] S. Wang, D.-Y. He, Z.-Q. Yin, F.-Y. Lu, C.-H. Cui, W. Chen, Z. Zhou,
G.-C. Guo, Z.-F. Han, arXiv:1902.06884, 2019.

[19] X. Zhong, J. Hu, M. Curty, L. Qian, H.-K. Lo, arXiv:1902.10209,
2019.

[20] S. Muralidharan, L. Li, J. Kim, N. Lütkenhaus, M. D. Lukin, L. Jiang,
Sci. Rep. 2016, 6, 20463.

[21] H.-J. Briegel, W. Dür, J. I. Cirac, P. Zoller, Phys. Rev. Lett. 1998, 81,
5932.

[22] For a summary of our graphical symbols to represent QR elements,
see Section S1 (Supporting Information).

[23] N. Sangouard, C. Simon, H. de Riedmatten, N. Gisin, Rev. Mod. Phys.
2011, 83, 33.

[24] M. K. Bhaskar, R. Riedinger, B. Machielse, D. S. Levonian, C. T.
Nguyen, E. N. Knall, H. Park, D. Englund, M. Lončar, D. D. Sukachev,
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S1. Graphical language, experimental parameters, and figures of merit 

 

 

Here we summarize the graphical symbols as used in this paper, which we propose for a 

visual representation of the structure and the protocols of QR links.  
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We further summarize the most important experimental parameters and the figures of merit to 

assess the performance of a QR link: 

 

 

             zero-length coupling efficiency, link coupling efficiency 

 

             source/memory clock time (inverse clock rate) 

 

             memory coherence time 

 

               fiber channel transmission efficiency,  

                amplitude damping parameter for a single-mode loss channel  

 

              raw rate in Hz (number of qubits transmitted per time and per mode)  

 

  R            raw rate (number of qubits transmitted per channel use), 

                inverse average number of qubit transmission attempts needed for one success 

 

             multi-mode link efficiency,  

                raw rate (number of qubits transmitted in link per channel use) 

 

               elementary time unit, effective time consumed per channel use,  

                effective time duration for one transmission/distribution attempt 

 

SKR         secret key rate (number of secret bits per channel use and per mode) 

 

 RR          raw rate with fidelity bound (number of qubits/ebits per channel use and per mode)   

 

  c           speed of light in a fiber channel:       m/s 

 

             attenuation length in a fiber channel: 22 km 

 

 

 

 

S2. Memory dephasing model including cutoff and secret key rates for QKD 

 

The memory error model we shall consider is pure memory dephasing as described by 
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where 
 

 
(     ( 

 

    
)) is the probability for a Pauli-Z phase-flip to occur on the state of a 

single memory qubit.  
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For the case of two QR segments or, equivalently, a QR cell with two half segments, we 

define a random variable M as |X1 − X2| where X1 and X2 are independent geometrically 

distributed random variables describing the number of attempts until success in a single (half) 

segment. This means the random variable M counts the number of time steps for which either 

one of the two memories (i.e. the first memory whose link has been successfully established 

via detection of a transmitted photon) has to wait for the other one that still attempts to be 

connected. The waiting quantum memory is subject to dephasing for a duration of     . Here 

   is the time duration per attempt whose value is protocol-dependent and, for simplicity, two 

additional protocol-dependent extra units of dephasing,     , are omitted in M (in the 

quantitative rate analysis and in the plots for the NSP protocol, these two units are included, 

see below).  

Either of the protocols as described in the main text can be effectively treated like an 

entanglement swapping (quantum teleportation) process in which a final effective entangled 

state emerges after the BM on the two quantum memories at the central node. Considering a 

suitable Pauli correction (depending on the BM result) and tracing out the two measured 

memories, this final state takes the form of 

 

 

 
(     (  

  

    
)) |  ⟩⟨  |  

 

 
(     (  

  

    
)) |  ⟩⟨  |   

 

where |  ⟩ are the two two-qubit Bell states |  ⟩   |  ⟩  |  ⟩    .  

We remark that depending on the protocol and the application we may not actually prepare  

such an entangled state (for instance, physically present in two spatially separated quantum  

memories). Instead, in the QKD context, we convert e.g. the usual BB84 protocol that does  

not rely on physically distributing entangled states into an equivalent entanglement-based  

QKD protocol, thus simplifying the theoretical analysis. This equivalence can be understood  
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in the following way. Suppose Alice prepares the state |  ⟩ and sends one half to Bob. After  

its arrival, Alice and Bob perform X- and Z-measurements on their halves of the entangled 

state. Then Alice’s measurement acts only on the Hilbert space of her qubit and therefore it 

commutes with Bob’s measurement and possible attacks by Eve. Consequently, she could 

also perform her measurement before she sends her half to Bob, which is equivalent to 

preparing and sending BB84 states to Bob. Also notice that the BM on the memories takes 

place after two successful detections and therefore the Pauli correction can be applied simply 

on the level of the classical post-processing of the measurement data. We  

need to save all measurement results and any information about the state preparations and in  

the end we can discard the information for those cases where the transmission failed. 

 

 

For the probability distribution of the random variable M we obtain (p is the success, q=1-p 

the failure probability for one attempt related with the individual geometric random variables)   
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and for j > 0, 
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where the factor 2 comes from the fact that both cases X1 > X2 and X2 > X1 are possible. This 

allows us to calculate the following expectation value,  
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and by summing only up to a cutoff constant m instead of infinity, including a renormalization 

of the probability distribution, one can easily obtain the expectation value for protocols which 
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abort after the memory has dephased for a predetermined, given number of time steps 

(attempts). Again note that, depending on the protocol, the overall state may be subject to 

dephasing for an additional constant amount of    . In the case of the NSP protocol, we first 

generate entanglement between the memory and a photon, and as the next step we send this 

photon to a detector over a distance       . Then the detector sends a classical signal to the 

memory announcing whether the photon was detected or not. Therefore, we have to wait for a 

time unit of               until we can decide which action should be applied to the 

memory: storage of the qubit or initialization for a new attempt. Hence, the memory would 

always decohere for at least one such time step, even in the case when the very first attempt is 

already successful. Since this argument applies to both memories, the total state decoheres (is 

subject to dephasing) for M + 2 time steps, each with duration        .  

However, if we consider the NRP protocol, we send photons to the memory and therefore the 

memories (almost) immediately know when a transmission was successful. As a consequence, 

there is no additional constant dephasing in this case and    is simply given via the repetition 

rate of the photon source or the local processing times including the write-in time, whichever 

is longer. 

Using the BB84 protocol,
1
 we obtain an ideal asymptotic secret key fraction of         

     , where                                is the binary entropy and       are 

the error rates in the X and Z basis, respectively. Since the Z-error rate is equivalently given 

by the probability to obtain the effective state |  ⟩, one can easily see that    is zero in our 

error model. Similarly, the X-error rate is given by the probability to obtain |  ⟩ or |  ⟩ and 

is therefore given by 
 

 
(       (  

  

    
) ) up to the protocol-dependent constant 

dephasing. Hence the asymptotic secret key fraction is given by  

   (
 

 
(       (  

  

    
) )), and the final secret key rate is then the product of the 

raw rate (the so-called “yield”) and this secret key fraction. 

 

Also notice that the binary entropy function takes on its maximum of 1 when the argument of 

the function is 
 

 
. Thus, we always obtain a non-zero secret key fraction, which is a specific 

                                                 
1
 We consider the biased BB84 scheme here where one of the two bases is employed more often than the other 

which, in the asymptotic limit of infinite repetitions, allows to remove the ½ factor in the rates of standard BB84 

and increase the sifting factor to unity.
 [50]
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feature of our error model. If we also consider additional error sources like, for example, 

imperfect (though still deterministic) BMs on the memories, we typically have non-zero error 

rates in both the X and the Z basis (unlike the sole phase-flip error in the effective entangled 

state above). Therefore, the secret key fraction can become zero and we typically get more 

demanding requirements for the memory coherence times. 

 

 

S3. Calculation of raw rates  

 

The performance of a QR may be quantified by the secret key rate that can be obtained for a 

given length   of the quantum channel connecting the two parties Alice and Bob who aim to 

securely communicate with each other. Besides the secret key fraction, for calculating the 

(asymptotic) secret key rate, we need an expression for the raw rate, i.e. in our case, the 

number of quantum bits that can be transmitted over a lossy channel of length L, employing 

that channel once and sending one optical mode through that channel (i.e. “per channel use” 

and “per mode”). As the memory-based QR has at least one intermediate station as opposed to 

a PPL for direct transmission, it may not be immediately obvious how to count the channel 

uses. In our case, one channel use corresponds to one attempt to establish a link, and because 

the two (half) segments can be simultaneously attempted to be bridged, the total number of 

attempts, on average, to transmit one qubit over the entire distance can be expressed by 

             . The probability for successfully transmitting one qubit can then be written 

as                . This then corresponds to the number of qubits transmitted per channel 

use, i.e. a dimensionless raw rate expressed per channel use. 

 

The effect of imperfect quantum memories, i.e., quantum memories with finite coherence 

times (see the dephasing model of the preceding section), can be taken into account in the raw 

rate by imposing a maximally allowed storage time of the loaded memory at the central 

station waiting for a second transmission to succeed. In other words, the QR protocol is 
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aborted as soon as a quantum memory's storage time limit is exceeded. If this “cutoff” is 

chosen to be well below the memory’s coherence time, one can ensure that the quality of the 

entangled light-matter state is still so high and hence that of the final (effective) entangled 

state too, such that errors are negligible. In the QKD context, this corresponds to a secret key 

fraction near unity. However, such an approach would be at the expense of the raw rate, 

because aborting and restarting the protocol more frequently for a small cutoff time means 

that it takes longer to finally distribute a qubit over the total distance, thus reducing the raw 

rate. Due to this trade-off, there is an optimal cutoff that maximizes the secret key rate. 

Nonetheless, we shall also consider sufficiently small cutoffs that lead to fidelities of the final 

(effective) entangled states that are above a certain fidelity value. This may also be relevant 

for applications different from QKD. Generally, smaller memory coherence times and thus 

shorter storage time limits require a correspondingly faster abortion and restart of the protocol 

leading to a smaller transmission probability. For the NSP protocol, this effect depends on the 

total distance  , because for larger  , the required storage time per transmission attempt 

grows such that for a given, fixed memory coherence time the effective memory efficiency 

drops, which becomes visible in the QR performance. As a consequence, in this case, the 

cutoff becomes distance-dependent in order to keep the fidelity above a certain threshold and 

the maximal secret key rates have smaller optimal cutoffs for larger distances. In the NRP 

protocol, this  -dependence disappears, because the quantum signals are sent to, and no 

longer emitted from, the quantum memories, in which case the duration of every transmission 

attempt only depends on the source’s repetition rate and the local processing / write-in times, 

and no longer on the distance between memories and detectors. 

 

Calculating the expression                  the dimensionless raw rate (or qubit 

transmission probability) for a memory-based scheme with one central memory node 

including memory cutoff time is given by 
[23,57] 
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Here, p and q are again the success and failure probabilities of a single attempt in one (half) 

segment of length    . Thus, for deterministic local state preparations (or, more generally, 

unit link coupling efficiencies), we have   √ . The final BM efficiency on the two 

memories is included via the extra factor    , which can be set to one for a deterministic BM 

(      in the following). The parameter   determines the maximal acceptable number of 

attempts (the above-mentioned memory cutoff) a loaded memory is allowed to wait for a 

second successful transmission attempt. Note that for     we obtain the no-memory case, 

corresponding to          , which is just the result one obtains for direct transmission, 

i.e. the “repeaterless” bound for distance   (for not too small  ). Conversely, for     

(corresponding to the perfect memory case with no need for aborting the protocol), we have 

         

    
       , which, for small   becomes approximately    

 
     √  (and this 

scaling becomes      for   repeater segments). The √ -scaling corresponds to the optimal 

transmission in a memory-based QR with a single node or, equivalently, two segments. 

 

 

S4. Additional results: two-segment QR in the NSP protocol 

 

 

In comparison to the rates of the NSP-QR cell (illustrated by Fig. 4b) as shown in Fig. 5, 

below we also present the rates calculated for the two-segment QR as illustrated by Fig. 4a.  

The subtle differences between these two small-scale QR variants are discussed in the main 

text. In addition to the short discussion there, let us emphasize here that for a reasonable 

comparison, we did not include dephasing errors on the outer memories (those most left and 

right in Fig. 4a). Practically, in the context of QKD, this means that Alice and Bob would 

immediately measure their qubits and not store any quantum states at all; thus, storage again 
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takes place only at the central node. On the other hand, such an approach prevents the two-

segment scheme from its possible use beyond QKD, because the two-segment scheme is 

potentially more versatile compared with the NSP-QR cell when the outer memories of the 

two segments are also exploited for quantum storage. 

 

One can see that comparing the two QR variants (Fig. S1 with Fig. 5 of the main text) there is 

a visibly better performance of the QR cell. Some platforms that enter the repeater regimes for 

the QR cell no longer achieve this for the two-segment scheme. 

 

 

 

Fig. S1: Secret Key Rates (SKR) and High-Fidelity Raw Rates (RR) for a small NSP-based QR scheme (two-

segment QR). The bottom plots show SKR in dB as a function of the total distance L in km for experimental 

parameters as currently available (left) and as potentially available in the future (right). The top plots show RR 

in schemes where the entangled states effectively created over the total distance L have a fidelity of at least 0.95 

(left: current parameters, right: future parameters). Curves that are disappearing beyond certain distances (or 

completely missing) no longer (never) exceed F=0.95. The different platforms correspond to NV (violet) and SiV 

(green) centers, ions (brown), Rubidium atoms (red), and quantum dots (yellow). The light grey area illustrates 

the (secret key) rate regime between    (curve in bold black: “repeaterless” bound) and √  (line in dark grey: 

optimal rate for QR cells or two-segment QR schemes). The bold black dashed lines represent the realistic 

“repeater-less” bound           (direct transmission via PPL) with finite link efficiencies          ,    .         
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S5. Additional results: Bell-state measurement-assisted memory write-in (NRP) 

 

 

In comparison to the rates of the NRP-QR cell with ideal unit write-in efficiency as shown in 

Fig. 7, below we also present the rates calculated for the scheme based on quantum 

teleportations of the arriving photonic qubits onto the spin qubits with the help of locally 

prepared spin-photon entangled states and linear optical BMs (see Fig. 6b). In this case, 

instead of assuming unit write-in efficiency like for the rates calculated in Fig. 7 (where the 

values for               are directly taken from Tables 1 and 2), we have        

         
       

  and hence                                
        

 . For obtaining the 

curves in Fig. S2, we thus use for       the Table values squared and multiplied with one half 

(without explicitly considering the factor       
 ). Moreover, the additional sequences for 

spin reinitialization are included in         
   (numbers in brackets in Tables 1 and 2). 

 

For current experimental parameters, where previously with ideal and fast photon-spin 

interfaces all platforms entered the repeater regimes (Fig. 7), we now observe that under the 

assumption of non-deterministic and slow interfaces, most platforms stay within the 

“repeater-less” regimes. Only the secret key rate for Rubidium atoms slightly exceeds the 

limit. Note that the curves for NV and SiV color centers completely overlap, since the 

relevant factor that counts the number of possible distribution attempts within the memory 

coherence time is equal for both,     /            (while the individual times are different). 

Here, NV and SiV also share the same link coupling efficiency,           , which appears 

to be the stronger limitation for the distances considered when compared with the values for 

Rubidium,       = 0.5 and     /          , especially because the Table values for       

now enter quadratic into the rates.  
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This discussion also serves as a nice illustration that the actual memory efficiency in a QR 

protocol depends on the ratio of the coherence time and the (effective) repetition time. With 

future parameters, for all platforms, the repeater regimes can still be entered and the repeater 

rate slopes can be fairly well maintained over 400 km despite the non-unit write-in efficiency 

and slower interfaces. 

 

 

 

 

Fig. S2: Secret Key Rates (SKR) and High-Fidelity Raw Rates (RR) for a small NRP-based QR scheme (QR cell 

with linear optical teleportation-assisted memory write-in). The bottom plots show SKR in dB as a function of the 

total distance L in km for experimental parameters as currently available (left) and as potentially available in 

the future (right). The top plots show RR in schemes where the entangled states effectively created over the total 

distance L have a fidelity of at least 0.95 (left: current parameters, right: future parameters). The different 

platforms correspond to NV (violet) and SiV (green) centers, ions (brown), Rubidium atoms (red), and quantum 

dots (yellow). The NV curves are invisible coinciding with those of the SiV platform. The light grey area 

illustrates the (secret key) rate regime between    (curve in bold black: “repeaterless” bound) and √  (line in 

dark grey: optimal rate for QR cells or two-segment QR schemes). The bold black dashed lines represent the 

realistic “repeater-less” bound           (for direct transmission via PPL) with finite link efficiencies       

   ,    .         
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S6. Remarks on QR parameters, wavelength conversion and fiber-coupling efficiencies 

 

 

We will give a few additional details especially regarding the future experimental parameters 

of the three hardware platforms (as given in Table 2). The discussion here will also include 

some remarks and additional rate calculations concerning the use of wavelength converters. 

 

For NV centers we extrapolate the values of Refs. [25,26] for the link coupling efficiency and 

the clock rate, excluding additional spin sequences, and for the coherence time assuming a 
13

C 

nuclear spin for the memory. Similar assumptions are made for the SiV centers based on Refs. 

[21,28,29]. As already mentioned in the main text, the SiV platform provides a potentially 

more efficient photon-spin interface including higher cooperativities. More specifically, in the 

recent experiment of Ref. [21 , the  i  centers are placed inside a cavity with a cooperativity 

of    , leading to a  urcell factor        and shortening the spontaneous emission time of a 

SiV center to below 100 ps. This would, in principle, result in even higher clock rates than 

500 MHz. However, the experimental data of Ref. [21] were collected including extra spin 

sequences after a certain fixed and finite number of distribution attempts. Averaging over 

these extra sequences eventually leads to an overall clock rate      z. Overall a full system 

detection efficiency of about 85% was deduced in Ref. [21] exceeding our assumed value of 

50% for the link coupling efficiency. Reference [28] extended the SiV electron spin 

coherence time by swapping to a 
13

C nuclear spin reaching a number above 100 ms. To sum 

up, in Table 2 we give numbers for SiV that have been achieved individually already, but we 

refer to them as future values as they have to be achieved concurrently in a single system.    

 

When including the minimal times required for spin reinitialization etc. (       including 

initialization, preparation, and emission times), current NV experiments 
[58]

 have already 

demonstrated clock times        as low as   μs corresponding to clock rates of 500 kHz (here 
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the main limitation appears to be the spin initialization). This number is the NV clock rate 

(number in brackets) in Table 1. As for the future clock rates (Table 2), we assume that for the 

spin initialization at least one cycle involving the    singlet system must be completed while 

the lifetime of the lowest singlet state is    200 ns. This corresponds to a clock rate of 5 MHz 

(Table 2, number in brackets). In the case of SiV, we currently assume a (slow) clock rate of 5 

MHz (Table 1, number in brackets), which is an order of magnitude larger than that for NV, 

since the spin initialization mechanism is different (independent of a singlet system). 

However, as the coherence time of SiV is assumed to be an order of magnitude smaller than 

that for NV, the relevant dephasing factor is equal for both,     /           . The slow, 

future SiV clock rate value is assumed to be 50 MHz (Table 2, number in brackets). In this 

case, the spin initialization is limited by the duration for one cyclic optical transition. Based 

on the number of Table 1 (5 MHz), assuming 100 cycles until a spin flip, and considering an 

extra gain by a factor of 10 through the possibility of Purcell cant, a future clock rate of 50 

MHz seems feasible.     

 

For the quantum dot platform, the numbers given in the Tables correspond to the most 

commonly studied and highly performant quantum dots, namely InGaAs strained quantum 

dots. However, already published results (at low temperature in the mK regime using gate 

defined quantum dots in GaAs as III-V material) have reported coherence times on the order 

of 300 µs based on dynamical decoupling.
[59]

 These existing experimental parameters can be, 

in principle, linked to the optical regime. Recent material physics developments in the growth 

of strain-free GaAs quantum dots (i.e., fabricated by droplet epitaxy 
[60,61]

) have also made 

significant progress and these systems have now a quality comparable to strained InGaAs 

quantum dots. In fact, in Ref. [62], highly entangled photons were efficiently extracted from 

symmetric GaAs quantum dots, based on the earlier work reported in Ref. [61]. In the context 

of implementing a quantum repeater, it is worth mentioning that with the same GaAs quantum 
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dot system, photonic entanglement swapping has been demonstrated.
[63,64]

 Moreover, the 

emission of entangled photon pairs based on quantum dots at a clock rate of 400 MHz was 

demonstrated already five years ago.
[65]

 

 

The level of control of the nuclear spin system which is the main source of spin dephasing 

also improved dramatically recently, for instance, via optically pumped nuclear state 

narrowing techniques.
[66]

 Coherent addressing of nuclear spin waves promises 
[67]

 further 

enhanced coherence times. Furthermore, using quantum dot molecules one can employ 

single/triplet qubit bases which are less sensitive to electric and magnetic field fluctuations 
[68]

 

as another approach to improve the coherence times in quantum dot systems.  

 

Important efficiency parameters for a quantum repeater based on the quantum dot platform 

are the photon collection and fiber-coupling efficiencies. Photon collection efficiencies 

between 60% - 85% have already been reported for quantum dot micropillar and so-called 

bullseye cavities.
[69,70,71,72]

 Theoretical values of up to 96% have been estimated in Ref. [73]. 

To achieve such values one can optimize the cavity design to improve unidirectional emission, 

and at the same time optimize the vertical and lateral design of the etching processes. For 

instance, for the bullseye it is known that the exact thicknesses of the epitaxial membrane 

structure and the lateral grating are critical to obtain maximal values. Moreover, the quantum 

dot needs to be well located, which can be realized via deterministic placement techniques. 

 

For the fundamental mode of laser light (Gaussian      mode), fiber-coupling efficiencies of 

80% - 90% can be achieved in the labs. To achieve a comparable value for a quantum dot 

light source, the quantum dot has to be embedded into a cavity structure exhibiting a nearly 

Gaussian fundamental mode. This is possible for the pillar and bullseye microcavities. 

Excellent cavity-mode-to-fiber coupling efficiency of 85% have already been achieved.
[74]
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Additionally, one can implement a new type of 3D printed micro- and nano-optics with 

complex lens designs for photon collection.
[75]

 This allows for high optical performance and 

corrects for aberrations when imaging at wide angles. We therefore anticipate fiber-coupling 

efficiencies in optimized cavities on the order of 80% - 90%. 

 

For the ion platform, we refer to existing and potential future experiments with Calcium and 

Ytterbium. The current parameters for Calcium are extracted from the recent experimental 

results of Ref. [51] where the clock rate of 7 kHz is fairly small in comparison with the other 

platforms (Table 1, number in brackets). A higher clock rate with         
   = 0.47 MHz has 

been achieved for Ytterbium.
[52] 

However, the link coupling efficiency in that Ytterbium-

based experiment 
[52]

 was smaller (            than that obtained in the Calcium-based 

experiment 
[51]

 (          . Nonetheless, for the rate calculations based on Table 1 using 

the faster clock rate (Fig. 7), we assume as well the higher value for      , as the two relevant 

experiments are both from the ion platform. Similarly, for the memory coherence time we 

choose a value of 20 ms throughout.
[51] 

As for the future parameters, we refer again to Ref. 

[51] where ~25% photon-to-fiber link coupling probability per attempt was demonstrated. 

Based on this result, assuming more efficient detectors and moderately improved ion-cavity 

coupling, we infer as an extrapolation a future link coupling efficiency of 50%. A clock rate 

of 1 MHz has already been achieved in Ref. [53] in a system without cavity, and this also 

appears to be applicable to an ion-cavity system provided that the cavity is sufficiently short, 

like in Ref. [38]. The memory coherence time is an already demonstrated value from Ref. [54]. 

 

Finally, for the Rubidium atom platform, the currently available values for       and      

refer to reported experiments with Rubidium atoms in a cavity.
[34,35] 

More specifically, atomic 

eigenstates can be chosen for the qubit encoding such that the effect of external magnetic 

fields is significantly reduced. This way coherence times above 100 ms have been 
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measured.
[34] 

Also from an earlier experiment, demonstrating atom-atom entanglement as 

highly relevant in the context of quantum repeaters, we can infer a link coupling efficiency of 

50% which can be further improved. Typical values for the clock rate in these experiments, 

including additional operations such as intermediate atom cooling, are about 5 kHz (Table 1, 

number in brackets). The assumption of potentially higher values then depends on a repeater 

protocol that circumvents such slow additional sequences. Generally, the state fidelity plays 

an important role for the atom platform. While currently fidelities of almost 70% are 

possible,
[55] 

with realistic fiber-based cavities of higher cooperativity fidelities of up to 96% 

should be possible.
[56] 

As a main challenge, like for all platforms, it is crucial to combine high 

values of the three experimental parameters proposed in our simple model together with 

sufficiently high state fidelities in a single system.   

 

Let us finally comment on the quantitative effect of wavelength converters for switching from 

the sources’ and memories’ wavelengths to the telecom wavelength as most suitably adapted 

to a fiber communication channel. In our model, the effect of these converters can be 

absorbed into       via a wavelength conversion efficiency. For simplicity, we assume a 

constant factor of ½ for all platforms, while the relevant wavelengths in some platforms are 

certainly harder to convert than in others. Quantum frequency conversion nonetheless now 

achieves device efficiencies exceeding 50%. In particular, for Rubidium atoms, atom-

telecom-photon entanglement was recently demonstrated with a conversion efficiency of 

57%.
[76]

 For ions and quantum dots, conversion efficiencies of almost 30% and exceeding 

30% were reported in Ref. [33] and Ref. [77], respectively. Current experiments with Calcium 

ions produce (yet unpublished) experimental data compatible with a conversion efficiency 

above 50% (based on the earlier experiment achieving above 25%,
[33]

 see also Ref. [51] for a 

Calcium ion experiment that achieved 25% conversion efficiency). For NV color centers, an 

existing experiment reports a conversion efficiency of 17%.
[78]

 Thus, again, in all platforms, 
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conversion to telecom wavelength has been experimentally demonstrated with efficiencies of 

similar order of magnitude. We shall then analyze what the general effect of the assumed 

factor ½ reduction of       on the repeater rates is. 

 

The figures below show the repeater rates calculated based on our model including throughout 

an additional factor of ½ for the experimental parameter      . Figure S3 corresponds to the 

rates of the NSP-QR cell as shown in Fig.5, but this time including the conversion efficiency. 

Although the overall effect of the extra inefficiency does not appear dramatic, some platforms 

that previously enter the repeater regimes now no longer achieve this.   

 

 

Fig. S3: Secret Key Rates (SKR) and High-Fidelity Raw Rates (RR) for the NSP-QR cell as shown in Fig.5, but 

including a factor ½ in the link coupling efficiencies to take into account the effect of wavelength conversions. 

Bottom plots show SKR in dB as a function of the total distance L in km for experimental parameters as currently 

available (left) and as potentially available in the future (right). Top plots show RR in schemes where the 

entangled states effectively created over the total distance L have a fidelity of at least 0.95 (left: current right: 

future).         
 

Similarly, we show the rates for the NRP protocol including the conversion efficiency. Figure 

S4 corresponds to the rates of the NRP-QR cell as shown in Fig. 7 assuming a deterministic 
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and fast memory write-in, but now also including the extra factor ½ in      . The effect of this 

factor on the rates appears relatively small. Figure S5 is the counterpart of Fig. S2 (NRP-QR 

cell with a teleportation-based, non-deterministic and slow write-in), with the only difference 

now being the factor of ½ in      . In this case, the effect appears stronger. For the future 

parameters, it can be most easily seen that the rates are basically downshifted, while the 

repeater regime can still be entered over the distance considered.  

 

  

 

 

Fig. S4: Secret Key Rates (SKR) and High-Fidelity Raw Rates (RR) for the NRP-QR cell as shown in Fig.7, but 

including a factor ½ in the link coupling efficiencies to take into account the effect of wavelength conversions. 

Bottom plots show SKR in dB as a function of the total distance L in km for experimental parameters as currently 

available (left) and as potentially available in the future (right). Top plots show RR in schemes where the 

entangled states effectively created over the total distance L have a fidelity of at least 0.95 (left: current right: 

future).         
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Fig. S5: Secret Key Rates (SKR) and High-Fidelity Raw Rates (RR) for the NRP-QR cell as shown in Fig.S2, but 

including a factor ½ in the link coupling efficiencies to take into account the effect of wavelength conversions. 

Bottom plots show SKR in dB as a function of the total distance L in km for experimental parameters as currently 

available (left) and as potentially available in the future (right). Top plots show RR in schemes where the 

entangled states effectively created over the total distance L have a fidelity of at least 0.95 (left: current right: 

future).         
 

 

 

 

 


