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We propose a novel one-way quantum repeater architecture based on photonic tree-cluster states.
Encoding a qubit in a photonic tree cluster protects the information from transmission loss and enables
long-range quantum communication through a chain of repeater stations. As opposed to conventional
approaches that are limited by the two-way communication time, the overall transmission rate of the current
quantum repeater protocol is determined by the local processing time enabling very high communication
rates. We further show that such a repeater can be constructed with as little as two stationary qubits and one
quantum emitter per repeater station, which significantly increases the experimental feasibility. We discuss
potential implementations with diamond defect centers and semiconductor quantum dots efficiently
coupled to photonic nanostructures and outline how such systems may be integrated into repeater stations.

DOI: 10.1103/PhysRevX.10.021071

I. INTRODUCTION

Encoding information in quantum systems is the funda-
mental principle of quantum information technologies,
ranging from quantum computers [1] to unconditionally
secure communication [2]. Quantum networks constitute
an important element for implementing such technologies
in a scalable fashion [3]. The exact requirements and
applications of large-scale quantum networks constitute
an active research area [4]. One of the key challenges for
constructing large-scale quantum networks is to faithfully
transmit quantum information over long distances, which is
challenging due to transmission loss.

Quantum repeaters have been proposed as a means to
overcome transmission loss by exploiting quantum corre-
lations to extend the transmission length of quantum
information [5-7]. The conventional quantum repeater
architecture relies on heralded quantum entanglement
distribution, which necessitates long-lived quantum memo-
ries and two-way communication between sender and

Published by the American Physical Society under the terms of
the Creative Commons Attribution 4.0 International license.
Further distribution of this work must maintain attribution to
the author(s) and the published article’s title, journal citation,
and DOI.

2160-3308/20/10(2)/021071(13)

021071-1

Subject Areas: Quantum Physics,
Quantum Information

receiver [6]. The need for heralding limits the communi-
cation rate at which quantum information can be distributed
and requires long-lived quantum memories with efficient
light-matter coupling [8,9]. To overcome these limitations,
one-way and all-photonic quantum repeaters have been
proposed [10-16]. One-way repeaters use multiphoton
encoding and quantum error-correcting codes to protect
the quantum information from both loss and operational
errors. In this way, quantum information can be transmitted
from one repeater station to the next without the need for
preestablished entangled links. For these reasons, in prin-
ciple, one-way repeaters can significantly boost the dis-
tribution rate [7] without the need for a long-lived quantum
memory for key applications such as long-distance quan-
tum key distribution [17]. An outstanding challenge
involving the physical implementation of one-way quan-
tum repeaters is how to efficiently generate the multiqubit
error-correcting codes and how to perform error correction.
This usually requires many high-fidelity two-qubit oper-
ations and considerable amounts of auxiliary qubits at each
repeater station [12,15,16,18].

In this article, we propose a novel one-way quantum
repeater architecture that can be implemented with as little
as two memory qubits and one quantum emitter per
repeater station. Our approach is based on photonic tree-
cluster states [19], which are used to encode a message

Published by the American Physical Society
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FIG. 1. Sketch of a one-way quantum repeater with photonic tree clusters. A message qubit (orange dot) is encoded through a Bell
measurement (dashed box) with the root spin qubit of a photonic tree cluster. An example with a [2,3,2] tree is shown where dots
correspond to photonic qubits and solid lines indicate correlations. The encoded qubit (depicted in the orange boxes) is sent a distance
L to the next repeater station. At the next repeater station, the qubit information is reencoded through a Bell measurement between one
of the first-level photonic qubits and the root spin qubit of a new tree. The remaining qubits of the incoming tree are measured with
single qubit z (red circle) or x (orange circle) measurements. The reencoding can succeed despite multiple photons being lost in
transmission (gray dots and dashed lines). At the end station, the message qubit can be transferred to, e.g., a receiving spin qubit by

means of a controlled-phase (Cz) gate.

qubit to be transmitted to the next repeater station (see
Fig. 1). Photonic tree clusters have previously been
considered as photonic memories to ensure efficient entan-
glement swapping in all-optical quantum repeaters [14,20].
Such all-optical approaches generate multiple photonic tree
clusters at each repeater station potentially requiring kilo-
meter-long delay lines and millions of single-photon sources
per station [20]. Our approach circumvents this significant
overhead by using strongly coupled quantum emitters with
built-in nonlinearity. Specifically, in our approach, the
photonic tree clusters required for the repeater can be
generated with two memory qubits and one single-photon
emitter per repeater station using repeated photon emissions
[21]. In addition, correction of losses requires only a single
Bell measurement independent of the size of the tree
encoding. This constitutes a significant reduction in overhead
as compared to, e.g., one-way quantum repeaters based on
the quantum parity encoding [11,12,15], which requires a
number of two-qubit operations that scale linearly with the
size of the encoding corresponding to hundreds of memory
qubits per repeater station [7]. In comparison, the current
approach can be implemented with only two spin systems per
repeater station, as we outline below. We also discuss
possible experimental implementations of our protocol based
on state-of-the-art solid-state quantum emitters in nano-
photonic structures in order to lay out a realistic path toward
high bit rate, long-range quantum communication.
Importantly, many of the required parameters for our pro-
tocol are not far from current state-of-the art performances,
which together with the significant resource reduction
compared to previous one-way protocols cements the exper-
imental feasibility of our approach.

II. QUANTUM REPEATER PROTOCOL

The basic operation of the repeater is shown in Fig. 1. At
each node, a multiphoton entangled state is generated and
used to encode and transmit a message qubit to the next
repeater station. Crucially, even if some of the photons are
lost, the repeater can decode the logical qubit and reencode
it, thereby correcting for photon loss before transmitting the
message to the next station.

A. Tree-cluster states

In this work, we consider one-way quantum repeaters
based on using tree-cluster states as error-correcting codes.
Such tree-cluster states are illustrated in Fig. 2. We character-
ize the tree by a branching vector 7 = [by, by, ..., b,], which
specifies the connectivity of the tree as one moves from the
root vertex [top node in Fig. 2(a)] through the d levels of the
tree. Tree-cluster states are obtained by associating a qubit
with each vertex (see Fig. 1). Moreover, one further asso-
ciates a stabilizer operator, K; = 67 ®jen () cr;, that acts
nontrivially on the vertex i and its neighbors AV (i). The tree-
cluster state is the unique eigenstate with eigenvalue +1 of all
stabilizer operators K.

As a specific, illustrative example, let us consider a [2, 2]
tree-cluster state [see Fig. 2(a)]. One can easily check that
this 7-qubit state is given by

lw) =ﬁ(|0>s(l0>l+,+> +[1)]-.-)®
+[1),(10) 1+, +) = [1)]-.=)®?). (1)
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FIG. 2. Sketch of the principle behind counterfactual error

correction in the tree-cluster encoding. A [2, 2] tree is considered
for simplicity (a). A qubit a|0) + f|1) is encoded through a Bell
measurement between this qubit and the root spin qubit (b). Loss
of qubits (gray vertices) from one branch (c) still allows retrieving
the encoded information by measuring at least one remaining
second-level qubit in the x basis and the second-level qubits of the
intact branch in the z basis (d) despite the fact that we do not get
any information from (attempted) measurements on the lost
photons (dashed circles).

Here, we have defined the states |+) = (|0) & [1))/V/2,
with |0) and |1) being the basis states of the qubits. Below
we consider an implementation where the root qubit is
represented by a stationary two-level spin system (spin
qubits are denoted with subscript s) while the rest of the
tree cluster state is represented by photons.

B. Encoding the logical qubit

Consider the situation where the message qubit,
al0), + pB|1),, is initially prepared in a second stationary
qubit. To send this message qubit from the first station to
the next repeater, one has to encode it into the state of the
photons. This can be achieved by a simple teleportation
process, which can be realized by a 2-qubit Bell measure-
ment of the stationary qubits, i.e., the spin that stored the
message qubit and the stationary root qubit of the tree-
cluster state [see Fig. 2(b)].

For the above example of a [2, 2] tree, this prepares the
state of the photons in

(1+x1)a1(1—x1)ﬂ<|o’+’+>+|1,_,_>)®2

(I=x))a+(1+x)p
4

¥) =

(10.4+.4) = [1.=,-))®2,
2)

+X2

where x; = +1 and x, = +1, depending on the four
possible outcomes of the Bell measurement. The values
of x; and x, are not important since they can eventually be
corrected in the decoding step. In Fig. 2, we assume for
concreteness that we have obtained the values x; = x, = 1.
Note that the quantum information of the message qubit is
stored in a nonlocal form in the photonic degrees of
freedom, and cannot be retrieved by observing, e.g., only
a single photon.

C. Photon loss and recovery of the message qubit

After this encoding step, the photons are transmitted to
the next repeater station. The specific encoding protects
against transmission loss such that the effective trans-
mission probability of the message qubit is significantly
increased compared to the bare transmission of a single
photon.

To illustrate the basic mechanism, we again consider the
example of the [2, 2] encoding in Eq. (2). Already in this
simple encoding, one can tolerate the loss of up to two
photons in one of the two branches [see Fig. 2(c)]. To see
this, it is instructive to consider how the state can be
recovered and the quantum information retrieved. As a first
step in the recovering process, one measures all the qubits
in one of the two branches (in Fig. 2, we assume that the left
branch is to be measured). Specifically, the first-level qubit
is measured in the z basis and the second-level qubits are
measured in the x basis. Note that the corresponding
measurement outcomes are perfectly correlated, such that
only two sets of outcomes for the three measurements are
possible. This is crucial, as it allows us to infer the outcome
from each of the three measurements, even if two of those
qubits are lost. This measurements projects the state of the
qubits in the remaining branch [right branch in Fig 2(c)]
into the state

(I+x)a+ (1—x))p
2v2

(1 =x)a+ (1+x)p
2v2

(10,4, +) + 1, = =)

(

07 +7 +> -

L=-)
(3)

where x; = £1, depending on the measurement outcome.
This branch now contains the entire encoded quantum
information. It can be retrieved by measuring the two
second-level qubits in the z basis [see Fig. 2(d)]. Simple
algebra shows that this prepares the remaining first-level
qubit in the state «|0) + f|1) (up to known Pauli correc-
tions that only depend on the obtained measurement
outcomes x;). This simple analysis shows that the retrieval
of the message qubit from a [2, 2] tree is possible as long as
one branch is not corrupted and not more than two qubits of
the other branch are lost, illustrating the basic principle
allowing for correction of photon loss. Increasing the tree

+ X X3
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depth (length of 7) and the number of branches increases the
robustness of the encoding by the same principle [19].

D. Reencoding and repetition

The goal of the repeater station is to reencode the
retrieved qubit in a new tree. This can be achieved in
complete analogy to the encoding of the message qubit at
the sending station: first a new tree cluster of photons is
generated, with a stationary spin serving as the root qubit
(see Sec. IIT A), followed by a Bell measurement between
the message qubit and the root qubit.

Above we described how to recover the qubit into a
photonic qubit in the highest level of the tree. In the
reencoding procedure the goal is instead to perform a Bell
measurement between the encoded qubit and the root qubit
of a new tree. In analogy with the procedure above, this
reencoding simply requires a Bell measurement between
one of the first-level photons of the encoded tree cluster and
the root qubit along with measurement of all other qubits in
the same bases as above. Note that the order of the
measurements is not important in the above recovery
scheme. In practice, this allows us to reencode the quantum
information at each repeater station without prior knowl-
edge about which qubit was lost. Specifically, one can first
attempt a Bell measurement between one of the first-level
qubits and the root qubit of the new tree. If this measure-
ment is successful, one can teleport the encoded quantum
information into the new tree by measuring all connected
qubits in the z basis. Some of these measurements may turn
out to be unsuccessful because the qubits were lost in
transmission. In these cases, the corresponding measure-
ment outcome is inferred through measurements on qubits
in the next level of the corresponding branch, in complete
analogy to the example above. If the first Bell measurement
is unsuccessful itself (because the corresponding photon
was lost in transmission), then the value of a z measurement
can be inferred instead (via measurement of the next-level
qubits), and a Bell measurement can be attempted with
another first-level qubit. In order not to perturb the root
qubit of the new tree in a failed attempt of a Bell
measurement, special care must be given to the imple-
mentation of the measurement, as described below.
Specifically, the message qubit should first be transferred
to an auxiliary spin qubit by means of a spin-photon
controlled-phase gate (cz gate) and then encoded into the
new tree cluster with a deterministic Bell measurement
between the auxiliary spin qubit and the root spin qubit
(see Fig. 4).

The reencoding and transmission continues down the
repeater chain until the encoded message qubit arrives at
the end node. There the message qubit can be either
transferred to a stationary spin in a similar fashion as in
the repetition step (see Fig. 1) or directly measured (without
first transferring the information to a receiving spin qubit)

by appropriate measurements of the photons of the
encoded tree.

III. EXPERIMENTAL IMPLEMENTATION

The key requirements for an implementation of the
above protocol are the ability to generate tree-cluster states
of photons, realize Bell measurements between stationary
spins and photonic qubits, and perform measurements of
the photons in the x and z basis.

A. Photonic tree generation

We propose to generate the photonic tree cluster states
using a light-matter interface illustrated in Fig. 4. It consists
of stationary memory spins and one spin which is coupled
to the light field. The latter is used to generate photons by
selectively coupling a ground state |1), to an excited |e),
via the optical field in a one-sided cavity. We are consid-
ering a time-bin representation of the photonic qubits. In
this representation, the presence of a single photon in one of
two nonoverlapping spatiotemporal modes represents the
two qubit states |0) and |1). The main reason for using this
time-bin representation is that it allows us to detect errors
stemming from photon loss. This could also be obtained
with a polarization representation, but the time-bin repre-
sentation is better suited for transmittance through optical
fibers, which typically disturb the polarization state.

Recent work [21] showed that sequential excitation of
the quantum emitter, together with controlled-phase gates
between the emitter and the memory spins, allows us to
deterministically generate an arbitrary photonic tree-cluster
state. In particular, a tree-cluster state of depth d+ 1
requires only d memory spin systems while the number
of necessary spin-spin Cz gates scales polynomially with
the number of branches at each level [21]. In what follows,
we show that tree-cluster states of depth 3 are sufficient for
transmission distances up to 1000 km (assuming telecom
frequencies) and consequently only two memory spin
systems and a single quantum emitter are necessary for
the generation of such states.

The generation of a tree-cluster state with depth 3 is
sketched in Fig. 3. In the first step [Fig. 3(a)], cz gates are
applied between the two memory spins and between the
emitter and one memory spin. The spin of the quantum
emitter acts as a second-level qubit in the tree, and all third-
level photonic qubits of the subbranch are emitted through
repeated excitation followed by spontaneous emission, as
shown in Fig. 3(b). The second-level qubit is then mapped
to a photonic qubit using the auxiliary level of the emitter,
which also detaches the emitter from the preliminary tree-
cluster state. This step is repeated until all second- and
third-level photons of the branch have been emitted. The
spin of the second memory qubit is then first swapped to the
spin of the emitter by means of two Cz gates and
subsequently swapped to a photonic qubit [Fig. 3(c)].

021071-4
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FIG. 3. Generation of photonic tree-cluster states. Two memory
spin systems (S, S,) and a quantum emitter (E) are all prepared
in state |+),, and cz gates entangle the spins as shown in (a). In
the second step (b), all third-level photons (purple dots) of one
sub-branch of the tree cluster are emitted (operation C) followed
by the emission of the corresponding second-level photon (blue
dot), which detaches the emitter from the preliminary tree cluster
(operation M). Operations M and C can be implemented using a
sequence of z pulses on various transitions in the emitter, as
indicated by the color code in (b) referring to the color of the
transitions in the emitter level diagram shown in the inset. Here
driven transitions are indicated by solid lines, whereas decay (y)
is represented by the wiggle line. To emit more second-level
qubits, E is again prepared in |4 ), followed by a cz gate with S,
and step (b) is repeated. In step (c), the state of the memory spin is
first swapped to the emitter and then emitted as the first-level
photon of the branch. Here the emission of the first-level photon
is achieved by an operation M, which is similar to M except that
the red z pulse and subsequent decay is replaced by a weak
driving of the |2), — |e), transition to ensure that the photons
have a narrow bandwidth. The steps are then repeated until the
entire tree has been emitted.

This completes the emission of one branch of the photonic
tree-cluster state, and the procedure can then be repeated to
output the entire state. We note that this generation
procedure, in principle, requires additional Hadamard gates
on the third-level photons to fit the stabilizer description
introduced earlier. This is, however, not necessary since it is
sufficient to simply rotate the measurement basis of these
photons in the reencoding and decoding steps.

A drawback of this generation scheme is that the photons
will be emitted such that the first-level qubit of a branch is
emitted last. As previously described, the presence or
absence of a first-level photon determines the measurement
basis of the corresponding branch at a repeater station. It is
therefore necessary to delay the photons of each branch to
enable measuring the first-level qubit first. The length of
this delay will depend on the emission rate of the emitters
and the number of photons per branch, but is generally
modest and implementable in optical fiber delays. We
discuss this issue in more detail below.

B. Bell measurement

As described above, the reencoding at the repeater
stations requires a successful Bell measurement between

() Heralded storage

| |

I X—1

| [phot) EI |

| Ccz X \/ 13

! ‘O>s f /7&
(b) [root),

Bell

K
>' ———— 600000000

FIG. 4. The basic elements of the reencoding operation at the
repeater stations. (a) The reencoding is performed in a loss
tolerant manner by first performing a heralded storage of the
message qubit in an auxiliary memory spin (dashed box). This is
obtained through a spin-photon controlled-phase (cz) gate with a
first-level photon of the encoded tree. The transfer is heralded by
the detection of the photon in the x basis. If unsuccessful (photon
loss), the auxiliary spin is initialized and the operation is tried
again with another first-level photon. Once the storage is
successful, a deterministic Bell measurement is performed
between the auxiliary spin and the root spin qubit of the new
tree cluster, thereby completing the reencoding operation. (b) The
experimental implementation of the reencoding operation. The
spin-photon ¢z gate is performed by reflecting the photonic qubit
off a one-sided cavity (shown as a photonic crystal cavity)
strongly coupled to a quantum emitter, as described in the text.
The parameters g, y, and k are the single-photon Rabi frequency
of the optical transition, the spontaneous emission rate of the
emitter, and the decay rate of the cavity field, respectively. The
same physical setup is used to generate the tree-cluster state
requiring an extra spin qubit and one auxiliary level (|2),) in the
quantum emitter (see Fig. 3).

one of the first-level qubits in the encoded tree cluster and
the root qubit of the new tree cluster. It is crucial that
this Bell measurement is designed with a built-in error
detection: if a Bell measurement is attempted with a lost
first-level qubit, the measurement should abort without
perturbing the root qubit. Otherwise, a new tree cluster has
to be generated after each failed attempt.

The setup required to generate the tree-cluster states
[Fig. 3(a)] conveniently also allows for such an operation.
While one of the stationary memory qubits represents the
root qubit, the spin coupled to a one-sided cavity is used for
heralded storage of the message qubit through a spin-
photon ¢z gate (see below) [22-25]. Importantly, the
success of the storage is conditioned on subsequently

021071-5
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detecting the photon in the x basis [see Fig. 4(a)]. When a
storage attempt is unsuccessful due to the loss of the
photonic qubit, the auxiliary spin qubit is simply reinitial-
ized and a new attempt is made with another first-level
qubit. The root spin qubit of the new tree cluster is
completely unaffected by this. Once the storage is suc-
cessful, a Bell measurement between the auxiliary spin
system and the spin system containing the root qubit of the
new tree is performed using deterministic entangling gates
between the two spin systems, concluding the reencod-
ing step.

To perform the cavity-mediated spin-photon Cz gate, we
assume the auxiliary spin to initially be prepared in ground
state |0),. For a time-bin encoded photonic qubit, the early
half of the wave packet corresponding to qubit state |0) is
first reflected off the cavity. In the ideal limit, the photon
will be reflected with a z-phase shift from the cavity. Now

the transformation |0), — (|0, + |1),)/+/2 is performed
on the emitter before the late half of the photon wave
packet, corresponding to qubit state |1), is reflected off the
cavity. If the auxiliary spin system is in state |1) (|0),), the
photon gets reflected without (with) a z-phase shift in
the limit of strong light-matter interaction C >> 1, charac-
terized by the cooperativity C = ¢*/(xy). Here g is the
single-photon Rabi frequency of the cavity-mediated
|1) <> |e) transition, « is the decay rate of the cavity,
and y is the free-space spontaneous emission rate of the
excited level. Up to a global phase, this amounts to a cz
gate between the photonic time-bin qubit and a qubit in the
ground states of the auxiliary spin system initially prepared
in (|0), + |1),)/V/2. The details of the gate interaction and
main errors are described in the Supplemental Material
[26]. The success of the gate is conditioned on sub-
sequently detecting the photon in the x basis, which boosts
the fidelity. We find that if the intracavity losses are tuned to
be on the order of 1/C, then a spin-photon cooperativity
of C =100 is sufficient to ensure an error <10™* and a
success probability ~0.991,, where 5, is the efficiency of
the photon detection.

In the above estimate, we have assumed that reflection of
photons into the detector from, e.g., imperfect mode
matching is negligible. Such events directly translate into
an error since they correspond to operation without any
spin-photon interaction. Careful engineering of the mode
profile and additional filtering of, e.g., uncoupled polari-
zation modes must therefore be employed to suppress such
reflections to the desired error level. We note, however, that
a mode-matching efficiency of 99% is sufficient to ensure
an error of 10~ [26]. Furthermore, we have assumed that
the frequency width of the first-level photons is narrow
enough to neglect errors from the finite bandwidth of the
Purcell-enhanced emitter. For C = 100, this would require
the first-level photons to have a frequency width ~y to have
errors <107* [26]. Weak driving from an auxiliary level
|2), to |e), [see inset in Fig. 3(a)] allows us to tune the

emission time of the first-level photons to achieve this [27]
(operation M in Fig. 4).

We note that depending on the success of the spin-
photon Bell measurement, the measurement basis of the
qubits in the corresponding branch of the encoded tree-
cluster states must be adjusted. If a first-level qubit is lost
(detected), the qubits in the corresponding branch should be
measured in the x (z) basis for the tree-cluster states
generated as described above.

C. Photon measurement

With the considered time-bin encoding, measurements of
photons in the z basis require only time-resolved detection.
Measurements in the x basis, on the other hand, are more
demanding. In particular, a deterministic x-basis measure-
ment requires fast optical switching and delay lines. Our
analysis shows that gigahertz optical switching rates will be
required to ensure tree-generation rates in the megahertz
regime (see below). Such switching rates can be exceeded
with schemes based on subnanosecond phase control in
Mach-Zehnder interferometers via electro-optic modula-
tion. Such integrated devices have been demonstrated for a
variety of material platforms [28-33]. Toward a scalable,
small footprint implementation, we therefore propose an
on-chip photonic circuit based on switching via electro-
optic modulation in cascaded Mach-Zehnder interferome-
ters as shown in Fig. 5 and discussed in the Supplemental
Material, where we also outline an integrated on-chip setup
for the repeater stations [26].

D. Other experimental requirements

So far we have discussed the optical interface required to
achieve the successful operation of the repeater. In order to be
able to make a realistic estimate of the achievable commu-
nication rate, we now discuss the concrete requirement for

“ ¢ On-chip delay Detection
4

FIG. 5. Tllustration of an on-chip photonic circuit for perform-
ing z- and x-basis measurements with integrated single-photon
detectors. Mach-Zehnder interferometers with fast switching rate,
for example, based on electro-optic switching [28-33], are
assumed to switch fully between the top and bottom path (labeled
switch) by controlling the relative phase of the two interferometer
arms (¢p). For a z-basis measurement, the photons are guided
directly to the detectors for time-resolved recording. For an
x-basis measurement, the switch guides the first wave package of
the time-bin encoding to the delay line and the second to the short
arm. For first-level photons the delay needs to be longer and is
replaced with a fiber delay line [26].
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(a),(b) Minimized cost parameter C as a function of distance L assuming spin entangling gate times of 7¢z = 107y, (a) and

Ty = IOOrph (b) for tree-cluster state generation. The markers correspond to times symbol, €, = 0.1%o; filled circle, €, = 0.3%o; circle,
€, = 0.5%o; square, ¢, = 0.1%. Here, ¢, is the error probability of the reencoding operation at the repeater stations. (c),(d)
Corresponding secret bit rate assuming a photon emission time of 7., = 1 ns and gate time of 7¢z; = 10 ns (¢) and 7¢z = 100 ns
(d). We have restricted the minimization to trees with n < 300 photons and repeater station spacings >1 km. We have assumed a
detection efficiency of n;, = 95%. For comparison, the secret bit rate of a two-way repeater (dashed line) with similar resources (see
main text) is also plotted together with the rate of direct transmission (dot-dashed line) assuming a 1 GHz single-photon source.

two specific physical systems, quantum dots and color
centers in diamond. One of the practical requirements in
reducing the photon loss is a highly efficient coupling for the
cavity to an optical fiber, e.g., using tapered optical fibers
[34-36]. The collection efficiency (f factor) of the emitted
photons to a cavity or alternatively a waveguide needs to be
high. Quantum dots in waveguides have already demon-
strated collection efficiencies of f > 98% [37], which is
compatible with the efficiency 7, = 0.95 assumed in our
resource analysis below (see Fig. 6). In addition, coupling to
photonic nanostructures may also decrease the photon
emission time through the Purcell enhancement, and photon
emission times of ~100 ps are feasible with solid-state
emitters such as quantum dots [38] and diamond color
centers [39].

Finally, spin-spin Cz gates are required for both the tree-
generation and the reencoding operation. Fast spin-spin
gates (~10 ns) could be performed in stacked quantum dots
[40,41] while somewhat slower gates can be performed
between electron and nuclear spins for nitrogen-vacancy

(NV) or silicon-vacancy (SiV) centers in diamond through
magnetic dipolar interaction [42]. For the latter, gate times
on the order of 100 ns are feasible with SiV systems using
nearby nuclei with strong (>1 MHz) hyperfine inter-
actions. Alternatively, fast gates could also be implemented
using photon-mediated gates between different emitters
[43]. This involves two auxiliary spin qubits for parity
measurements and can be made error proof against photon
loss errors at the expense of a slight decrease in success
probability. For the gate in question [43], a f factor of
~0.99 would give a success probability of ~99% and a
heralded error of ~0.1%c. Such probabilisitic spin-spin
gates will, however, decrease the rate of the repeater when
used in the reencoding step at the repeater stations. The
reason being that the reencoding involves the (unprotected)
root qubit of the new tree. Considering a distance of
1000 km where ~400 repeater stations are needed (see
optimization below), a success probability of 99% would
result in a rate that is ~2% of the rate for a deterministic
gate. Using probabilistic gates in the tree generation steps is
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of less concern since heralding techniques can be employed
and the majority of the necessary gates will involve the
redundant qubits of the tree encoding, which are somewhat
loss tolerant.

The details of the time budget for the generation of the
tree-cluster states and length of the necessary delay line is
detailed in the Supplemental Material [26]. We find that the
photonic tree-cluster states can be emitted within ~1 us
(~7 ps) assuming Purcell-enhanced photon emission life-
time of about 100 ps [38,39] and spin-spin Cz gate times of
10 ns (100 ns). The spin qubits need to stay highly coherent
for these timescales, which for SiV and NV systems can be
achieved using nearby nuclear spins [44] or operating at
low temperatures [45]. For quantum dots, dynamical
decoupling [46] or coupling to a nuclear spin memory
[47] may be employed to increase coherence times moti-
vating further development of such techniques. For the
above generation times, delay lines of maximum length
~68 m (~374 m) at the repeater stations are required to
ensure the right detection order of the photons (see Sec. III
A). At telecom frequencies such a delay line would have a
transmission above 99% (~98%), which can be integrated
into the overall detection efficiency 7.

IV. REPEATER PERFORMANCE

The above analysis outlined all necessary operations and
general hardware considerations of the repeater. Importantly,
we have shown that only a single successful Bell measure-
ment is needed at the reencoding step and that this can be
implemented in a loss-tolerant manner using two spin
systems. Furthermore, we have outlined how the photonic
tree clusters may be generated requiring in total only two
qubit spin systems per repeater station in addition to the
quantum emitter. We now proceed by estimating the perfor-
mance of the repeater in terms of the maximum quantum bit
rate for given distances.

The transmission probability of a message qubit through
the entire repeater chain will be

Ptrans = ’72"“ > (4)

where m is the number of equally spaced repeater stations
between the start and end stations, and 7, is the trans-
mission probability of the encoded quantum information
between repeater stations. The encoded transmission prob-
ability depends on the specific tree encoding, the bare
transmission probability # of a single photon between
repeater stations, and the detection efficiency of the photon
detectors 7,. Note that in-out coupling efficiency and any
frequency conversion efficiency that may be required to
transduce to the telecom band can be directly included
in ny.

For a tree-cluster encoding with branching vector
f = [by.by. ..., by, 1, is given by the recursive formula [19]

e = [(1 = p+ puRy)P — (uR )| (1 — p+ uRy)"1, (5)

where

Re=1—[1= (1= @)(1 =+ uRep2)? 1%, (6)

with Ry, =0, by =0, and y =1-nn, Here, R,
is the probability of having a successful indirect z measure-
ment of any given qubit in the kth level of the tree.
Consequently, the total probability of a successful z meas-
urement of a kth level qubit (direct or indirect) is 1 —p +uR,.
For a fiber-based implementation, the bare transmission will
ben = exp(—Ly/ Ly ), Where Ly is the distance between the
repeater stations and L., = 20 km is the attenuation length
of the optical fiber assuming that efficient frequency con-
version to the telecom band is implemented.

The relative simplicity of the encoding in tree-cluster
states comes with the penalty that it is not able to correct
arbitrary errors as opposed to other codes considered for
one-way repeaters. It is clear that an error on the qubits
participating in the reencoding Bell measurement will map
into an error on the encoded message qubit. However, there
is some robustness against errors due to the large redun-
dancy of information encoded in the tree [14]. As discussed
below, this leads to an error rate of the encoded qubits,
which is only a few times the error rate of the individual
qubits.

To quantify the performance of the tree repeater in the
presence of operational errors, we consider the secret bit
fraction f of the transmitted qubits, which can be estimated
in the asymptotic limit of infinitely long keys assuming
perfect classical error correction. Assuming quantum key
distribution is performed using a six-state variant of the
BB84 protocol we have that [17]

r=1-ne)-o-a-on(*7222). o)

where Q = 2€¢/3 1s the qubit error rate of the trans-
mitted bits and i(x) = —xlog,(x) — (1 — x)log,(1 — x) is
the binary entropy. We have assumed a (worst-case)
scenario where the noise on the transmitted bits are
described by a single qubit depolarizing channel of the
form

€ rans ~ ~ ) 7 A
AP) = (1= €vans)p + =3 (0%p0" + 0po” + %), (8)

where p is the density matrix of the (pure) message qubit
and o} are the Pauli matrices. The final error probability
of the transmitted message qubit is €,,,,. For a repeater with
m repeater stations, it is estimated as €y, = 1— (1 —
€)™~ (m + 1)e, for me, < 1, where ¢, is the error
probability of the reencoding step at the repeater stations.
Note that f is negative for Q = 12.61% reflecting that it is

no longer possible to extract any secret bits from the
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transmitted qubits since they are too noisy for privacy
amplification. Since the tree encoding is not able to correct
the errors, this will eventually limit the distance
to L ~0.13Ly/e,.

A. Optimization of repeater performance

In order to asses the performance of the repeater, we
perform a numerical optimization of the number of repeater
stations (m) and the encoding tree () for a given distance
and error (e,) to find the highest possible secret bit rate. We
assume that the local repetition rate r( is set by the emission
time of the photonic tree-cluster states. For realistic
parameters (see below), this will be determined by the
emission time of a photonic qubit (z,;,) and the gate time
(tcz) of spin-spin gates. For a specific tree encoding
(f = [by. by, ..., b,]) we estimate the generation time as

1
—~b |:100+b1(1+b2(1+"'bd—1(1+bd)"')>:|7ph

ro

+bg [3+b1(1 +by(1+-+-by5(1 +bd—l)"')):|TCZ- )

Note that we assume the emission time of the first-level
photons to be 100z, to have errors ~107* in the scattering
gate of the reencoding step (see above). In addition, three
spin-spin entangling gates are needed for the creation of the
first-level qubits. We then seek to minimize the (dimen-
sionless) cost parameter,

1 MLy

- 9
rof Pirans TphL

(10)

The inverse cost parameter can be viewed as the secret key
rate in units of the photonic qubit emission time per
repeater station per attenuation length for a given total
distance, L. In the optimization, we enforce a maximum of
the number of photons in the encoding of n = 300 and
require that the repeater stations are never placed closer
than 1 km apart. The results of the optimizations are shown
in Fig. 6.

It is clear that as the operational errors increase, the
repeater performs worse since the tree encoding is not fault
tolerant with respect to depolarizing errors. Nonetheless,
for €, < 0.1%, it is still possible to reach high secret bit
rates since the repetition rate is determined by the local
repetition rate, which can be in the megahertz regime.
Specifically, with a photon emission time of 7, = 1 ns and
gate time of 7z = 10 ns, a secret bit rate of ~70 kHz over
1000 km is possible with a repeater station spacing of
2.6 km, a detection efficiency of n, = 95%, a reencoding
error of €, =0.3%0, and using [4,14,4] trees of 285
photons. For more modest gate times of 7y = 100 ns, a
secret bit rate of ~13 kHz over 1000 km for the same
parameters can be achieved (see above and Supplemental

Material [26] for a justification of these numbers for a
concrete physical realization).

B. Logical errors

We have assumed a generic reencoding error €, in our
optimization above. This encoding error will, in general,
be determined by errors from both the generation of
the photonic tree clusters and the reencoding step. In the
optimization, we assumed a fixed €, and optimized the tree
encoding for the given distances (see Supplemental
Material [26]). One could imagine that e, will depend
on the size of the encoding. To investigate this, we consider
single qubit depolarizing channels of the form in Eq. (8)
acting on all qubits in the encoding. We can then estimate
the single qubit error probability e that will result in a given
reencoding error probability €, for a specific tree encoding
as detailed in the Supplemental Material [26]. The tree
encodings are remarkably robust to errors even in the
presence of loss and we find that €,/e~3 for tree
encodings and loss corresponding to the optimization in
Fig. 6 except for the high error (¢, = 0.1%) optimization,
where we find that €, /¢ ~ 4-5. Notably, we do not find any
significant dependence of ¢, on the different tree encod-
ings. This is consistent with the errors of the two qubits
(first-level qubit and root qubit) participating in the Bell
measurement dominating the reencoding error.

C. Comparison to other approaches

The proposed repeater compares favorably to previously
proposed one-way repeater protocols [12—-14,16,18] (see
Table 1 in the Supplemental Material [26]). It enables
similar secret key rates for roughly the same error param-
eters and detection efficiencies. The key advantage of this
repeater, however, is that it requires substantially less
resources per repeater station than any of the previous
protocols. In particular, the number of spin qubits per
repeater station is 2 orders of magnitude lower than the
matter based protocol in Ref. [12] and the large overhead of
single-photon sources for linear optics protocols [14] is
circumvented. The resources for the latter may be reduced
by generating the photon cluster states as proposed in
Ref. [21]. Nonetheless, the size of the encoding is still more
than an order of magnitude larger than for our protocol. We
obtain this reduction by directly encoding the message
qubit in a tree-cluster state and using the spin-photon
interface for near-deterministic reencoding operations as
opposed to swapping entanglement with probabilistic linear
optics Bell measurements. Compared to other one-way
repeaters, the proposed repeater is, however, not fault
tolerant and the tolerable error level therefore decreases
with the distance. This is simply a consequence of the
buildup of error with each reencoding operation. Thus, and
order of magnitude decrease in error roughly corresponds
to an order of magnitude increase in distance (e.g.,
distances in the range 103-10* km would be achievable
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with an error rate of 107#~10> and tree-cluster states of
depth 3). It might be possible to remedy this effect by
incorporating error correcting for logical errors at the
expense of a few additional spins at each station. A full
investigation of this is, however, beyond the scope of this
article.

We have also compared the repeater to a two-way
quantum repeater allowing for parallel entanglement gen-
eration attempts using the same total number of spin qubits
as our one-way repeater (see Supplemental Material [26]).
We have assumed deterministic noise-free entanglement
swapping and noise-free entanglement generation using a
two-photon interference scheme [48]. This provides a crude
comparison with standard two-way repeaters. As shown in
Fig. 6(b), our one-way repeater reaches key rates orders of
magnitude higher than the two-way repeater due to the
higher local repetition rate. Furthermore, this advantage is
achieved without the need for long coherence times. For the
two-way repeater, orders of magnitude larger coherence
times (miliseconds to seconds) are required. Note that
Ref. [7] contains an extended comparison between one-way
and two-way repeaters also showing the advantage of the
former in the low noise limit. The comparison performed so
far has been made in terms of communication rate per qubit
by requiring the two repeater approaches to have the same
total number of qubits. In practice, other factors may also
be relevant for the comparison. In particular, the number of
repeater stations is about an order of magnitude larger for
the one-way repeater and the initial cost of establishing a
quantum repeater chain is thus likely to be higher with the
present approach. This is, however, compensated by a
much higher communication rate resulting in a better rate
per qubit.

V. CONCLUSION AND DISCUSSION

We have proposed a novel one-way quantum repeater
based on photonic tree-cluster states. The repeater enables
secret bit rates ~70 kHz (~13 kHz) over a distance of
1000 km assuming gigahertz single-photon emission rates
and spin-spin entangling gate times of 10 ns (100 ns). We
have demonstrated how both the error correction and the
generation of the tree-cluster states at the repeater stations
can be performed with a minimum number of spin systems.
Specifically, we have outlined a repeater setup that requires
only a single quantum emitter and two memory spin qubits
per station. As compared to the daunting requirement for
realizing previously proposed one-way quantum repeaters,
this places our proposal within experimental reach of
current technologies.

Solid-state systems such as quantum dots and diamond
defects are promising hardware candidates. Single-photon
emission rates exceeding gigahertz have already been
achieved [38,39] together with efficient coupling to nano-
photonic waveguides and cavities [42,49-52]. The spin-
spin gates required for the repeater may be mediated

through tunneling in quantum dots [40,53,54] or
nuclear-electron spin coupling for diamond defects [42].
While many of the key elements necessary for this proposal
have already been demonstrated, additional engineering of
the platforms will be required in order to reach the required
photon collection efficiencies and error level of the gates.
Importantly, the proposed implementations based on state-
of-the-art solid-state emitters appear capable of reaching
those demanding metrics. Notably, both high cooperativity
and combined detection and in-out coupling efficiencies
above 90% have recently been reported with a SiV defect
center coupled to a nanophotonic cavity [55]. For quantum
dots, chip-to-fiber coupling efficiencies exceeding 80%
have been reported [36], which could readily be improved
further. High cooperativity has also recently been demon-
strated by coupling a quantum dot to a microcavity [56].
The current state of the art is thus not far from the required
performance of this protocol. In addition, our protocol
outperforms direct transmission already at overall detection
efficiencies of 85%, and for slightly higher efficiencies,
error levels >0.1% can be tolerated, as shown in the
Supplemental Material [26]. Both efficient frequency con-
version to the telecom C band (where low-loss optical
fibers exist) and fast optical switching are necessary to
achieve long communication distances. While this remains
a challenge, there has been impressive progress on high-
efficiency frequency conversion [57-59] and fast optical
switching [60] with clear routes toward further improving
the performance. An alternative strategy is to develop
quantum dots emitting directly in the telecom C band
[61], which relies on the continuous development of
material growth technology. It thus seems feasible that
our proposal provides a promising experimental route
toward high-rate quantum key distribution with potential
for proof-of-principle experiments with current technology.
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