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Remote state preparation (RSP) allows one party to remotely prepare a known quantum state on another party’s
qubit using entanglement. This can be used in quantum networks to perform applications such as blind quantum
computing or long-distance quantum key distribution (QKD) with quantum repeaters. Devices to perform RSP,
referred to as a client, ideally have low hardware requirements, such as only sending photonic qubits. A weak
coherent pulse source offers a practical alternative to true single-photon sources and is already widely used in
QKD. Here, we introduce two protocols to the previously known protocol for RSP with a weak-coherent-pulse-
based device. The known technique uses a double-click (DC) protocol, where a photon from both the server and
the client needs to reach an intermediate Bell state measurement. Here, we add to that a single-click (SC) RSP
protocol, which requires only one photon to reach the Bell state measurement, allowing for better performance
in certain regimes. In addition, we introduce a double-single-click (DSC) protocol, where the SC protocol is
repeated twice, and a CNOT gate is applied between the resulting qubits. DSC mitigates the need for phase
stabilization in certain regimes, lowering technical complexity while still improving performance compared to
DC in some regimes. We compare these protocols in terms of fidelity and rate, finding that SC consistently
achieves higher rates than DC and, interestingly, does not suffer from an inherently lower fidelity than DC,
as is the case for entanglement generation. Although SC provides stronger performance, DSC can still show
performance improvements over DC, and it may have reduced technical complexity compared to SC. Finally,
we show how these protocols can be used in long-distance QKD using quantum repeaters.

DOI: 10.1103/x1nr-qbz7

I. INTRODUCTION

Remote state preparation (RSP) allows one party to re-
motely and securely prepare a specific quantum state on
another party’s qubit, using classical information combined
with shared entanglement resources [1]. One party, we call
a client, can be a quantum device with low quantum capa-
bilities, specifically, it does not need a quantum memory. In
quantum networks, it has potential applications in areas such
as blind quantum computing (BQC) [2], memory-assisted
quantum key distribution (QKD) [3], and QKD over repeater
nodes [4].

A key motivation in applications such as QKD and BQC
is to minimize quantum hardware requirements for clients,
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allowing them to perform tasks such as measuring [5–9] or
sending quantum states [2,10,11] while offloading complex
operations to the server. Other types of clients have been
proposed for BQC, like a client that only performs single qubit
gates [12] or even a completely classical client, in combina-
tion with multiple noncommunicating servers [13–16], though
these clients do not allow for QKD.

Here, we will study the scenario where clients prepare and
send quantum states. We note that this can technically be
considered teleportation rather than RSP, since it requires both
the creation of the state to be transferred, rather than just a
classical description of the state, and a shared entangled pair.
We use the term RSP here to signify the goal of the protocol,
which is to transfer a known state onto a distant quantum
memory.

While generating single photons remains technologically
challenging, weak coherent pulse (WCP) sources can offer
a practical alternative: They are not perfect single-photon
sources as they emit more than one photon with nonzero
probability, but they have much lower cost, are simpler to
implement, and can be easily modulated to the optimal pa-
rameters. Despite their limitations, WCP sources are widely
used in QKD [17–21] due to well-developed techniques that
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manage multiphoton emissions [22]. Recently, WCP-based
approaches have also been explored for BQC [11,23].

In quantum networks, two protocols are widely used
for entanglement generation: the double-click (DC) [24,25]
and single-click (SC) [26,27] protocols. DC requires two
photons—one from each participating node—to arrive at a
Bell state measurement (BSM) station, a scenario often hin-
dered by high losses. SC, on the other hand, requires only one
photon to reach the BSM, thereby significantly increasing the
success rate, though at the cost of a lower fidelity. Whereas
RSP requires entanglement, the entanglement does not need
to be stored in both nodes, such that one of the nodes can have
lower hardware requirements. When it comes to RSP with a
WCP source on the client side, prior work has focused only
on the DC protocol [28]. In this study, we explore whether SC
can also enhance RSP protocols with a WCP client. To this
end, we

(1) Introduce two approaches to performing RSP using
a client with a WCP source: single click and double sin-
gle click (DSC). DSC repeats the SC protocol and uses a
controlled-NOT (CNOT) gate aiming to mitigate the need for
phase stabilization.

(2) Confirm that SC can indeed achieve higher rates than
DC for the same fidelity, consistent with findings from entan-
glement generation. We find that DSC can also achieve higher
rates than DC.

(3) Show that, interestingly, SC and DSC do not inherently
suffer from lower fidelity compared to DC, as SC does in
entanglement generation, such that SC and DSC have a strict
advantage over DC in certain regimes.

(4) Discuss the potential applications of these protocols
for BQC and for QKD in repeater networks, where the in-
creased speed provided by SC and DSC protocols could
facilitate longer-distance and more robust quantum commu-
nication setups.

II. RSP PROTOCOLS

We consider three protocols for performing RSP between a
client equipped with a WCP source, and a quantum server,
equipped with quantum memory that can emit memory-
entangled photons. In all cases, a BSM station is required
between the client and the server. Mathematically speaking,
the exact position of the BSM (in the middle, closer to client
or closer to the server) is irrelevant, as the fiber losses can
be taken into account by adjusting the efficiencies ηc, ηs.
However, positioning the BSM directly next to the server has
some advantages: It reduces the number of nodes needed in
the network and it allows for faster RSP attempts. As in most
regimes, we are limited by the repetition rate of the server,
having the BSM close to the server allows for a reduction of
classical communication time. The server can quickly receive
success/failure signals and reset for the next attempt, while the
client can continuously send pulses at a high rate.

We refer to the three protocols as SC, DSC, and DC. A
schematic overview of the protocols is provided in Fig. 1.
This terminology is analogous to that used in entanglement
generation, where the DC protocol uses orthogonal modes
such as polarization or time-bin encoding to carry the quan-
tum information of the photons. The SC protocol uses a

FIG. 1. Diagram illustrating the three remote state preparation
protocols. The ion trap represents the server, with a dot denoting
an emitting qubit, while the hexagon represents the client equipped
with a weak coherent pulse source. Both client and server send
their quantum states to the Bell state measurement station. In the
double-click protocol in panel (a), a two-mode encoding is used,
such as polarization or time bin, while in the single-click [panel (b)]
and double-single-click [panel (c)] protocols, presence-absence en-
coding is applied in a single-mode configuration. The protocols in
panels (a) and (c) both require two photons to be detected, but the
protocol in panel (c) allows for retrying of each node separately, as
the photons are entangled with separate memory qubits. The color
of the detectors in panel (a) illustrates that the detectors can decode
the encoding of the photons. The two paths and BSM stations are
drawn in panel (c) to illustrate the pulses coming from two different
memory qubits. It is not required to have two separate BSM stations.
The server’s qubit is entangled with the emitted light, which, along
with the client’s light, is mixed on a beam-splitter and analysed by
the BSM. Upon successful detection, the server’s qubit is projected
into a state selected by the client.

presence-absence encoding, allowing entanglement to be
formed with only one photon arriving at the BSM [26]. The
DSC protocol repeats the SC protocol to eliminate the need
for phase stabilization in certain regimes, a topic discussed
further in Sec. II E.

Here, we carry over these known techniques in entan-
glement generation to RSP using a WCP source. While
the DC protocol for WCP-based RSP has been previously
demonstrated [28], we provide its description and analytical
expressions for the rate and fidelity we can achieve using
this protocol here and in Appendix A for completeness and
comparison.

Sections II B–II D cover each RSP protocol, along with
analytic performance results, which are plotted in Fig. 2 and
discussed in Sec. III. A detailed derivation of the analytics
can be found in Appendix A. Afterward, in Sec. II E we will
provide an extension to the SC and DSC analytics to include
errors due to phase noise.

Apart from phase noise and losses, we assume ideal hard-
ware, thus excluding decoherence, gate imperfections, and
infidelity in the server photon-matter state. The aim here is
to capture the errors that are inherent to using WCPs instead
of a single-photon source and the differences between the
protocols.

A. Model

Each calculation below will follow the same steps. First,
we characterize the input states from the client and server.
Here, we look at creating states on the equator of the Bloch
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FIG. 2. Trade-offs between fidelity and rate for the three RSP
protocols: DC (peach), SC (red), and DSC (blue). Shown for
σSC, σDSC ∈ {0 (solid), 0.25 (dotted), 0.5 (dashed)}. This analysis as-
sumes a server efficiency of ηs = 0.091, including a detector
efficiency of 0.7. The values shown are for |α|2 � 3 (DC), |α|2 � 0.3
(SC), |α|2 � 1.2 (DSC).

sphere, i.e., states of the form |+θ 〉 = (|0〉 + eiθ |1〉)/
√

2 for
some angle θ , which are states sufficient for, e.g., QKD [29]
and BQC [30].

A loss channel with loss probability 1 − ηc and 1 − ηs is
applied to the client and server state, respectively. These losses
capture all losses and inefficiencies in the system: emission
inefficiency, coupling to fibre, inefficiencies due to frequency
conversion, loss in fiber, and detector inefficiencies. After,
we consider the photon(s) arriving at the beamsplitter of the
BSM, where beamsplitter transformations are applied to the
combined client-server state. Then, projection operators are
applied for the measurement, allowing us to find the density
matrix of the final remotely prepared state as well as the prob-
ability of this measurement outcome. From this, we construct
the (dimensionless) rate per attempt time τ (in SC and DC
equal to the success probability of an attempt) and the fidelity
with respect to the target state |+θ 〉, as F = 〈+θ |ρ|+θ 〉.

B. Double-click protocol

In the DC protocol, the server prepares a Bell state,
consisting of the server qubit and the server photon, the
latter encoded in, e.g., time bin or polarization, i.e., |ψs〉 =√

1
2 (|∅1, 0〉 + |1∅, 1〉), where the two first indices indicate the

photon in the different encodings and the last is the internal
state of the server qubit.

The client emits a WCP with amplitude α = |α| in equal
superposition of the photon encoding, with a relative phase θ ,
i.e., the client state is

|ψc〉 = e−|α|2/2
∑
n,m

(|α|/√2)n+m

√
n!m!

einθ |nm〉. (1)

The phase of the WCP is assumed to be randomized over time
for security [11].

The loss channels for both the server and client photons
are introduced and the photons impinge on a BSM. A suc-
cessful heralding event occurs when one of the two detectors
in the BSM detects at least one photon for both modes of the

encoding. The heralded state is given by the expression

ρDC = trφ[
+1
+2|ψs〉|ψc〉〈ψc|〈ψs|
+1
+2]

〈ψs|〈ψc|
+1
+2|ψs〉|ψc〉 , (2)

where trφ is the trace over all photons and 
+i = (1 −
|∅+i〉〈∅+i|)|∅−i〉〈∅−i| is the operator corresponding to a de-
tection in the detector associated with the + mode after the
beamsplitter transformation of the ith mode of the photon
encoding. The density matrix of the server qubit will include
the desired state |+θ 〉 = (|0〉 + eiθ |1〉)/

√
2, where θ is deter-

mined by the relative phase between the different basis states
of the WCP. However, due to the loss channels, the coherences
between the two qubit states are reduced leading to some finite
infidelity. We calculate the fidelity of the target state and the
RSP rate times the time per attempt τ

FDC = 1

2

[
1 + ηsηc|α|2/8

(1 − e−ηc|α|2/4)

× 1[
ηs

2

(
1 + ηc|α|2

4

)
+ (1 − e−ηc|α|2/4)(1 − ηs)

]
⎤
⎥⎦

∼ 1 − ηc

ηs

4 − 3ηs

16
|α|2, (3)

PDC = RDCτ

= 4e−ηc|α|2/2(1 − e−ηc|α|2/4)

×
[

ηs

2

(
1 + ηc|α|2

4

)
+ (1 − e−ηc|α|2/4)(1 − ηs)

]

∼ ηcηs

2
|α|2, (4)

where we take the approximation |α|2 � 1 in the last line.
From this, we can see that the fidelity approaches one as the
mean photon number approaches zero, which we also see in
Fig. 2. The mean photon number approaching zero, however,
also means that the probability of success approaches zero, as
no photons get sent to the BSM from the client. As we increase
the mean photon number, the probability of a successful event
increases, but with that, the fidelity drops due to the increased
probability of multiphoton events. This is true for all three
protocols in the absence of phase noise.

C. Single-click protocol

In the SC protocol, the client emits a coherent state with
complex amplitude α = |α|e−iθ . The server is initially in a
superposition state

√
1 − ξ 2|0〉 + ξ |1〉, where we refer to ξ as

the bright state parameter. The server emits a single photon if
its memory qubit is in the bright state, denoted by |1〉, and no
photon otherwise, denoted by |∅〉. With that, the input states
are described by

|ψc〉 = |α〉 = e−|α|2/2
∑

n

αn

√
n!

|n〉, (5)

|ψs〉 =
√

1 − ξ 2|∅0〉 + ξ |11〉. (6)

We introduce loss channels similar to the double-click proto-
col. A successful heralding event corresponds to a detection
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in one of the detectors of the BSM, i.e., we get the heralded
state

ρSC = trφ[
+|ψs〉|ψc〉〈ψc|〈ψs|
+]

〈ψs|〈ψc|
+
+|ψs〉|ψc〉 . (7)

To lowest order in |α|, the state remotely prepared at the
server depends on two factors: (1) The balance of probabilities
for a photon arriving from each side, where equal probabilities
create a state on the equator of the Bloch sphere [31]. These
probabilities are determined by the losses on the server side ηs,
the losses on the client side ηc, the mean photon number of the
WCP, |α|2, and the bright state parameter ξ of the emitter at
the server. (2) The phase θ of the WCP, since the state coming
from the server has a constant phase (assumed to be zero for
simplicity), this introduces a phase difference of θ between
the states produced when a photon originating from the server
side (heralding the server in the bright state) and the client side
(heralding the server in the dark state) arrives at the BSM.

To remotely prepare our target state |+θ 〉, we need to have
equal probability of the photon arriving at the BSM from the
client, as from the server. Note that, unlike for DC, we can
only prepare states on a fixed latitude of the Bloch sphere
(here, the equator); changing latitude requires either the server
to change its bright state parameter, or the client to change the
laser intensity. While this could in principle be done, we omit
this possibility for simplicity.

We compute the fidelity of the target state with the single-
click density matrix

FSC = 1

2
+

√
ηcηs(1 − ξ 2)|α|ξ/2

(1 − e− ηc |α|2
2 )(1 − ηsξ 2) + ξ 2 ηs

2

(
1 + ηc|α|2

2

) . (8)

To obtain the best possible result, we optimize the fidelity
over ξ for values between 0 and 1, and employ this bright
state parameter to calculate the fidelity and the RSP success
probability

FSC = 1

2

⎡
⎣1 +

√
ηcηs|α|2/2

(1 − e−ηc|α|2/2)

×
√

1

2(1 − ηs)(1 − e−ηc|α|2/2) + ηs(1 + ηc|α|2/2)

]

∼ 1 − ηc(4 − 3ηs)

16ηs
|α|2, (9)

PSC = RSCτ = 2e− ηc |α|2
2 (1 − e− ηc |α|2

2 )

×
⎡
⎣1 + ηs

(
2e− ηc |α|2

2 − 1 + ηc|α|2
2

)
ηs
(
2e− ηc |α|2

2 − 1 + ηc|α|2)+ 4
(
1 − e− ηc |α|2

2
)
⎤
⎦

∼ 2ηc|α|2. (10)

In the approximation on the last line, we assume |α|2 � 1.
In Fig. 2, in red we see the rate-fidelity trade-off for the SC

protocol. Just like for DC, we see that the fidelity approaches
one as the rate approaches zero, which happens for the mean
photon number |α|2 → 0. Furthermore, the linear coefficient
in the fidelity is the same for the two protocols. Hence,
the different scaling in the rate leads to a more favorable

FIG. 3. Local operations in the DSC protocol: Some random
phase φ that gets added through phase wandering gets canceled out
after applying a CNOT gate and measuring the target qubit, as long as
the random phase is the same for the two qubits.

rate-fidelity trade-off for SC, characterized by a less-steep
slope in Fig. 2(a). Quantitatively, the SC advantage is depen-
dent on the server efficiency: (1 − F )/(Rτ ) = (4 − 3ηs)/32ηs

for SC versus (1 − F )/(Rτ ) = (4 − 3ηs)/8η2
s for DC. The

DC slope is thus larger by a factor of 4/ηs.

D. Double-single-click protocol

The DSC protocol involves performing the SC protocol
twice, thus remotely preparing two qubits as given in Eq. (7).
We assume that the first qubit is not affected by decoherence
or other errors while waiting for the second qubit to be pre-
pared. Hence, the fidelity given below represents an upper
bound to the achievable fidelity. After successfully preparing
two qubits, the resulting qubits are in a state where either
zero (|00〉), one (|01〉 or |10〉), or two (|11〉) photons have
been emitted by the server emitter. A purification step is now
introduced, corresponding to the operation

ρDSC = 〈12|UCNOTρSC ⊗ ρSCU †
CNOT|12〉

tr[〈12|UCNOTρSC ⊗ ρSCU †
CNOT|12〉]

, (11)

where UCNOT is the unitary evolution of a CNOT gate and |12〉
indicates the target qubit in state |1〉. Here, we have required
two-qubit gates to be possible between the server qubits.
This postselection excludes states where an even number of
photons have been emitted from the server, similar to the DC
protocol. Then, the phase of the final qubit corresponds to the
difference of the first two qubits, as depicted in Fig. 3. We
are thus able to mitigate the need for phase stabilization if the
phase stays constant between the two heralding events, this
is discussed in Sec. II E. This reduced phase stability need
is also sufficient for quantum multiplexed extensions of our
single-click RSP protocols, as explored in Ref. [32].

We calculate the fidelity of the purified qubit with the target
state |+θ 〉

FDSC = 1

2

⎡
⎣1 + ηsηc|α|2/4(

1 − e− ηc |α|2
2
)

× 1[
ηs

2

(
1 + ηc|α|2

2

)+ (1 − ηs)
(
1 − e− ηc |α|2

2
)]
⎤
⎥⎦

∼ 1 − ηc

ηs

4 − 3ηs

8
|α|2. (12)

We note that the fidelity is independent of the bright state
parameter, which stems from the purification, which ensures
the two memory qubits are in different states.
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To find the optimal bright state parameter, we instead
consider the dimensionless rate. Assuming, we can attempt
preparation of the two qubits in parallel, the rate is given by

RDSCτ = 2 − PSC

3 − PSC
PSCPCNOT, (13)

where PSC is twice the numerator of Eq. (7) and PCNOT is the
numerator of Eq. (11). If it is not possible to attempt the
success in parallel, the fraction reduces to 1/2. We optimize
the rate over ξ for values between 0 and 1, and find the optimal
bright state parameter, this will be the root of a fourth-degree
polynomial, however, to lowest order in the mean photon
number of the pulse, ξ 2

DSC ∝ |α|, i.e., the square root of the
mean photon number. The purification step ensures that at
least one photon originates from the client, thus it is no longer
necessary to match the number photon flux from each side
of the BSM. However, the bright state parameter should still
not be 1/

√
2, as both qubits in the bright state might block an

otherwise successful attempt.
When employing the optimal bright state parameter and

expanding the dimensional rate in the mean photon number
of the WCP, it becomes

RDSCτ ∼ 4
3ηc|α|2. (14)

In Fig. 2, we plot the rate and fidelity for the DSC protocol
and find that it lies between those for DC and SC. In Ap-
pendix A 3, we discuss the calculations behind the rate more
thoroughly.

E. Phase noise

Small fluctuations in the system cause the true phase of the
WCP to drift over time. In the DC protocol, the target phase θ

is encoded as the relative phase between two copropagating
orthogonal modes of the client photon (e.g., two time bins
or two polarizations). A drift in the overall optical phase of
the WCP is common to both modes and thus acts only as a
global phase, not affecting θ . In contrast, phase shifts present
a challenge for the SC protocol, as here θ is determined by the
phase difference between the separate client and server paths.
This necessitates active phase stabilization, as demonstrated
in, e.g., Ref. [33]. The DSC protocol aims to eliminate this
technical overhead by “deleting” the overall phase of two
successful SC operations, leaving only the phase difference
between the two clicks as noise. We note that with that DSC
does not combat phase noise, instead it combats the technical
requirement of phase stabilization. The CNOT and its effect on
the qubits is depicted in Fig. 3. This approach is effective only
if the phase drift between the two successes is small, which
requires sufficiently fast remote preparation. We note that,
while DC encoding is insensitive to a common phase drift, it is
not always insensitive to a differential phase between its two
modes. In polarization encoding, for example, fibre birefrin-
gence is generally time varying and rotates the polarization
state, so active polarization tracking is needed. This polariza-
tion compensation is however generally more mature and sep-
arate from the phase stabilization needed by the SC approach.

Despite phase stabilization in SC and the CNOT operation
in DSC, some residual phase noise will likely appear in both
protocols. In SC, where active phase stabilization is assumed,

residual noise may arise from imperfections in the phase sta-
bilization process. In DSC, where we do not actively stabilize
the phase, but instead rely on the phase drift between the first
click and the second click canceling each other out, the phase
noise stems from drift between the first and second clicks.
How large this drift is depends on the time interval between
the two clicks (T ) and the linewidth of the optical field and
drift of optical elements (�ν), i.e., the rate at which the phase
evolves. The two phases in the DSC protocol are correlated, as
they are the phase of a single drifting optical field, sampled at
two emission times. We model phase noise in SC and DSC
as affecting the final state in similar ways, but to differing
extents. To account for this, we introduce two variables to
represent the standard deviation of phase noise: σSC for SC
and σDSC for DSC.

The value of σSC can be determined through experimental
characterization of the setup, while σDSC can be estimated
using

√
2π�νT [34], if limited by optical linewidth. Since

the gap between two clicks T is itself a random waiting time,
a fully predictive value would average over the waiting-time
distribution or be obtained from a measured phase noise cor-
relation function. We instead treat σDSC as a swept parameter
to remain agnostic to specific experimental settings.

We assume phase noise follows a Gaussian distribution
with standard deviation σ . This results in a phase noise factor
of Xnoise = e−σ 2/2, which modifies the fidelity equations for
SC and DSC. Without noise, these fidelities, given in Eqs. (9)
and (12), take the form F = (1 + x)/2; with noise, they be-
come Fnoise = (1 + xXnoise)/2. Additional details are provided
in Appendix A 5.

In Fig. 2, we see the effect of the phase noise term on the
SC and DSC results. While the rate of the protocols is not
affected by the phase noise, it lowers the maximal achievable
fidelity, effectively pushing the rate-fidelity line downward.
Here, we have chosen to plot σSC = σDSC for comparison.
These two parameters will likely not be the same in a real-life
system, as the noise has a different origin for each protocol.

III. COMPARISON AND DISCUSSION

From the formulas for the fidelity without phase noise,
Eqs. (3), (9), and (12), we note that the first-order contribu-
tions in |α|2 are 1 − ηc(4 − 3ηs)|α|2/16ηs for SC and DC and
1 − ηc(4 − 3ηs)|α|2/8ηs for DSC. This infidelity can be intu-
itively understood as a client photon reaching the detector in
the same mode as the server photon. Either the server photon
is lost, contributing with 1 − ηs, or the server photon reaches
the detector and bunches with the client photon, contributing
with ηs/4. In the DSC protocol, there are two chances to
introduce this error, leading to an extra factor of 2. For the
small values of |α|2 considered in this paper, the fidelity will
thus be very similar across the three protocols. However, the
performance of the protocols depends heavily on the rate and
the phase noise.

Thus, to compare the performance of the three protocols,
we look at their fidelity and rate in different scenarios. We do
this by varying the intensity of the client laser α, the amount
of phase noise in the SC and DSC protocols σSC and σDSC, and
the efficiency of the server ηs. We consider a scenario where
the client and server are separated by 25 km of optical fibre,
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FIG. 4. Optimal RSP protocol—DC, DSC, or SC—as a function of phase noise (σSC, σDSC, in radians) and server efficiency ηs (which
includes detector efficiency). For each parameter combination, we find the smallest |α|2 at which the stated target is achievable and select
the best-performing protocol: DC (peach), DSC (blue), or SC (red). Each panel fixes one parameter and optimizes a different figure of merit,
as detailed in the subcaptions. (a) Protocol that gives the highest dimensionless rate Rτ given a target fidelity of 0.98 for σDSC = 0.5 rad. (b)
Protocol that gives the highest fidelity given a target of Rτ = 0.01 for rad. (c) Protocol that gives the highest fidelity given a target of Rτ = 0.01
for ηs = 0.21.

resulting in a client efficiency of ηc = 0.22, which includes
a detector efficiency of 0.7. The same performance for RSP
can be achieved for other distances by adjusting α, hence, ηc

is not considered as a parameter to vary. However, when α

is increased, a potential eavesdropper will receive a stronger
signal. A larger overhead is thus required to maintain the same
security for the full (QKD or BQC) protocol.

We see that increasing α enhances the rate but reduces the
fidelity, leading to a trade-off explored for the three different
protocols in Fig. 2. The plotting code for this, and other
figures can be found in Ref. [35]. For this figure, we set the
efficiency of the server to ηs = 0.091 based on an emission
probability of 0.53 [36] and a successful telecom frequency
conversion probability of 0.25 [37], representing the state of
the art. We look at both with and without phase noise for both
SC and DSC in Fig. 2. With this, we vary the laser intensity
of the client between |α|2 = 0.001 and |α|2 = 0.5.

From Fig. 2, we see that when phase noise is not included
the SC protocol can achieve the highest rates, followed by
DSC, with DC having the lowest rate for any α. This was
expected and is analogous to advantages known for SC in
entanglement generation. However, unlike in entanglement
generation or when using only single photons, the SC and
DSC protocols provide similar fidelity for a given |α|2 to DC,
which gives them a strict advantage over DC in the absence of
phase noise.

However, we also note that when including phase noise,
the DC protocol can obtain a higher fidelity in the low rate
regime. This is due to phase noise lowering the maximally
achievable fidelity for SC and DSC. Without phase noise, the
fidelity approaches unity as |α|2 for all protocols. To achieve a
reasonable rate, the laser power must, however, be increased.
This higher |α|2 causes an increase in the infidelity of the three
protocols, with the greatest impact on the DC protocol, as
there |α|2 needs to be increased the most for the same increase
in rate. For SC, the required increase in |α|2, and thereby the
increase in infidelity, is the lowest. Thus, for a specific rate, the
SC protocol can yield a higher fidelity than the DC protocol.

To determine which protocol is most advantageous un-
der various conditions, we evaluate scenarios across different

server efficiencies and levels of phase noise for specific
target fidelities or rates. Figure 4 illustrates these findings,
with blocks color coded to indicate the most advantageous
protocol.

Figure 4(a) shows the regions where each scheme provides
the highest rate for a target fidelity of 0.98. Here, we have
fixed the phase noise of the DSC protocol to be σDSC = 0.5,
but we vary ηs and σSC. SC outperforms DC in low-σSC
regimes, with occasional jumps based on server efficiency.
This is because, in high-σSC regions, SC and DSC fail to
achieve the target fidelity, leaving DC as the only viable op-
tion. Near the boundary between the SC and DC regions, SC
approaches its maximum fidelity and achieves the target at a
lower rate than DC. Here, higher server efficiencies favor DC
more significantly than SC, further shrinking SC’s advanta-
geous region. However, unless the target fidelity is close to the
SC maximum, SC generally provides higher rates than DC.

The size of SC’s region of advantage decreases with higher
target fidelity and increases with lower target fidelity, as the
target fidelity determines where SC becomes infeasible. DSC
does not exhibit a clear advantage in any region, but appears
on the border between the SC and DC regions when σDSC �
0.3 rad. However, as we will also discuss later, DSC provides
an advantage over SC in terms of technical demand in the form
of phase stabilization.

In Fig. 4(b), we identify the scheme achieving the highest
fidelity for a target rate of 0.01, again setting σDSC = 0.5. DC
outperforms SC and DSC only in scenarios with high σSC and
efficient servers. As the target rate decreases, the size of DC’s
advantage region increases, while it decreases for higher target
rates. DSC gains some advantage over DC and SC when the
server efficiency is low, but σSC is high. Naturally, this region
gets smaller when σDSC is higher and larger when σDSC is
lower.

To find the effect that different ratios of σSC to σDSC have
on the advantage regions, we fix ηs to 0.3 and again find which
protocol provides the highest fidelity given a target rate of
0.01. These regions are shown in Fig. 4(c). Here, we clearly
see the divide between SC and DSC being advantageous de-
pending on the noise levels occurring in each protocol. The
high-noise regime in which DC provides an advantage shrink
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when the server efficiency is lower, and grows when it is
higher. Additionally, increasing the server efficiency pushes
down, toward lower σDSC, the border line between SC and
DSC, and decreasing it will push the lineup.

Alternatives to the selected values for these plots are given
in Appendix B, which can be used to visualize the explained
effects of parameter changes of the form when parameter x
increases/decreases, y happens.

Overall, DC is advantageous under high phase noise, high
server efficiency, or high fidelity targets. SC performs better
with less efficient servers, lower phase noise, or when high
rates are desired. DSC can gain an advantage if σDSC is
small compared to σSC. Notably, protocols requiring multiple
remotely prepared qubits (e.g., in BQC) may benefit more
from higher-rate, lower-fidelity RSPs due to the impact of
decoherence.

A drawback of the SC protocol is the need for phase
stabilization, which can be technologically challenging to im-
plement. The DSC protocol might alleviate this need, when
two consecutive successes of the SC protocol are close enough
in time so that the phase has not shifted significantly, other-
wise σDSC will grow too large. Therefore, one needs to be able
to either reexcite the memory qubit very fast, or have enough
multiplexing capabilities. Notably, even if DSC does not give
advantageous performance over SC, eliminating the need for
phase stabilization might still make it favorable, as long as
σDSC is low enough to provide an advantage over DC. DC
always has the advantage of not needing phase stabilization
and also having a negligible amount of phase noise, though the
increased rate of SC and DSC over DC can lead to an overall
higher fidelity for multiqubit states when in the presence of
decoherence.

Some noise sources have been left out of this analysis.
Detector dark counts and interference visibility of the photons
from the server and the client will lead to a smaller coherence
term and will affect the SC and DC protocols equally. How-
ever, as the errors compound for each prepared qubit, these
errors have a greater impact on the DSC protocol. For a single
RSP in SC and DC, decoherence will be minimal, because the
BSM is assumed to be directly next to the server, and thus
the RSP will be heralded almost instantaneously. However, in
the DSC protocol, decoherence will affect the fidelity of the
final remotely prepared state if the time between the two SC
successes is long. This effect is not taken into account here,
as it would take many assumptions on the setup (e.g., server
repetition rate, multiplexing capabilities, cutoff time for the
memory) in order to quantify this, making it a less generally
applicable comparison. Therefore, the fidelity given here for
the DSC protocol can be taken as an upper bound for the
achievable fidelity with decoherence. To a certain extent, the
amount of infidelity decoherence adds to the final remotely
prepared state can be adjusted while sacrificing on rate by
setting a window, sometimes referred to as a cutoff time, for
the two clicks [38]. Similarly, gate errors will only affect the
DSC protocol, as this is the only protocol, which includes a
gate.

IV. APPLICATIONS

RSP finds impactful applications across multiple domains
within a quantum network, for example in BQC protocols. In

FIG. 5. Schematic drawing of the repeater QKD protocol be-
tween two clients A and B. The untrusted third party has prepared
a long-distance entangled pair between nodes SA and SB. Client A
(B) remotely prepares a new qubit of the form |+θ 〉 on node SA

(SB). Once remote state preparation succeeds for client A (B), a local
Bell state measurement is performed between the two qubits at node
SA (SB).

addition, RSP can be used to perform QKD over a repeater
chain (see Fig. 5). We lay out how the schemes introduced
here can be used to create perfectly correlated bits by showing
correctness in a purified model and finding equivalence with
existing QKD proofs.

RSP for long-distance communication. RSP enables long-
distance communication over a repeater chain [39]. For a
schematic drawing, see Fig. 5, where we have two clients
wanting to establish a key with each other and a repeater chain
between them. Here, we give the intuition behind how our
setup works, and defer showing the correctness of the purified
protocol to Appendix C. The clients A and B remotely prepare
a qubit of the form |+θ 〉 on the first nodes of the repeater
chain: SA and SB. Once A and B have both succeeded in
remotely preparing their qubits, shared entanglement between
SA and SB can be used to swap the states to the same node,
where a BSM can be performed between the two remotely
prepared qubits. A and B use the reported measurement pat-
terns as part of the protocol to align their bit values (with B
flipping his bit when necessary), the security of the protocol
does not rely on trusting these measurements. Instead, security
is guaranteed through subsequent parameter estimation and
privacy amplification steps between A and B.

In measurement-device-independent (MDI) QKD, the se-
curity of the protocol is independent of how the BSM is
performed. Therefore, a protocol that uses RSP and teleporta-
tion across a repeater chain can be equivalent to an MDI QKD
protocol that uses a simple BSM. As we show in Appendix C,
the purified protocols are correct, and the repeater chain acts
as an effective BSM.

RSP for BQC. BQC using double-click RSP with a WCP-
based client has been proven secure [11] (which improves
on [23] by eliminating the need for photon counting, adding
verifiability, and providing scaling in terms of number of
samples with respect to the transmittance of the channel). A
BQC security proof for SC and DSC is still an open question.
A difficulty that arises here is that a common technique used
in security proofs both in QKD and BQC with WCP sources
is to phase randomize the WCP, effectively getting rid of the
coherences within the WCP. This assumption cannot be made
in the SC security proof, as we rely on the phase of the WCP
to define the phase of the remotely prepared state. In DSC,
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however, the phase of the remotely prepared state depends on
the phase difference between the first and the second click,
such that the pulses can be phase randomized, as long as
the randomization is equal for both pulses. This may allow
extending standard security proofs to DSC, but a complete
investigation of this is beyond the scope of this work.

V. CONCLUSION

We have introduced two powerful protocols for remote
state preparation using weak coherent pulses:SC and DSC.
In SC, the phase transferred onto the remotely prepared state
is encoded in the weak coherent pulse of the client, while
the photon-emission probability of the server is adjusted to
balance photon arrival probabilities at the Bell state measure-
ment station. DSC repeats this process twice and applies a
CNOT gate to the resulting qubits, effectively canceling out
random phase fluctuations between the pulses and eliminating
the need for phase stabilization when the clicks occur faster
than the phase fluctuations.

Our key findings are as follows:
(1) The SC protocol consistently achieves higher rates

than DC while maintaining comparable fidelity levels. This
is in contrast to entanglement generation, where obtaining a
higher rate due to switching from DC to SC comes at a cost of
lowered fidelity. This represents a significant advantage for
practical implementations where high preparation rates are
crucial.

(2) For systems with low server efficiency, high tar-
get rates, or modest fidelity requirements, SC offers clear
advantages over DC. This is especially relevant for quan-
tum computing applications requiring multiple remote state
preparations.

(3) The DSC protocol provides a practical middle
ground—while delivering more modest rate improvements
over DC, it can eliminate the need for phase stabilization when
the system can perform attempts fast enough that the phase
remains stable between consecutive successes.

The choice between these protocols depends on specific
experimental constraints:

(1) Use SC when maximum rate is paramount and phase
stabilization is feasible.

(2) Consider DSC when phase stabilization is challenging
but system speeds allow for sufficiently low phase noise be-
tween consecutive clicks.

(3) Stick with DC for applications requiring maximum
fidelity for a single qubit or when providing a low phase noise
environment for SC and DSC is not feasible.

We have demonstrated how these protocols can be applied
to quantum key distribution over repeater chains using ex-
isting measurement-device-independent protocols. The path
forward for blind quantum computing applications appears
promising, particularly given recent security proofs for DC-
based protocols.
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APPENDIX A: DERIVATION OF RATE
AND FIDELITY FORMULAS

Here, we will go through the calculations for finding the
success probability and fidelity of a single remotely prepared
qubit state using non-photon-number-resolving detectors. In
these calculations, the target state is given by |+θ 〉, for some
angle θ .

We consider losses, which can be due to server ineffi-
ciencies, detector inefficiencies, fiber losses, losses due to
frequency conversion, or any other. We assume no other im-
perfections aside from the WCP source not being a perfect
single-photon source and the phase noise discussed in Ap-
pendix A 5; i.e., we assume perfect gates, the server emits with
perfect fidelity, and no decoherence.

1. Double click

For double click, the client sends out a WCP with displacement α, lets it fall onto a beamsplitter and includes a phase shift for
one of the arms. This can be a polarizing beamsplitter in the case of polarization encoding, or a regular beamsplitter with delay
line in the case of time-bin encoding. The server will emit a photon entangled with the state of the qubit. We set ξ = 1/

√
2 to

maximize the fidelity; this means the server and photon qubits form a Bell state. The input states are thus given by

|ψc〉 = e−|α|2/2
∑
n,m

(|α|/√2)n+m

√
n!m!

einθ |nm〉, |ψs〉 =
√

1

2
(|∅1, 0〉 + |1∅, 1〉), (A1)

We now introduce losses for both the server and client photons. Furthermore, we subject the light in both the early and late time
bins (assuming time-bin encoding) to a BSM. The operation will succeed if a photon is detected in both time bins. Hence, a
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successful measurement transforms the density matrix to

ρDC = trφ[
+1
+2|ψs〉|ψc〉〈ψc|〈ψs|
+1
+2]

〈ψs|〈ψc|
+1
+2|ψs〉|ψc〉 . (A2)

The density matrix and fidelity of the remotely prepared qubit and success probability of the protocol are

ρDC = 1

2

{
I + (e−iθ |0〉〈1| + H.c.)ηsηc|α|2/8

(1 − e−ηc|α|2/4)
[

ηs

2

(
1 + ηc|α|2

4

)+ (1 − e−ηc|α|2/4
)
(1 − ηs)

]
}

, (A3)

FDC = 1

2

{
1 + ηsηc|α|2/8(

1 − e−ηc|α|2/4
)[

ηs

2 (1 + ηc|α|2
4 ) + (1 − e−ηc|α|2/4)(1 − ηs)

]
}

∼ 1 − ηc

ηs

4 − 3ηs

16
|α|2, (A4)

PDC = 4e−ηc|α|2/2(1 − e−ηc|α|2/4)

[
ηs

2

(
1 + ηc|α|2

4

)
+ (1 − e−ηc|α|2/4)(1 − ηs)

]
∼ ηcηs

2
|α|2. (A5)

2. Single click

The client sends out a coherent state with displacement α = |α|e−iθ . The server sends out a single photon when its memory
qubit is in the bright state, denoted by |1〉 (and no photon otherwise). The probability of the server being in the bright state is
dependent on the bright state parameter ξ . Thus, we start with the following states:

|ψc〉 = |α〉 = e−|α|2/2
∑

n

αn

√
n!

|n〉, |ψs〉 =
√

1 − ξ 2|∅0〉 + ξ |11〉. (A6)

We now introduce losses 1 − ηc and 1 − ηs on the client and server states. The BSM measurement transforms the client and server
photons into plus and minus modes with the annihilation operators a± = (as ± ac)/

√
2, where ac (as) is the annihilation operator

of the client (server) photon. A photon detector is placed in both paths, and will be referred to as plus and minus detectors,
respectively. We will assume that a signal comes from the plus detector while the minus detector stays silent, corresponding to
the transformation

ρSC = trφ[
+|ψs〉|ψc〉〈ψc|〈ψs|
+]

〈ψs|〈ψc|
+
+|ψs〉|ψc〉 , (A7)

where trφ is the trace over the photon subspace, |∅−〉 is the state of no photons in the minus detector, and the denominator is the
probability of obtaining a click in the plus detector, PSC|+. The combined success probability is twice this number, leading to

PSC = 2e−ηc|α|2/2

[
(1 − e−ηc|α|2/2)(1 − ηsξ

2) + ξ 2 ηs

2

(
1 + ηc|α|2

2

)]
. (A8)

The density matrix after the heralding click is then

ρSC = (1 − e−ηc|α|2/2)(1 − ξ 2)|0〉〈0| +
√

ηcηs (1−ξ 2 )
2 |α|ξ (eiθ |1〉〈0| + H.c.)

(1 − e−ηc|α|2/2)(1 − ηsξ 2) + ξ 2 ηs

2

(
1 + ηc|α|2

2

)
+ ξ 2[ ηs

2 (1 + ηc|α|2
2 ) + (1 − ηs)(1 − e−ηc|α|2/2)]|1〉〈1|

(1 − e−ηc|α|2/2)(1 − ηsξ 2) + ξ 2 ηs

2

(
1 + ηc|α|2

2

) . (A9)

We can now find the fidelity with respect to our target state |+θ 〉 as F = 〈+θ |ρSC|+θ 〉 and find

F = 1

2

[
1 +

√
ηcηs(1 − ξ 2)|α|ξ

(1 − e−ηc|α|2/2)(1 − ηsξ 2) + ξ 2 ηs

2

(
1 + ηc|α|2

2

)
]
. (A10)

This fidelity can be maximized with respect to the bright state parameter ξ , leading to

ξ 2
SC = 2(1 − e−ηc|α|2/2)

4(1 − e−ηc|α|2/2) + ηs(2e−ηc|α|2/2 + ηc|α|2/2 − 1)
∼ ηc

ηs
|α|2. (A11)

Here, the last expression is the expansion up to first order in the mean photon number from the client, as we will want to be
in a regime where the client sends out a weak pulse. We continue the calculations with the exact expression, not the first-order
expansion. The fidelity becomes

FSC = 1

2

⎧⎨
⎩1 +

√
ηcηs|α|2/2

(1 − e−ηc|α|2/2)[2(1 − ηs)(1 − e−ηc|α|2/2) + ηs(1 + ηc|α|2/2)]

⎫⎬
⎭ ∼ 1 − ηc(4 − 3ηs)

16ηs
|α|2. (A12)
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We similarly substitute the expression for the optimized bright state parameter in the success probability to find

PSC = 2e−ηc|α|2/2(1 − e−ηc|α|2/2)

[
1 + ηs(2e−ηc|α|2/2 − 1 + ηc|α|2/2)

ηs(2e−ηc|α|2/2 − 1 + ηc|α|2) + 4(1 − e−ηc|α|2/2)

]
∼ 2ηc|α|2. (A13)

From this, the rate can be calculated as the success probability multiplied by the time per attempt τ . We use the “dimensionless
rate” Rτ in our analysis, as this allows us to compare it to the DSC protocol, where one does not speak of a success probability
per attempt (as we need two successes).

3. Double single click

For double single click, the single-click protocol is performed twice. The state after the two successful clicks is ρsys =
ρSC ⊗ ρSC, with ρSC as in Eq. (A9). Then, a CNOT gate is performed on the two prepared qubits, followed by a measurement on
the target qubit. The state is only accepted if this qubit is in the bright state |1〉. The density matrix is thus given by the expression

ρDSC = 〈12|UCNOTρSC ⊗ ρSCU †
CNOT|12〉

tr[〈12|UCNOTρSC ⊗ ρSCU †
CNOT|12〉]

, (A14)

which will succeed with the conditional probability PCNOT

PCNOT = 2ξ 2(1 − ξ 2)(1 − e−ηc|α|2/2)
[

ηs

2

(
1 + ηc|α|2

2

)+ (1 − ηs)(1 − e−ηc|α|2/2)
]

[
(1 − e−ηc|α|2/2)

(
1 − ηsξ 2

)+ ξ 2 ηs

2

(
1 + ηc|α|2

2

)]2 . (A15)

As the CNOT gate and measurement ensure that the two qubits were measured in different states, the fidelity is no longer
dependent on the bright state parameter. The density matrix and the fidelity of the remotely prepared state are

ρDSC = 1

2

⎧⎨
⎩I + (e−iθ |0〉〈1| + H.c.)ηsηc|α|2/4(

1 − e− ηc |α|2
2
)[

ηs

2

(
1 + ηc|α|2

2

)+ (1 − ηs)
(
1 − e− ηc |α|2

2
)]
⎫⎬
⎭, (A16)

FDSC = 1

2

⎧⎨
⎩1 + ηsηc|α|2/4(

1 − e− ηc |α|2
2
)[

ηs

2

(
1 + ηc|α|2

2

)+ (1 − ηs)
(
1 − e− ηc |α|2

2
)]
⎫⎬
⎭ ∼ 1 − ηc

ηs

4 − 3ηs

8
|α|2. (A17)

It does not make sense to talk of a success probability of the process, as we will assume that we store the first qubit, while we
wait for the second qubit to be generated. We will instead talk in terms of the rate, assuming a fixed time for each attempt. We
assume it is possible to prepare the two qubits on the server in parallel. In this case, the dimensionless rate will be

RDSCτ =
(

1

2PSC − P2
SC

+ 1

PSC

)−1

PCNOT, (A18)

where PSC is the single-click success probability, the first (second) term in the parentheses corresponds to the dimensionless time
it takes to prepare the first (second) qubit and PCNOT is the probability that the measurement after the CNOT gate yields the correct
outcome. As the optimal bright state parameter is yet to be determined, we cannot assume anything about PSC. However, the
optimal bright state parameter is one of the solutions satisfying 0 < ξ < 1 to the quartic equation in ξ 2

0 = A0

(
ηc|α|2

2

)
+ A1

(
ηc|α|2

2
, ηs

)
ξ 2 + A2

(
ηc|α|2

2
, ηs

)
ηsξ

4 + A3

(
ηc|α|2

2

)
η2

s ξ
6 + A4

(
ηc|α|2

2

)
η3

s ξ
8, (A19)

where the coefficient functions are given by

A0(x) = 8 − 24ex + 44e2x − 48e3x − 12e5x, (A20a)

A1(x, η) = −2(1 + η)A0(x) + 4ηex(2 − 4ex + 5e2x − 3e3x )(2ex − 1 − x), (A20b)

A2(x, η) = 2[2 − ex(1 − x)]

{
10 − 20ex + 26e2x − 8e3x + 3e4x + η

[
2 − ex(3 − x) + e2x(2 − x) − e3x

2
(1 − x)

]}
, (A20c)

A3(x) = −2[2 − ex(1 − x)]2(4 − 4ex + 3e2x ), (A20d)

A4(x) = [2 − ex(1 − x)]3
. (A20e)

If multiple solutions exist in the interval for ξ , the value yielding the best rate should be chosen. While we will not give an
exact description as it is not instructive, we give expand the solution in powers of the mean photon number of the WCP

ξ 2
DSC ∼

√
6ηc

ηs(6 + ηs)
|α| − 3ηc

(
12 + 2ηs + η2

s

)
ηs(6 + ηs)2

|α|2. (A21)
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If the qubit system forces us to prepare the two qubits sequentially, the rate will instead be given by

RDSC,seqτ = 1
2 PSCPCNOT. (A22)

In this case, we can find the optimal bright state parameter analytically

ξ 2
DSC,seq =

√
2
(
1 − e− ηc |α|2

2
)[

2
(
1 − e− ηc |α|2

2
)+ 2e− ηc |α|2

2 ηs + ( ηc|α|2
2 − 1

)
ηs
]− 2

(
1 − e− ηc |α|2

2
)

ηs
[
2e− ηc |α|2

2 + ( ηc|α|2
2 − 1

)] ∼
√

ηc

ηs
|α| − ηc

ηs
|α|2. (A23)

The difference in the two optimal bright state parameters is a consequence of the added dependence of PSC in the rate. However,
note in both cases ξ 2 = x|α| to lowest order in the mean photon number, hence, to the lowest order in the mean photon number
PSC = ax|α| and PCNOT = b|α|/x. Thus, the rate to lowest order in |α| will be of independent the proportionality factor x, and
thus on the form RDSCτ ∼ c|α|2, where c will differ in the two cases. For parallel preparation of the qubits, the dimensionless
rate is to lowest order in the mean photon number

RDSCτ ∼ 4
3ηc|α|2. (A24)

For the plots in the main text and in Appendix B, we employ the parallel rate and the full expression for the optimal bright state
parameter. The latter is found numerically by optimizing the rate over ξ given efficiencies ηs and ηc and mean photon number of
the WCP.

4. Single click with photon number resolving detectors

If we assume photon number resolving detectors, for single click the transformation now reads

ρsys → ρSC = 〈1+|ρsys|1+〉
tr[〈1+|ρsys|1+〉] , (A25)

which leads to the probability of successfully obtaining a click in the “plus” mode

PSC|+ = e−ηc|α|2

2
[ηc|α|2(1 − ηsξ

2) + ηsξ
2]. (A26)

The state after the heralding becomes

ρSC = (1 − ξ 2)ηc|α|2 + ηsξ
2

ηc|α|2(1 − ηsξ 2) + ηsξ 2
|ξ 〉〈ξ | + ηc|α|2ξ 2(1 − ηs)

ηc|α|2(1 − ηsξ 2) + ηsξ 2
|1〉〈1|, (A27)

where |ξ 〉 = [
√

ηc(1 − ξ 2)|α|eiθ |0〉 + √
ηsξ |1〉]/

√
ηc(1 − ξ 2)|α|2 + ηsξ 2. To obtain the ideal state, we find the same relation

between ξ and |α| as for the scheme without photon number resolving detectors. The total success probability under this
condition becomes

PSC = e−ηc|α|2
[
ηc|α|2

(
1 − ηsηc|α|2

ηs + ηc|α|2
)

+ ηsηc|α|2
ηs + ηc|α|2

]
∼ 2ηc|α|2. (A28)

The density matrix then becomes

ρSC = 2ηs

2ηs + ηc|α|2(1 − ηs)
|ψθ 〉〈ψθ | + ηc|α|2(1 − ηs)

2ηs + ηc|α|2(1 − ηs)
|1〉〈1|. (A29)

Yielding the fidelity

FSC = 2ηs

2ηs + ηc|α|2(1 − ηs)
+ ηc|α|2(1 − ηs)/2

2ηs + ηc|α|2(1 − ηs)
∼ 1 − ηc|α|2

4ηs
(1 − ηs). (A30)

Thus, the improvement of using number resolving detectors over non-photon-number-resolving detectors is the factor of 1 − ηs

on the first-order term in the intensity of the laser, and we find perfect fidelity if there are no losses on the server side.

5. Phase noise

Phase noise in this system arises from different underlying causes in the three protocols. For SC, the phase of the coherent
state θ will change as it travels to the BSM. We will thus transform the coherent state to the density matrix

||α|e−iθ 〉〈|α|e−iθ | →
∫

dδθ pδθ
||α|e−i(θ+δθ )〉〈|α|e−i(θ+δθ )|, (A31)
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FIG. 6. Optimal RSP protocol—DC, DSC, or SC—giving the highest rate for a given target fidelity, across varying phase noise σSC and
server efficiency. Alternative values for Fig. 4(a). (a) Ftarg = 0.97, σDSC = 0.5 rad and (b) Ftarg = 0.97, σDSC = 0.25 rad.

where δθ is the added phase noise and pδθ
is the distribution of the phase noise. This noise means the remotely prepared state is

of the form

ρ = a|0〉〈0| + b|1〉〈1| +
∫

dδθ pδθ

(
cei(θ+δθ )|1〉〈0| + ce−i(θ+δθ )|0〉〈1|), (A32)

where a, b, and c are the positive real coefficients of the single-click density matrix. We will assume pδθ
to be a Gaussian

distribution with variance σ 2
SC. In principle, one should use a wrapped Gaussian distribution, but it will not change our results,

as we will integrate over a periodic function. This leads us to the average fidelity

F = 1 + 2ce−σ 2
SC/2

2
. (A33)

In the DSC and DC protocols, the density matrix will be transformed by the noise such that

||α|e−iθ , |α|〉〈|α|e−iθ , |α|| →
∫∫

dθ1dθ2 pθ1,θ2 ||α|e−i(θ+θ1 ), |α|e−iθ2〉〈|α|e−i(θ+θ1 ), |α|e−iθ2 |, (A34)

where θ1 (θ2) is the random phase added to the first (second) coherent state. The remotely prepared state will take the form

ρ = a|0〉〈0| + b|1〉〈1| +
∫∫

dθ1dθ2 pθ1,θ2

(
cei(θ+θ1−θ2 )|1〉〈0| + ce−i(θ+θ1−θ2 )|0〉〈1|), (A35)

where a, b, and c can be found from Eqs. (A16) and (A3) for DSC and DC, respectively. As it is the difference between the two
phase noises θ1 and θ2 that matters, we will make a change of variable such that θ1 → θ2 + δθ , this yields the density matrix

ρ = a|0〉〈0| + b|1〉〈1| +
∫

dδθqδθ

(
cei(θ+δθ )|1〉〈0| + ce−i(θ+δθ )|0〉〈1|), (A36)

where qδθ
is the marginal distribution over the variable δθ . For DC, we can assume qδθ

to be very close to a delta function as the
two coherent states copropagate with a different polarization for the polarization encoding, or with a very slow time delay for
the time-bin encoding. For DSC, however, the phase noise depends on the time between consecutive clicks. The shorter the time
between successful clicks, the narrower the probability distribution of the phase noise. Assuming qδθ

is a Gaussian distribution
with variance σ 2

DSC, we obtain the fidelity

F = 1 + 2ce−σ 2
DSC/2

2
. (A37)

APPENDIX B: ALTERNATIVE VALUE PLOTS

Figures 6–8 are the same as those occurring in the main
text, but with alternative values to understand how the regimes
change as the parameters change. Figure 6(a) shows that the
advantage region for SC grows if the target fidelity is lower.
This is because SC will always be faster than DC, and the
region where SC is not shown to be faster is just because

SC cannot reach the target fidelity in that area. As expected,
Fig. 6(b) shows that the advantage region for DSC grows
when the phase noise for DSC is lower. Figure 7 shows the
same behavior: More DSC phase noise gives less advantage
for DSC, less DSC phase noise gives more advantage for
DSC. Finally, Fig. 8 shows the effect of the server efficiency
on the advantage regions. We see that SC is useful when the
server efficiency is low [larger region for SC in Fig. 8(a)] and
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FIG. 7. Optimal RSP protocol—DC, DSC, or SC—giving the highest fidelity for a given target rate, across varying phase noise σSC and
server efficiency. Alternative values for Fig. 4(b). (a) Target Rτ = 0.03, σDSC = 0.5 rad and (b) Target Rτ = 0.01, σDSC = 0.25 rad.

DC regains some territory when the server is very efficient
[larger region for DC in Fig. 8(b)]. This is also intuitive as SC
comes from the idea that the photon arrival probability is low,
and therefore the probability of getting two clicks is very low,
this does not hold when the server is very efficient.

APPENDIX C: PURIFIED PROTOCOLS FOR QUANTUM
KEY DISTRIBUTION

To analyze the correctness of QKD over a repeater chain
using these RSP protocols, we convert them to a purified
entanglement-based protocol. In such a purified protocol, two
clients, Alice and Bob, aim to create entanglement between
them. Under the assumption that Alice and Bob’s devices are
secure and trusted, the purified protocol is indistinguishable
from the real protocol by any eavesdropper on the quan-
tum channel. The data and data processing performed by the
clients are also the same for the purified protocol as for the real
protocol. This allows us to analyze the correctness of the setup
depicted in Fig. 5 for performing QKD by examining the
equivalent entanglement-based protocol.

We show that our SC protocol for remote state preparation
in combination with the setup depicted in Fig. 5 can be used

to implement a twin-field type protocol [20], where the whole
setup between Alice and Bob together effectively acts as one
Bell state measurement. In particular, we follow the security
proof given by Curty-Azuma-Lo in the so-called CAL19 pro-
tocol [42]. First, we recap the steps of the CAL19 protocol,
and then we illustrate how our protocols allow us to produce
perfectly correlated bits and to show their compatibility with
the CAL19 security proof.

CAL19 protocol

(1) In each round of the protocol, Alice and Bob can
choose between two basis, the key generation basis K and
the test basis T . These bases are chosen with probability
pK and pT , respectively. When the basis chosen is K , Alice
(Bob) also chooses a random bit la (lb). When the random
bit is la = 0 (lb = 0), Alice (Bob) prepares the coherent state
|αa〉 (|αb〉), while for la = 1 (lb = 1), she (he) prepares |−αa〉
(|−αb〉). When the basis chosen is T , Alice prepares a phase-
randomized WCP ρ̂a,βA (ρ̂b,βB ) with a mean photon number
randomly picked from a set S = {|βi|2}i.

(2) Alice and Bob send their prepared optical pulses
through their corresponding channels.

FIG. 8. Optimal RSP protocol—DC, DSC, or SC—giving the highest fidelity for target rate Rτ = 0.01, across varying phase noise σSC

and σDSC. Alternative values for Fig. 4(c). (a) ηs = 0.07 and (b) ηs = 0.35.
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(3) In the central node C, both optical pulses are merged
in a 50:50 beamsplitter. The result of this interference is
registered by the detectors at the output ports of the beam-
splitter. We denote the detector at the first output as D0, and
the one on the second port as Dπ . We use these names to stress
that when the incoming coherent fields have the same phase,
in the absence of any source of noise, they should produce
a click in D0. However, if the coherent fields have a phase
difference of π , we should expect to register a click in Dπ .

(4) After the measurement is performed, the central node
C announces which detectors clicked. There are four possible
click patterns, but Alice and Bob will keep their data only
when one click is registered, either on D0 or on Dπ . The other
cases are ignored.

(5) The previous steps are repeated N times such that Al-
ice and Bob can collect enough statistics to perform parameter
estimation and quantify the amount of information leaked to
an eavesdropper.

(6) Finally, Alice and Bob perform classical error correc-
tion and privacy amplification to obtain a final secret key.

Below, we go over the SC and DSC purified protocol in
detail to show how entanglement is formed between Alice and
Bob.

1. Single click

Now, we detail the purified version of our protocol using
SC RSP (see Sec. II C).

SC-RSP-based protocol

(1) A qubit in server nodes SA and SB (see Fig. 5), which
are at the border of the repeater chain, is prepared in the state√

1 − ξ 2|0〉 + ξ |1〉, with ξ the bright-state parameter of the
server qubit. Repeater nodes S1 and S2 share entanglement of
the form |�+〉 = (|00〉 + |11〉)/

√
2.

(2) Alice and Bob both prepare the state

|ψA/B〉 = 1√
2

(|α, 0〉 + |−α, 1〉), (C1)

which combines the state of the photon, where α is a positive
real number, with the state of Alice’s or Bob’s register.

(3) The server node SA emits a photon entangled with a
qubit at the node. Here, we assume perfect efficiencies and
photon number resolving detectors, meaning we can perform
RSP on SA/B with perfect fidelity (see Appendix A 4), or, in
this case, create entanglement between A/B and SA/B with
perfect fidelity. Performing a BSM between Alice and node

SA leads to an entangled state between Alice’s register and the
node

|ψA,SA〉 = α
√

1 − ξ 2|0〉|−〉 + ξ |1〉|+〉√
α2(1 − ξ 2) + ξ 2

, (C2)

where |±〉 = (|0〉 ± |1〉)/
√

2. The same is repeated on Bob’s
side.

(4) The entanglement is propagated through the repeater
chain using entanglement swapping until Alice’s and Bob’s
registers share this state with neighboring nodes, such as
S2 and SB. Then, a BSM is performed on S2 and SB of
|ψA,S2 ⊗ ψB,SB〉. With this, the state shared by Alice’s and
Bob’s registers is projected onto (up to some corrections on
Bob’s side depending on the click pattern of the BSM)

|ψA,B〉 = α2(1 − ξ 2)|00〉 + ξ 2|11〉√
α4(1 − ξ 2)2 + ξ 4

. (C3)

This equals the Bell state |�+〉A,B for ξ = α/
√

1 + α2.
With this, we see that the SC-RSP-based protocol achieves

the same functionality as the CAL19 protocol in the noiseless
case, both of them can produce perfectly correlated bits for
Alice and Bob. In order to claim that our RSP-SC based proto-
col can produce a secure key, we need to take into account the
multiphoton contributions in the WCP used. In the CAL19,
this is taken into account using the test basis together with the
decoy state method [18,19]. In order to include a test basis, we
can simply phase randomize the sources of Alice and Bob and
consider a set of different intensities for their pulses in order
to also implement the decoy state method. A comparison of
the performance of both protocols in noisy scenarios is left
for future work.

2. Double single click

We apply the same reasoning of the protocol using SC
RSP to the protocol DSC RSP. With this, the protocol detailed
in the previous subsection is only changed by repeating the
first three steps, resulting in a situation where Alice’s register
shares two entangled links with the server, |ψA1,SA1〉, |ψA2,SA2〉,
which can then be used to perform a parity projection, es-
sentially implementing the extreme photon loss protocol of
Ref. [26]. Note that, when using the normal protocol, i.e., not
the entanglement-based purified protocol, this comes down to
applying the circuit depicted in Fig. 3. The rest of the steps
remain as described for the SC protocol.

[1] C. H. Bennett, D. P. DiVincenzo, P. W. Shor, J. A. Smolin, B. M.
Terhal, and W. K. Wootters, Remote state preparation, Phys.
Rev. Lett. 87, 077902 (2001).

[2] A. Broadbent, J. Fitzsimons, and E. Kashefi, Universal blind
quantum computation, in 2009 50th Annual IEEE Symposium
on Foundations of Computer Science (IEEE, Los Alamitos, CA,
USA 2009), pp. 517–526.

[3] F. Schmidt and P. van Loock, Memory-assisted long-distance
phase-matching quantum key distribution, Phys. Rev. A 102,
042614 (2020).

[4] S. Langenfeld, P. Thomas, O. Morin, and G. Rempe,
Quantum repeater node demonstrating unconditionally
secure key distribution, Phys. Rev. Lett. 126, 230506
(2021).

[5] T. Morimae and K. Fujii, Blind quantum computation protocol
in which Alice only makes measurements, Phys. Rev. A 87,
050301(R) (2013).

[6] J. F. Fitzsimons, Private quantum computation: An introduction
to blind quantum computing and related protocols, npj Quantum
Inf. 3, 23 (2017).

033272-14

https://doi.org/10.1103/PhysRevLett.87.077902
https://doi.org/10.1103/PhysRevA.102.042614
https://doi.org/10.1103/PhysRevLett.126.230506
https://doi.org/10.1103/PhysRevA.87.050301
https://doi.org/10.1038/s41534-017-0025-3


SINGLE-CLICK PROTOCOLS FOR REMOTE STATE … PHYSICAL REVIEW RESEARCH 8, 033272 (2026)

[7] J. van Dam, G. Avis, T. B. Propp, F. F. da Silva, J. A. Slater,
T. E. Northup, and S. Wehner, Hardware requirements for
trapped-ion-based verifiable blind quantum computing with a
measurement-only client, Quantum Sci. Technol. 9, 045031
(2024).

[8] A. K. Ekert, Quantum cryptography based on Bell’s theorem,
Phys. Rev. Lett. 67, 661 (1991).

[9] C. H. Bennett, G. Brassard, and N. D. Mermin, Quantum
cryptography without Bell’s theorem, Phys. Rev. Lett. 68, 557
(1992).

[10] A. Beveratos, R. Brouri, T. Gacoin, A. Villing, J.-P. Poizat, and
P. Grangier, Single photon quantum cryptography, Phys. Rev.
Lett. 89, 187901 (2002).

[11] M. Garnier, D. Leichtle, L. Music, and H. Ollivier, Com-
posably secure delegated quantum computation with weak
coherent pulses, in 2024 International Conference on Quantum
Communications, Networking, and Computing (QCNC) (IEEE,
Piscataway, NJ, 2024), pp. 221–225.

[12] Q. Li, C. Liu, Y. Peng, F. Yu, and C. Zhang, Blind
quantum computation where a user only performs
single-qubit gates, Opt. Laser Technol. 142, 107190
(2021).

[13] T. Morimae and K. Fujii, Secure entanglement distillation for
double-server blind quantum computation, Phys. Rev. Lett. 111,
020502 (2013).

[14] Y.-B. Sheng and L. Zhou, Deterministic entanglement distilla-
tion for secure double-server blind quantum computation, Sci.
Rep. 5, 7815 (2015).

[15] Q. Li, W. H. Chan, C. Wu, and Z. Wen, Triple-server blind
quantum computation using entanglement swapping, Phys. Rev.
A 89, 040302(R) (2014).

[16] J. Quan, Q. Li, and L. Li, Verifiable blind quantum computation
with identity authentication for multi-type clients, IEEE Trans.
Inf. Forensics Secur. 19, 1687 (2023).

[17] W.-Y. Hwang, Quantum key distribution with high loss: To-
ward global secure communication, Phys. Rev. Lett. 91, 057901
(2003).

[18] H.-K. Lo, X. Ma, and K. Chen, Decoy state quantum key
distribution, Phys. Rev. Lett. 94, 230504 (2005).

[19] X.-B. Wang, Beating the photon-number-splitting attack in
practical quantum cryptography, Phys. Rev. Lett. 94, 230503
(2005).

[20] M. Lucamarini, Z. L. Yuan, J. F. Dynes, and A. J. Shields,
Overcoming the rate–distance limit of quantum key distribu-
tion without quantum repeaters, Nature (London) 557, 400
(2018).

[21] S.-K. Liao, W.-Q. Cai, J. Handsteiner, B. Liu, J. Yin, L. Zhang,
D. Rauch, M. Fink, J.-G. Ren, W.-Y. Liu, et al., Satellite-relayed
intercontinental quantum network, Phys. Rev. Lett. 120, 030501
(2018).

[22] V. Scarani, H. Bechmann-Pasquinucci, N. J. Cerf, M. Dušek,
N. Lütkenhaus, and M. Peev, The security of practi-
cal quantum key distribution, Rev. Mod. Phys. 81, 1301
(2009).

[23] V. Dunjko, E. Kashefi, and A. Leverrier, Blind quantum com-
puting with weak coherent pulses, Phys. Rev. Lett. 108, 200502
(2012).

[24] S. D. Barrett and P. Kok, Efficient high-fidelity quantum com-
putation using matter qubits and linear optics, Phys. Rev. A 71,
060310(R) (2005).

[25] C. Simon and W. T. M. Irvine, Robust long-distance entangle-
ment and a loophole-free Bell test with ions and photons, Phys.
Rev. Lett. 91, 110405 (2003).

[26] E. T. Campbell and S. C. Benjamin, Measurement-based entan-
glement under conditions of extreme photon loss, Phys. Rev.
Lett. 101, 130502 (2008).

[27] P. C. Humphreys, N. Kalb, J. P. J. Morits, R. N. Schouten,
R. F. L. Vermeulen, D. J. Twitchen, M. Markham, and
R. Hanson, Deterministic delivery of remote entangle-
ment on a quantum network, Nature (London) 558, 268
(2018).

[28] Y.-F. Jiang, K. Wei, L. Huang, K. Xu, Q.-C. Sun, Y.-Z. Zhang,
W. Zhang, H. Li, L. You, Z. Wang, et al., Remote blind state
preparation with weak coherent pulses in the field, Phys. Rev.
Lett. 123, 100503 (2019).

[29] X. Ma and M. Razavi, Alternative schemes for measurement-
device-independent quantum key distribution, Phys. Rev. A 86,
062319 (2012).

[30] T. Kapourniotis, E. Kashefi, D. Leichtle, L. Music, and
H. Ollivier, Asymmetric quantum secure multi-party com-
putation with weak clients against dishonest majority,
arXiv:2303.08865.

[31] This is because the photon coming from the client leaves the
server qubit in |0〉, because the server did not emit a photon
and thus was not in the bright state, and the photon coming
from the server leaves the qubit in |1〉; equal probabilities give
a state with equal weights |0〉 and |1〉, hence on the equator of
the Bloch sphere.

[32] T. B. Propp, J. Grimbergen, E. R. Hellebek, J. R. Gonzales-
Ureta, J. van Dam, J. A. Slater, A. S. Sørensen, and S. D. C.
Wehner, Quantum strategies to overcome classical multiplexing
limits, arXiv:2510.06099.

[33] A. J. Stolk, J. J. B. Biemond, K. L. van der Enden, L. van
Dooren, E. J. van Zwet, and R. Hanson, Extendable optical
phase synchronization of remote and independent quantum net-
work nodes over deployed fibers, arXiv:2408.12464.

[34] C. B. Czegledi, M. Karlsson, E. Agrell, and P. Johannisson, Po-
larization drift channel model for coherent fibre-optic systems,
Sci. Rep. 6, 21217 (2016).

[35] J. van Dam, Plotting code for single-click protocols, 2026,
https://gitlab.tudelft.nl/wehner-research/plotting-code-for-
single-click-protocols, accessed 16 February 2026.

[36] J. Schupp, V. Krcmarsky, V. Krutyanskiy, M. Meraner, T.
E. Northup, and B. P. Lanyon, Interface between trapped-ion
qubits and traveling photons with close-to-optimal efficiency,
PRX Quantum 2, 020331 (2021).

[37] V. Krutyanskiy, M. Meraner, J. Schupp, V. Krcmarsky,
H. Hainzer, and B. P Lanyon, Light-matter entanglement
over 50 km of optical fibre, npj Quantum Inf. 5, 72
(2019).

[38] B. Davies, T. Beauchamp, G. Vardoyan, and S. Wehner, Tools
for the analysis of quantum protocols requiring state generation
within a time window, in IEEE Transactions on Quantum Engi-
neering (IEEE, Piscataway, NJ, 2024), Vol. 5, pp. 1–20.

[39] H.-J. Briegel, W. Dür, J. I Cirac, and P. Zoller, Quantum re-
peaters: The role of imperfect local operations in quantum
communication, Phys. Rev. Lett. 81, 5932 (1998).

[40] J. van Dam, E. Hellebek, T. Propp, J. Gonzales-Ureta, A.
Sørensen, and S. Wehner, Single-click protocol for remote state
preparation with a weak coherent pulse source, Dutch Patent

033272-15

https://doi.org/10.1088/2058-9565/ad6eb2
https://doi.org/10.1103/PhysRevLett.67.661
https://doi.org/10.1103/PhysRevLett.68.557
https://doi.org/10.1103/PhysRevLett.89.187901
https://doi.org/10.1016/j.optlastec.2021.107190
https://doi.org/10.1103/PhysRevLett.111.020502
https://doi.org/10.1038/srep07815
https://doi.org/10.1103/PhysRevA.89.040302
https://doi.org/10.1109/TIFS.2023.3340859
https://doi.org/10.1103/PhysRevLett.91.057901
https://doi.org/10.1103/PhysRevLett.94.230504
https://doi.org/10.1103/PhysRevLett.94.230503
https://doi.org/10.1038/s41586-018-0066-6
https://doi.org/10.1103/PhysRevLett.120.030501
https://doi.org/10.1103/RevModPhys.81.1301
https://doi.org/10.1103/PhysRevLett.108.200502
https://doi.org/10.1103/PhysRevA.71.060310
https://doi.org/10.1103/PhysRevLett.91.110405
https://doi.org/10.1103/PhysRevLett.101.130502
https://doi.org/10.1038/s41586-018-0200-5
https://doi.org/10.1103/PhysRevLett.123.100503
https://doi.org/10.1103/PhysRevA.86.062319
https://arxiv.org/abs/2303.08865
https://arxiv.org/abs/2510.06099
https://arxiv.org/abs/2408.12464
https://doi.org/10.1038/srep21217
https://gitlab.tudelft.nl/wehner-research/plotting-code-for-single-click-protocols
https://doi.org/10.1103/PRXQuantum.2.020331
https://doi.org/10.1038/s41534-019-0186-3
https://doi.org/10.1103/PhysRevLett.81.5932


JANICE VAN DAM et al. PHYSICAL REVIEW RESEARCH 8, 033272 (2026)

Application, 2025, Patent pending, Application filed 10 July
2025.

[41] J. van Dam, E. Hellebek, T. Propp, J. Gonzales-Ureta, A.
Sørensen, and S. Wehner, Double-single-click protocol for re-
mote state preparation with a weak coherent pulse source,

Dutch Patent Application, 2025, Patent pending, Application
filed 10 July 2025.

[42] M. Curty, K. Azuma, and H.-K. Lo, Simple security proof of
twin-field type quantum key distribution protocol, npj Quantum
Inf. 5, 64 (2019).

033272-16

https://doi.org/10.1038/s41534-019-0175-6

