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Breaking universal limitations on quantum
conference key agreement without quantum
memory
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Quantum conference key agreement is an important cryptographic primitive for future

quantum network. Realizing this primitive requires high-brightness and robust multiphoton

entanglement sources, which is challenging in experiment and unpractical in application

because of limited transmission distance caused by channel loss. Here we report a

measurement-device-independent quantum conference key agreement protocol with

enhanced transmission efficiency over lossy channel. With spatial multiplexing nature and

adaptive operation, our protocol can break key rate bounds on quantum communication over

quantum network without quantum memory. Compared with previous work, our protocol

shows superiority in key rate and transmission distance within the state-of-the-art technol-

ogy. Furthermore, we analyse the security of our protocol in the composable framework and

evaluate its performance in the finite-size regime to show practicality. Based on our results,

we anticipate that our protocol will play an important role in constructing multipartite

quantum network.

https://doi.org/10.1038/s42005-023-01238-5 OPEN

1 National Laboratory of Solid State Microstructures and School of Physics, Collaborative Innovation Center of Advanced Microstrucstures, Nanjing University,
Nanjing 210093, China. 2 Beijing National Laboratory for Condensed Matter Physics and Institute of Physics, Chinese Academy of Sciences, Beijing 100190,
China. 3These authors contributed equally: Chen-Long Li, Yao Fu. ✉email: hlyin@nju.edu.cn; zbchen@nju.edu.cn

COMMUNICATIONS PHYSICS |           (2023) 6:122 | https://doi.org/10.1038/s42005-023-01238-5 | www.nature.com/commsphys 1

12
34

56
78

9
0
()
:,;

http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01238-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01238-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01238-5&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s42005-023-01238-5&domain=pdf
http://orcid.org/0000-0002-7718-0818
http://orcid.org/0000-0002-7718-0818
http://orcid.org/0000-0002-7718-0818
http://orcid.org/0000-0002-7718-0818
http://orcid.org/0000-0002-7718-0818
http://orcid.org/0000-0002-9911-9356
http://orcid.org/0000-0002-9911-9356
http://orcid.org/0000-0002-9911-9356
http://orcid.org/0000-0002-9911-9356
http://orcid.org/0000-0002-9911-9356
mailto:hlyin@nju.edu.cn
mailto:zbchen@nju.edu.cn
www.nature.com/commsphys
www.nature.com/commsphys


Using quantum physics to process information and build-
ing a network with quantum nature in a connected world
has established various benefits. Quantum computers

offer algorithm speedups1–4, which are advantageous in inter-
disciplinary fields such as machine learning5,6. Quantum com-
munication, especially quantum key distribution and
entanglement-assisted point-to-point communication, provides
information-theoretic security7,8. In addition, network protocols
including blind quantum computation9,10, distributed quantum
computation11, quantum secret sharing12–14, and quantum con-
ference key agreement (QCKA)15–20 have emerged as important
building blocks for multiuser applications as well.

Conference key agreement is a cryptographic primitive that
shares information-theoretic secure keys among more than two
authenticated users for group encryption and decryption15. This
classical cryptographic primitive is vulnerable and no longer
secure in the face of eavesdroppers with quantum resources.
Multiple quantum key distribution links21–31 can be directly
applied to protect against quantum eavesdroppers. However,
repetitive use of quantum key distribution links restricts the
communication efficiency in a fully connected quantum network.
Alternatively, multipartite entangled states can be used to realize
QCKA for achieving a genuine advantage over the point-to-point
quantum communication protocols32. Several experimental
works on multipartite quantum communication and distribution
of the Greenberger-Horne-Zeilinger (GHZ) entanglement33,34

have been demonstrated35–40. Nevertheless, these works remain
quite unpractical due to their low key rates and fragility of
entanglement resources. To avoid requiring entanglement pre-
paration beforehand, a scheme for distributing the postselected
GHZ entanglement41 was proposed which combined the decoy-
state23–25 and measurement-device-independent (MDI) idea26,27.
However, with the increase in the number of users, this protocol
is limited in terms of long-distance deployment due to universal

limitations on channel loss42. In recent years, various multiparty
quantum communication protocols have been proposed and
analysed13,18,19,43 to enhance the key rate performance for long
distance deployment. Whereas these protocols are measurement
device dependent and cannot be directly extended to more than
three participants. Furthermore, most works analysed the security
of QCKA with infinite resources and calculated the secret key rate
in the asymptotic limit, while few works consider finite-key
effects43,44.

In all-photonic quantum repeater45, cluster states are utilized
to demonstrate polynomial scaling of transmission efficiency with
distance which is in fact the idea of spatial multiplexing and
adaptive operation. Similarly, this idea is applied in adaptive MDI
quantum key distribution protocol46, where both users send
multiple single photon states simultaneously to the central relay
who subsequently confirms the arrival of photons by applying
quantum non-demolition (QND) measurement and pairs the
arrived photons adaptively.

Inspired by the all-photonic quantum repeater45 and adaptive
MDI quantum key distribution46, in this work, we propose an
MDI-QCKA protocol with the principle of spatial multiplexing
and adaptive operation. We investigate the performance of our
protocol and the result shows it breaks universal limitations on
key rate under at least ten users over the network without
quantum memory. Compared with other existing QCKA proto-
cols, our protocol outperforms under three users in terms of
higher key rates and transmission distance which is >300 km
within experimentally feasible parameter regime. Our protocol
can be extended to any number of users flexibly and thus fits well
in network deployment. On the other hand, our protocol is
immune to all detection-side attacks because of its MDI nature.
Furthermore, we establish the security analysis of our protocol in
the composable framework and evaluate the performance in the
finite-key regime. Based on our results, we believe our protocol
manifests potential to be an important building block for practical
multiparty applications for quantum networks in the future.

Results
Quantum conference key agreement protocol. We propose an
n-party MDI-QCKA protocol to establish postselected GHZ
entanglement with spatial multiplexing and adaptive operation.
Here we denote the ith user as Ai(i= 1,…, n) and the untrusted
central relay as node C. In Fig. 1a, we show the overall structure
of our protocol with n user nodes over network. In Fig. 1b, we
show detailed process between Ai and the node C. Our protocol is
described as follows.

(i) All n users ðAiÞni¼1 generate M single-photon states that are
randomly selected from eigenstates of the Z and X basis. For
instance, one selects from f Hj i; Vj i; ð Hj i þ Vj iÞ= ffiffiffi

2
p

; ð Hj i �
Vj iÞ= ffiffiffi

2
p g when using polarization encoding. ðAiÞni¼1 then

transmit the M single-photon states to node C simultaneously
using spatial multiplexing.
(ii) Node C performs QND measurements to confirm the
arrival of single-photon states from ðAiÞni¼1.
(iii) After the QND measurements, the confirmed photons
from every user form a group via optical switches. Node C then
performs GHZ projection measurement on the group. Each
user should successfully transmit at least one single photon
through QND measurements. Otherwise this trial is considered
to be failed.
(iv) Node C announces the group information and the GHZ
projection results. Each Ai keeps information of states that are
successfully projected onto the GHZ state and discards the rest.
(v) All n communication users ðAiÞni¼1 announce their
preparing bases for the trials successfully projected onto the

Fig. 1 Schematic of our protocol. a Network structure of our protocol with n
user nodes. b Detailed process between Ai and the node C. Ai prepares and
transmits multiple quantum signals to the central node C through quantum
channel. At node C the signals are confirmed by quantum non-demolition
(QND) measurement and then routed to the Greenberger-Horne-Zeilinger
(GHZ) analyser through optical switches. In this process, spatial
multiplexing and adaptive operations are used to improve the efficiency of
our protocol.
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GHZ state. If the bases of all parties are the same, the round is
kept. The process is repeated until enough rounds have been
kept for key generation and parameter estimation.
(vi) The above process is repeated until m trials have been kept
for key generation and k trials have been kept for parameter
estimation. m trials of data for key generation are in the Z
basis. k trials of data for parameter estimation are in the
X basis.
(vii) If the test passes, all n users verify the correctness and
proceed with error correction and privacy amplification. If we
designate A1 as the conference key reference during error
correction, then A1 performs a pairwise information reconci-
liation with each one of the remaining users. In this process,
each one of the remaining users computes a guess of A1’s raw
key. If the check passes, they obtains the final secret keys.

Security analysis. The security of our MDI-QCKA can be gen-
eralized directly from the analysis of quantum key distribution44.
Without loss of generality, we designate A1 as the key reference to
conduct classical postprocessing. In general, A1’s final key S1 can be
quantum mechanically correlated with a quantum state held by the
adversary. We can define the classical-quantum state describing the
correlated system of A1’s final key S1 and eavesdropper E

ρS1;E ¼ ∑
S1
pðS1Þ S1

�� �
S1
� ��� ρS1E ; ð1Þ

where the sum is over all possible strings and ρS1E is the joint state of
eavesdropper given S1.

Ideally a QCKA protocol is secure if it is correct and secret. The
correctness means every user holds identical bit strings. The
secrecy requires ρS1;E ¼ ∑S1

1
jS1j S1

�� �
S1
� ��� σE, which means the

joint system of the eavesdropper is decoupled from A1. However,
these two conditions can never be met perfectly. Therefore, in
practice we define an ϵc-correct and ϵs-secret QCKA protocol. A
QCKA protocol is ϵc-correct if

Prð9i 2 f2; ¼ ; ng; s.t. S1 ≠ SiÞ ≤ ϵc; ð2Þ
where Si is the final key string of the ith user. A QCKA protocol is
ϵs-secret if

ppassD ρS1;E;∑S1

1
jS1j

S1
�� �

S1
� ��� σE

� �
≤ ϵs: ð3Þ

D( ⋅ , ⋅ ) is the trace distance and ppass is the probability that the
protocol does not abort. A QCKA protocol is called ϵsec-secure
with ϵsec ≤ ϵc þ ϵs if it is ϵc-correct and ϵs-secret.

Following the result of quantum key distribution47, the
extractable amount of key l for a ϵc-correct and ϵs-secret QCKA
is

l ¼ Hϵ
minðZjEÞ � leakEC � log2

1
ϵc�ϵ

2 þ 2; ð4Þ

where Hϵ
minðZjEÞ is the conditional smooth min-entropy

characterizing the average probability that the eavesdropper
guesses A1’s raw key Z1 correctly using optimal strategy and
leakEC is the amount of information leakage of error correction. ϵ
and �ϵ are positive constants proportional to ϵs. In a realistic
scenario, following previous work44, the computable key length of
our QCKA protocol is

l ¼ m q� hðEX þ μðEX ; ϵ
0ÞÞ� 	� leakEC � 2log2

1
2�ϵ

; ð5Þ

where μðλ; ϵÞ ¼
ð1�2λÞAG

mþk þ
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
A2G2

ðmþkÞ2þ4λð1�λÞG
q
2þ2 A2G

ðmþkÞ2
with λ being the error rate

observed in parameter estimation, A ¼ maxfm; kg and

G ¼ mþk
mk ln mþk

2πmkλð1�λÞϵ2. q is the preparation quality quantifying
the incompatibilities of two measurements. Detailed proof of the
computable key length is shown in Supplementary Note 1.

Numerical simulation. Before analysing the performance of our
protocol, we discuss the universal limitations on quantum com-
munication over network and provide a benchmark for our protocol.

For point-to-point protocols, a fundamental upper limit on the
secret key rate over a lossy optical channel not assisted by any
quantum repeater is given by log2ð1þη

1�ηÞ with η being the
transmissivity between two users48. A general methodology
allowing to upperbound the two-way capacities of an arbitrary
quantum channel with a computable single-letter quantity was
devised in49, where the maximum rate achievable by any optical
implementation of point-to-point quantum key distribution is
given by �log2ð1� ηÞ for the lossy channel. For quantum
communications over network scenarios, bounds have also been
established under different scenarios50,51. Furthermore, Das et al.
provided a unifying framework to upperbound the key rates of
both bipartite and conference settings with different scenarios42.

In our work, to investigate the performance of our protocol, we
consider a rate benchmark in a case where the untrusted central
node is removed and all n users are linked by a star network43. In
such scenario, one user is selected and he performs quantum key
distribution with every other n− 1 users to establish bipartite
secret keys with the same length due to the network symmetry.
The selected user can encode the conference key with the
established keys to conduct conference key agreement protocol.
According to the secret-key capacity, the asymptotic rate is
�log2ð1� ηÞ with ffiffiffi

η
p

being the transmissitivity of the channel
from any ith user to the central relay. Therefore, in this scenario,
the key rate is bounded by �log2ð1�ηÞ

n�1 . It should be noted that the
above scenario does not necessarily yield the highest key rate in
QCKA. We denote this bound as the direct transmission bound
and use it as a benchmark to evaluate our protocol.

In the asymptotic limit, the key rate of QCKA is given by41

RQCKA ¼ QZ 1�maxfhðE1;2
Z Þ; ¼ ; hðE1;n

Z Þg � hðEXÞ
� 	

; ð6Þ
where QZ, is the gain of the Z basis since QCKA generates keys
using data from the Z basis. fE1;i

Z ; i ¼ 2; ¼ ; ng are marginal error
rates, which describe the bit error rates between the first user and
the ith user. EX is the phase error rate. Without loss of generality,
here we designate the first user as key reference.

The gain QZ is defined as the efficiency of successful GHZ
projection. Specifically, we have QZ ¼ �N

M, where
�N is the average

number of postselected GHZ entangled states formed by
successfully transmitted photons using M multiplexing. Intui-
tively, if we consider M multiplexing and the total efficiency from
any ith user to the central node ηt including loss and success
probability of GHZ projection, then �N � Mηt. Therefore, we
have QZ ~ ηt. The approximate relation can be converted to an
equation QZ= ηt under the asymptotic limit (M→∞). We prove
this equation when n= 3 in Supplementary Note 2. To guarantee
that more than one postselected GHZ entangled state is generated
on average, the number of multiplexing should satisfy M ≥ η�1

t ,
which implies that �N � Mηt ≥ 1.

In Fig. 2, we plot the key rates of our QCKA as well as direct
transmission bounds as a function of distance between any ith
party and the central relay with different numbers of commu-
nication parties. The experimental parameters used in the
numerical simulation is presented in Methods. Here we consider
a symmetric structure where the distance between any user to the
central relay is equal. We present key rates and bounds with
n= 3, 10 users from top to bottom using solid and dash-dotted
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lines respectively. From the simulation results, our protocol
overcomes the direct transmission bounds, which stems from the
spatial multiplexing and adaptive operations of our protocol.
Regardless of the increasing number of communication parties, a
polynomial scaling of efficiency with distance can be realized
while the bounds attenuate greatly as n increases. One can also
notice that the key rates of our protocol decrease with increasing
n due to the higher error rate when there are more users.

To further investigate the performance of our work, we evaluate
the key rate of our protocol and that of other preceding quantum
communication protocols over quantum network under the same
experimental parameters. In Fig. 3, we plot the key rate of our
QCKA protocol, MDI-quantum cryptographic conferencing41,
MDI star-network module52, and conference key agreement with
single-photon interference43 under n= 3 and n= 6. Our work can
reach >300 km when n= 3 and >290 km when n= 6, which shows
the capability of intercity scale deployment. Therefore, the
advantage of our work remains as n grows larger. For MDI-
quantum cryptographic conferencing, since the gain attenuates
exponentially with increasing n, the key rate decreases in a similar
way. The key rate of conference key agreement with single-photon
interference shows a performance approximate to that of our work.
However, the conference key agreement with single-photon
interference requires each party to prepare an entangled state ϕ

�� � ¼ffiffiffi
q

p
0j i 0j i þ ffiffiffiffiffiffiffiffiffiffiffi

1� q
p

1j i 1j i where q is a parameter to be optimized in
simulation. Preparing such entangled state is quite challenging
within available technology. A singleMDI star-network module can
only reach ~1 km as shown in the inset of Fig. 3. Therefore, such
modules should be linked together to achieve constant high-rate
secure communication over long distances.

To make a comprehensive comparison between different proto-
cols, as shown in Table 1, we present a table comparing the
aforementioned QCKA protocols in different aspects. To be specific,
we present the longest transmission distance and corresponding key
rates of different protocols under n= 3, 6, 10 in the first six rows. In
the last five rows, we compare the other five different aspects
including measurement device independence, requirements on
entanglement resource, phase stabilization, QND measurement,
and whether the protocol is analyzed in the finite-size regime. From

the table, one can observe that our QCKA protocol shows an
advantage in the longest transmission distances and the correspond-
ing key rates. In terms of security, all of the aforementioned protocols
are measurement-device-independent. Only the conference key
agreement with single-photon interference43 requires entanglement
resources to conduct the protocol. Our protocol and MDI quantum
cryptographic conferencing41 avoid requirements for phase stabiliza-
tion. However, QND measurement is needed to confirm the arrival
of transmitting photons in our protocol, which is still challenging in
experiment. Except for MDI quantum cryptographic conferencing41,
other protocols have been analyzed in the finite-size regime.

We investigate the performance of our QCKA protocol in the
finite-size regime with the same parameters introduced in the
asymptotic scenario. Furthermore, we fix ϵc= 10−15 corresponding
to a realistic hash tag size in practice53. We also fix the total number
of signals L to be 1012. Then the number of trials used for key
generation can be calculated asm= pn ⋅QZ ⋅ L, with p the probability

Fig. 2 Key rates of QCKA from our protocol and direct transmission
bounds. We show key rates of our protocol and corresponding bounds
under different numbers of communication parties (n= 3, 10 from top to
bottom). In the figure, key rates of our protocol and bounds are plotted with
solid and dash-dotted lines, respectively. The fiber transmission distance
denotes the distance between any ith party and the central relay.

Fig. 3 Key rate comparison between our protocol and other QCKA
protocols. We plot key rates of QCKA from our work, measurement-
device-independent (MDI)-quantum cryptographic conferencing41,
conference key agreement with single-photon interference43, and MDI star-
network module52. We plot the key rates of the protocols when (a) n= 3
and (b) n= 6. In this figure, we plot our protocol with solid line and other
protocol with dashed lines. For a clear view, the key rate of MDI star-
network module52 is depicted in the inset by restricting the transmission
distance to (a) 1.2 km and (b) 0.5 km. The fiber transmission distance
denotes the distance between any ith party and the central relay.
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of choosing the Z basis which can be optimized to maximize the key
rate l/L. In our protocol, we assume the error correction leakage to be
leakEC ¼ fmhðEA1Ai

Z Þ þ log2
2ðn�1Þ

ϵc
44, where we set f= 1.1 and EA1Ai

Z

is the marginal error rate between A1 and Ai. Then following Eq. (5)
we can obtain the result in the finite-size regime.

In Fig. 4, we plot the secret key rate of our QCKA protocol as a
function of the distance between any ith user and the GHZ
analyser. In Fig. 4, we can view that our QCKA protocol can
reach >140 km, 60 km, and 40 km when n= 3, 5, 7, respectively.
The results are meaningful to practical deployment of an intra- or
inter- city quantum network. Therefore, we can anticipate our
protocol to be essential in the network applications and
important for the construction of a connected quantum world.

Discussion
In this work, we report an MDI-QCKA protocol for quantum
network application. We analyse the security of the QCKA
protocol with composably secure framework and provide a
computable key length in the finite-size regime. The perfor-
mance of the QCKA protocol under the GHZ analyser based on
linear optical elements54 is investigated. Compared with the

direct transmission bound of quantum communication over
quantum network, our protocol shows great potential in
deploying in large-scale quantum network55,56. We also show
superiority of our work by directly comparing the key rate of
our work with those of previous works in multiparty quantum
communication41,43,52. Based on the results of this work, we can
anticipate a wide usage of our work in multiparty applications
of secure quantum network.

Here we remark on possible directions for future work. We have
investigated our protocol under a model consisting of single photon
sources, QND measurements, optical switches, and the GHZ
analyser based on linear optical elements. Further study can be
conducted on evaluating the performance of our protocol using
other techniques. For instance, we investigate our protocol with the
GHZ analyser based on linear optical elements which can only
identify two of n GHZ states. Our protocol can be improved by
utilizing the complete GHZ analyser which can identify all 2n GHZ
states, such as GHZ state analysis taking into account nonlinear
processes57,58 or entangled-state analysis for hyperentangled pho-
ton pairs59,60. On the other hand, in step (iii) of our protocol, large
scale optical switches are needed to route the photons into the GHZ
analyser, which may affect the transmittance and cause unwanted
loss. Thus, future effort should be made towards realizing the
protocol with reduced scale optical switches and one possible way is
utilizing a Hadamard linear optical circuit together with single-
mode on/off switches46. Investigation of the robustness of our
protocol with the existence of multiple-photon components and
imperfections in experimental setups should be conducted. Tech-
niques in MDI quantum key distribution61,62 can be applied in our
QCKA to further improve practicality. As we have stated, the all-
photonic scheme utilizes cluster states to realize a polynomial
scaling with distance which is in fact a result of spatial multiplexing.
Therefore, with such spatial multiplexing idea, we can develop
other protocols apart from quantum communication with
enhanced efficiency. In addition, our work can be further developed
to give anonymity to users63 over quantum network for more
complex application scenarios.

Note Added.— Recently, we became aware of a relevant work
by Carrara et al.64. The authors proposed a QCKA protocol using
weack coherent pulses and linear optics and proved its security
with multiparty decoy-state method. This protocol can also
overcome bounds on the key rate at which conference keys can be
established in quantum networks without a repeater.

Methods
Experimental parameters used in numerical simulation. In numerical simula-
tion, we use efficiency ηsps to describe the probability of the single photon source

Table 1 Comparison between our QCKA and other protocols.

Our QCKA MDI-QCC41 CKA with SPI43 MDI star-network52

Longest transmission distance (n= 3) 324 km 324 km 296 km 1.18 km
Key rate (bit pulse−1) (n= 3) 3.4125 × 10−9 2.9255 × 10−19 4.568 × 10−10 2.9418 × 10−5

Longest transmission distance (n= 6) 292 km 292 km 231 km 0.45 km
Key rate (bit pulse−1) (n= 6) 3.0994 × 10−9 3.254 × 10−32 9.6676 × 10−10 1.2962 × 10−4

Longest transmission distance (n= 10) 270 km 270 km 148 km 0.26 km
Key rate (bit pulse−1) (n= 10) 2.3384 × 10−10 8.5914 × 10−49 3.1703 × 10−9 2.1264 × 10−4

Is measurement device independent. ✓ ✓ ✓ ✓
Requires entanglement resource. × × ✓ ×
Requires phase stabilization. × × ✓ ✓
Requires QND measurement. ✓ × × ×
Has finite-key analysis. ✓ × ✓ ✓

In this table, we compare our QCKA with measurement-device-independent (MDI)-quantum cryptographic conferencing (QCC)41, conference key agreement (CKA) with single-photon interference
(SPI)43, and MDI star-network module52. In the first six rows we present the longest transmission distance and corresponding key rates of different protocols under n= 3, 6, 10. In the last five rows, we
compare the other five different aspects including measurement device independence, requirements for entanglement resource, phase stabilization, QND measurement, and whether the protocol is
analyzed in finite-size regime.

Fig. 4 Secret key rate of our QCKA as a function of distance in the finite-
size regime. We consider the secret key rate of our QCKA with n= 3, 5, 7
shown in red, green, and orange, respectively. In this simulation, we fix the
total number of signals to be 1012. The fiber transmission distance denotes
the distance between any ith and the central relay.
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generating single photons and set ηsps= 0.965. We consider the GHZ analyser
based on linear optical elements54 capable of identifying two of the n-particle
GHZ states. We present the working details of the analyser in Supplementary
Note 3. Photons travel through optical fiber channels whose transmittance is
determined by

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηchannel

p ¼ expð� l
latt
Þ, where the attenuation distance latt= 27.14

km and l is the distance from any ith user to the GHZ analyser. QND mea-
surements are required to confirm the arrival of photons and the success
probability of QND measurements is denoted by pQND. To simplify the simu-
lation, we consider a QND measurement for a single photon based on quantum
teleportation66, which uses the fact that the teleportation fails when the
incoming state is the vacuum state. The QND measurement scheme consists of a
Bell state measurement module based on linear optical elements and a para-
metric down-converter, which we expect is feasible in implementations. With
ideal parameters we have pQND= 1/2. Furthermore, with the theoretical and
experimental advances in QND measurement of single photons67–69, we expect
the implementation of our protocol to be easier and more efficient in the
foreseeable future. Active feedforward technique is needed to direct the arrived
photons to the GHZ analyser via optical switches. We assume the active feed-
forward costs time τa= 67 ns70, which is equivalent to a lossy channel with the
transmittance ηa ¼ expð�τac=lattÞ, where c= 2.0 × 108 m s−1 is the speed of light
in an optical fiber. Single photon detectors in the GHZ analyser are character-
ized by an efficiency of ηd= 0.93 and a dark count rate of pd= 1 × 10−9 71, by
which we can estimate the success probability of GHZ projection in the X(Z)
basis QGHZ

XðZÞ . Based on the aforementioned assumption on experiment para-
meters, we analytically estimate the gain with

QZ ¼ QGHZ
Z � pQND � ηa � ηsps �

ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ηchannel

p
: ð7Þ

See Supplementary Note 4 for the concrete process of estimation of the marginal
bit error rates and phase error rate.

Data availability
All data in this paper can be reproduced by using the methodology described.

Code availability
The code used to generate the data is available from the corresponding author upon
reasonable request.
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