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Multiparty quantum communication provides delightful applications, including quantum cryptographic
communication and quantum secret sharing. Quantum communication based on the Greenberg-Horne-
Zeilinger (GHZ) state measurement provides a practical way to implement multiparty quantum com-
munication. With the standard spatially localized GHZ state measurement, however, information can be
imbalanced among the communication parties that can cause significant problems in some applications of
multiparty cryptographic communication, e.g., secret sharing. Here, we propose an equitable multiparty
quantum communication where information balance among the communication parties is achieved with-
out a trusted third party. Our scheme is based on the GHZ state measurement that is not spatially localized
but implemented in a way that all the distant communication parties symmetrically participate. We also
verify the feasibility of our scheme by presenting the proof-of-principle experimental demonstration of
informationally balanced three-party quantum communication using weak coherent pulses.
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I. INTRODUCTION

Quantum key distribution (QKD) provides the informa-
tion-theoretically secure way to share random bit strings
between two remote parties [1,2]. Significant theoret-
ical and experimental efforts have been dedicated to
improving the security and practicality of QKD. For
instance, measurement-device-independent QKD (MDI
QKD), which is based on the entanglement detection in
the middle of two communication parties, provides higher
security than other ordinary QKD protocols since it is
immune to all quantum hacking attempts to the measure-
ment devices [3–6]. Recently, MDI QKD has been further
improved to twin-field QKD (TF QKD) that enables much
longer communication distance [7–11]. These remarkable
works, however, are focused on the secret communication
between two parties.

There are delightful multiparty quantum communication
applications, such as quantum cryptographic conferenc-
ing [12,13] and quantum secret sharing [14–16]. These
multiparty quantum communication protocols are usu-
ally based on distributing multipartite entanglement, e.g.,
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the Greenberger-Horne-Zeilinger (GHZ) state. However,
due to the difficulty in generating the multipartite GHZ
state, it is challenging to implement multiparty quantum
communication. Indeed, there exists only a few proof-of-
principle experiments of multiparty quantum communica-
tion [17–19] and the long distance GHZ state distribution
[20]. Remarkably, one can circumvent this difficulty by
employing the idea of the MDI protocol based on the GHZ
state measurement [21]. Despite the compromising perfor-
mance, quantum communication based on the GHZ state
measurement can be implemented using weak coherent
pulses with decoy states [22]. Therefore, it provides a more
practical solution for multiparty quantum communication
than those based on the GHZ state generation.

In order to fully enjoy the benefits of multiparty crypto-
graphic communication, it is significant to retain informa-
tion equitability among the communication parties [23,24].
For instance, in secret sharing, each party has the same size
of random bits pi as a private key and the secret is encoded
as s = p1 ⊕ p2 ⊕ · · · ⊕ pN . Here, “⊕” and the subscript N
denote the bitwise exclusive OR and the number of commu-
nication parties, respectively. The secret s can be restored
only when all N parties cooperate. If, however, one knows
the private keys of the other parties, the secret can be
reconstructed by less than N parties. Therefore, for the
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security of secret sharing, information equitability among
the communication parties should be guaranteed. Infor-
mation equitability should also be maintained when quan-
tum communication is applied to multiparty cryptographic
communication for information-theoretical security.

In ordinary multiparty quantum communication based
on the GHZ state measurement, it is assumed that the GHZ
state measurement is performed by one of the commu-
nication parties or a third party [21]. This assumption is
reasonable since entanglement detection cannot be per-
formed via local operation and classical communication
[25]. Note that the security of this scheme is based on the
measurement-induced entanglement, and, thus, the third
party can be considered as an eavesdropper. However,
information imbalance among the communication parties
follows if one of the parties cooperates with the third
party in secret. Considering the importance of informa-
tion equitability in multiparty cryptographic communica-
tion, it is critical to rule out this information imbalance
possibility.

In this paper, we propose an equitable multiparty quan-
tum communication protocol where information balance
among the communication parties is achieved without a
trusted third party. Our protocol is based on the GHZ state
measurement that is not exclusively performed by one of
the communication parties or a third party, but equally
shared by all communication parties. We also show the fea-
sibility of our protocol by presenting the proof-of-principle
experimental demonstration using weak coherent pulses.

II. THEORY

A. Standard multiparty quantum communication

1. Quantum communication with honest parties

Let us introduce the multiparty quantum communica-
tion protocol based on the GHZ state measurement shown
in Fig. 1(a) [21]. Standard three-party quantum commu-
nication can be performed via the following steps. Here,
for simplicity, we assume that the communication parties
utilize single-photon states.

Step 1. Each communication party generates single-photon
states that are randomly encoded as one of the four
states used in the Bennett-Brassard 84 (BB84) pro-
tocol [1], i.e., {|0〉, |1〉, |+〉, |−〉}, and then transmits
them to an honest third party, David. Here, |±〉 =
(1/

√
2)(|0〉 ± |1〉).

Step 2. David performs the GHZ state measurement and
announces the results.

Step 3. The communication parties reveal their basis. If
they have chosen the same basis, keep the cases for
generating sifted keys. If not, discard the cases.

Step 4. Using Table I, each communication party can gen-
erate sifted keys with her (his) own state and the GHZ
state measurement result.
Step 4(a): quantum cryptographic conference. If the

single-photon states are prepared in the Z basis,
i.e., either |0〉 or |1〉, the successful GHZ state
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FIG. 1. Schematics of (a) ordinary multiparty quantum communication based on the GHZ state measurement and (b) equitable
multiparty quantum communication without a trusted third party. In ordinary multiparty quantum communication, the communication
parties send optical pulses to David, who performs the GHZ state measurement. In equitable multiparty quantum communication, the
GHZ state measurement is not performed locally, but all the communication parties equally participate in the GHZ state measurement.
Here SPD is the single-photon detector, IM is the intensity modulator, PM is the polarization modulator, OA is the optical attenuator,
PBS is the polarization beamsplitter, WP is the waveplate, and DL is the delay line.
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TABLE I. The probability of the GHZ state measurement result according to the encoded input state. The columns labeled single
photons and coherent pulses denote for the optical pulses of single photons and weak coherent pulses, respectively.

GHZ state measurement probability

Encoded input states Single photons Coherent pulses

Alice Bob Charlie |GHZ+〉 |GHZ−〉 |GHZ+〉 |GHZ−〉
|0〉 |0〉 |0〉 1/2 1/2 1/2 1/2
|0〉 |0〉 |1〉 0 0 0 0
|0〉 |1〉 |0〉 0 0 0 0
|0〉 |1〉 |1〉 0 0 0 0
|1〉 |0〉 |0〉 0 0 0 0
|1〉 |0〉 |1〉 0 0 0 0
|1〉 |1〉 |0〉 0 0 0 0
|1〉 |1〉 |1〉 1/2 1/2 1/2 1/2
|+〉 |+〉 |+〉 1 0 5/8 3/8
|+〉 |−〉 |−〉 1 0 5/8 3/8
|−〉 |+〉 |−〉 1 0 5/8 3/8
|−〉 |−〉 |+〉 1 0 5/8 3/8
|−〉 |−〉 |−〉 0 1 3/8 5/8
|−〉 |+〉 |+〉 0 1 3/8 5/8
|+〉 |−〉 |+〉 0 1 3/8 5/8
|+〉 |+〉 |−〉 0 1 3/8 5/8

measurement result implies that all communica-
tion parties transmit the same states, either |000〉
or |111〉. Therefore, all communication parties
can share the same bit information.

Step 4(b): quantum secret sharing. If the single-
photon states are prepared in the X basis, i.e.,
either |+〉 or |−〉, each communication party
cannot note the bit information of the other par-
ties but can note their correlation. For example,
if the |GHZ+〉 = (1/

√
2)(|000〉 + |111〉) mea-

surement result is announced and Alice has
transmitted |+〉 (|−〉), she can note that Bob’s
and Charlie’s bits are the same (different), i.e.,
XB = XC (XB = XC + 1).

Step 5. The communication parties utilize some parts of
the sifted keys to calculate the quantum bit error rate
(QBER). If the QBER is sufficiently small, they con-
clude that they successfully share sifted keys, and
perform error correction and privacy amplification for
generating secret keys. If the QBER is too high, they
interrupt the protocol.

Note that the number of communication parties can be
further increased since the GHZ state measurement scheme
can be generalized with an arbitrary number of photons
[26]. It is also remarkable that this protocol can be imple-
mented using weak coherent pulses with decoy states. The
intrinsic QBER with the weak coherent pulses, as shown
in Table I, are QZ = 0 and QX = 3

8 for the Z and X bases,
respectively. We note that the nonzero QBER for the X
basis can be mitigated by postselecting the phase of weak
coherent pulses [21,27,28].

2. Quantum communication with a dishonest party

In the aforementioned multiparty quantum communica-
tion scenario, David can be assumed to be an eavesdropper
since his eavesdropping can be revealed with the cooper-
ation of all communication parties [21]. This assumption
is valid when Alice, Bob, and Charlie are honest and
cooperate for the cryptographic communication. If, how-
ever, one of the communication parties is dishonest and
wants to obtain more information than the other parties,
the assumption is no longer valid. In order to investigate
the information imbalance in the standard quantum com-
munication scenario, let us assume that David is secretly
cooperating with Alice, who wants to get more informa-
tion than the others. Equivalently, one can simply consider
that David belongs to Alice, so the GHZ state measure-
ment is simply performed by Alice. In this case, Alice has
more information than Bob and Charlie; see the procedure
below.

Step 1. Each communication party generates single-photon
states that are randomly encoded as one of the BB84
states, i.e., {|0〉, |1〉, |+〉, |−〉}, and then transmits them
to David.

Step 2. Instead of performing the GHZ state measurement,
David performs a simple projective measurement on
the same bases according to Alice’s encoding state.
For example, if Alice sends |0〉 (|+〉), David projects
all the photons on the Z (X ) basis. Note that David
can know Alice’s encoding state before he gets the
photons since they have a secret collaboration.
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Step 3. Based on the projective measurement results, David
announces the (fake) GHZ state measurement result
according to Table I.
Step 3(a): the Z-basis projection measurement. If

David measures |000〉 or |111〉, he randomly
announces either the result |GHZ+〉 or |GHZ−〉.
If he measures other states, e.g., |001〉, he says
that he failed to measure the case.

Step 3(b): the X -basis projection measurement. If
David measures | + ++〉, | + −−〉, | − +−〉,
or | − −+〉, he announces the result |GHZ+〉.
For the other measurement results | − −−〉, | −
++〉, | + −+〉, and | + −−〉, he says that he got
|GHZ−〉.

Step 4. When the successful GHZ state measurement
results are announced, Alice, Bob, and Charlie reveal
their bases. The sifted keys are generated when all
three communication parties have utilized the same
basis. In other words, the sifted keys are generated
when Bob’s and Charlie’s bases are the same as that
of Alice.

Step 5. Since David performed a simple projection mea-
surement based on Alice’s state, he has full infor-
mation about all the communication parties’ keys
when the sifted keys are successfully generated. For
example, in the case of the X -basis projection mea-
surement, David (equivalently, Alice) knows not only
the correlation between Bob’s and Charlie’s bits but
also their individual bits. Note that David’s mea-
surement does not have any error since he always
chose the right basis with the help of Alice. On the
other hand, Bob (Charlie) only knows the correla-
tion between Alice’s and Charlie’s (Bob’s) bits. This
information imbalance among communication par-
ties is not appropriate in the secret sharing scenario
[23,24].

Step 6. The communication parties utilize some part of
the sifted key to calculate the QBER. If the QBER
is sufficiently small, they conclude that they success-
fully share sifted keys, and perform error correction
and privacy amplification for generating secret keys.
If the QBER is too high, they interrupt the proto-
col. Note, however, that the QBER cannot detect the
hidden cooperation between Alice and David.

The above procedure clearly shows that standard mul-
tiparty quantum communication can cause information
imbalance among the communication parties, and it can-
not be detected by the other parties. This is because the
third party, who exclusively possesses the GHZ state mea-
surement, is cooperating with one of the communication
parties in secret, and the other parties cannot discern this
hidden cooperation. If one can implement the GHZ state
measurement in such a way that all communication parties
equally participate, we can rule out hidden collaboration

between the third party and one of the communication
parties. Therefore, it is essential to implement the sym-
metrical GHZ state measurement among all communica-
tion parties for information balance in multiparty quantum
cryptographic communication.

B. Equitable multiparty quantum communication

For information balance among communication parties,
the GHZ state measurement should be implemented in
a way that all communication parties equally participate.
Implementation of the symmetrical GHZ state measure-
ment among distant parties without a third party is not
straightforward since entanglement cannot be increased by
local operation and classical communication.

In linear optical quantum information processing, two-
qubit interaction can be implemented using two-photon
interference and postselection. It is remarkable that the
origin of two-photon interference is not through particle-
particle interaction at a localized region, but through inter-
ference between indistinguishable probability amplitudes
[29–31]. Recently, we have shown that two-photon entan-
glement generation and measurement can be implemented
without the two photons overlapping at a localized region
[32,33]. By applying this principle to the multiple pho-
ton case, we can implement equitable multiparty quantum
communication.

In Fig. 1(b) we present a schematic of our proposed
equitable multiparty quantum communication. Likewise,
in standard quantum communication, Alice, Bob, and
Charlie prepare optical pulses in an eigenstate of either the
X or Z basis. Then, they send the probability amplitude
|1〉 to the next party, e.g., Alice → Bob, Bob → Char-
lie, and Charlie → Alice, while keeping the probability
amplitude |0〉. Then, they combine the receiving |1〉 state
with their own |0〉 state and measure it in the X basis. The
successful GHZ state measurement results are registered
when each communication party receives a single-photon
counting click, and thus a threefold coincidence count is
measured among Alice, Bob, and Charlie. It is remark-
able that the GHZ state measurement is not performed
in a spatially localized region, but equally shared by the
communication parties, Alice, Bob, and Charlie.

Let us describe how Fig. 1(b) performs the GHZ state
measurement among distant parties. To prove the GHZ
state measurement, let us consider the polarization GHZ
input states of

|GHZ±〉 = 1√
2
(|HHH 〉 ± |VVV〉)

= 1√
2
(a†

1H b†
1H c†

1H ± a†
1Vb†

1Vc†
1V)|0〉, (1)

where |H 〉 and |V〉 denote the horizontal and vertical polar-
ization states that correspond to the logical states of |0〉
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and |1〉, respectively. The operators a†, b†, and c† are
the creation operators at Alice, Bob, and Charlie, respec-
tively, and the subscript nP refers to spatial mode n with
polarization state P. After the PBS1, the states evolve to

|GHZ±〉 → 1√
2
(a†

2H b†
2H c†

2H ± a†
2Vb†

2Vc†
2V)|0〉. (2)

The probability amplitude exchange, i.e., keeping the prob-
ability amplitude |0〉 (equivalently, |H 〉) while sending the
probability amplitude |1〉 (equivalently, |V〉) to the next
party, is presented as

a†
2H → eiθ1a†

3H , b†
2H → eiθ2b†

3H , c†
2H → eiθ3c†

3H ,
(3)

a†
2V → eiφ1b†

3V, b†
2V → eiφ2c†

3V, c†
2V → eiφ3a†

3V,
(4)

where θj and φj (j = 1, 2, 3) are the phases obtained dur-
ing the probability amplitude exchange. Note that Eq. (3)
takes place via DLs that belong to the communication par-
ties, whereas Eq. (4) happens via quantum channels (QCs)
that can be accessed by eavesdroppers. After the PBS2 that
combines two orthogonal polarization states into the same
spatial mode, the states become

|GHZ±〉 → 1√
2
(a†

4H b†
4H c†

4H ± ei�a†
4Vb†

4Vc†
4V)|0〉, (5)

where � = �j (φj − θj ). Note that we can set � = 0 by
adjusting the phase of the interferometer.

By transforming the polarization states using half wave-
plates (HWPs) at 22.5◦, the states become

|GHZ+〉 → 1
2 (a

†
4H b†

4H c†
4H + a†

4H b†
4Vc†

4V

+ a†
4Vb†

4H c†
4V + a†

4Vb†
4Vc†

4H )|0〉,
|GHZ−〉 → 1

2 (a
†
4H b†

4H c†
4V + a†

4H b†
4Vc†

4H

+ a†
4Vb†

4H c†
4H + a†

4Vb†
4Vc†

4V)|0〉.

Thus, the |GHZ+〉 state is registered as coincidences DHHH ,
DHVV, DVHV, and DVVH , while |GHZ−〉 corresponds to the
coincidences DHHV, DHVH , DVHH , and DVVV, where Dijk
denotes threefold coincidences of the i, j , and k states at
Alice, Bob, and Charlie.

In order to verify the GHZ state measurement, it is
essential that the basis states other than the GHZ states
do not provide the same coincidence results. For three
qubit states, there are six other basis states: |HHV〉, |HVH 〉,
|HVV〉, |VHH 〉, |VHV〉, and |VVH 〉. It is remarkable that
these states does not provide threefold coincidence among
Alice, Bob, and Charlie due to the probability exchange
transformation, Eqs. (3) and (4). Therefore, the proposed

scheme successfully performs the GHZ state measure-
ment. Note that this GHZ state measurement scheme
can be implemented with an arbitrary number of qubits,
so equitable multiparty quantum communication can be
implemented with an arbitrary number of communication
parties.

The schematic of the present multiparty quantum com-
munication scheme is inherently symmetrical without a
third party. All communication parties keep the probability
amplitude |0〉 and send the probability amplitude |1〉 to the
next party. The successful GHZ state measurement result
is registered only when all communication parties have
photon counting clicks; therefore, all communication par-
ties should cooperate in order to determine the GHZ state
measurement result. These features provide information
balance among communication parties without introducing
a third party.

Although our protocol utilizes the GHZ state measure-
ment, unlike standard multiparty quantum communication
based on the GHZ state measurement [21], it does not
provide the MDI feature. Therefore, similar to the ordi-
nary QKD protocols such as the BB84 protocol, the whole
communication party, including the measurement setup,
should be protected from quantum hacking attempts by, for
instance, monitoring the radiation towards the communica-
tion parties [34,35]. We note that, in standard multiparty
quantum communication based on the GHZ state mea-
surement, the measurement devices do not need to be
protected, but the transmitters should be protected.

It is worth noting that the QCs, which eavesdroppers
can access freely in the quantum communication scenario,
deliver very limited information, i.e., they only deliver |V〉
all the time. Therefore, it is undesirable for eavesdrop-
pers to tap meaningful information via quantum channels
without knowing the whole interferometer, including DLs
that belong to the communication parties. Note also that
Eqs. (3) and (4) imply that the individual transformations
have no losses, or, equivalently, have identical losses. We
remark that the loss imbalance between individual trans-
formations can be balanced without introducing additional
loss. Moreover, the loss analysis shows that any attempts
to alter the quantum channel loss increases the QBER in
the X basis. We further discuss the effect of imbalanced
channel losses in Appendix A.

III. EXPERIMENT

The equitable multiparty quantum communication
scheme of Fig. 1(b) requires synchronization and phase
stabilization between photons traveling through different
optical paths. We note that these technical demands have
been realized with current technology even when the opti-
cal paths are a few hundred kilometers in order to imple-
ment TF QKD [9,11]; see also Appendix B for a proposed
experimental setup to stabilize polarization and phase.
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FIG. 2. The proof-of-principle experimental setup of equitable three-party quantum communication. Here BD is the beam displacer,
Hφ is the half waveplate at θ (in degrees), and QWP is the quarter waveplate.

Here, in order to verify the feasibility and practicality of
equitable multiparty quantum communication, we present
the proof-of-principle experiment of three-party quantum
communication on the optical table using the polarization
state of weak coherent pulses.

The proof-of-principle experimental setup for equitable
three-party quantum communication is depicted in Fig. 2.
The optical pulses should be indistinguishable in spectrum
and timing while they are mutually incoherent so as not to
have first-order interference. In order to obtain such pulses,
we divide a femtosecond laser pulse into three pulses
and modulate them using three independent acousto-optic
modulators [30,31,36]. The optical pulses are then attenu-
ated to the average photon number per pulse of μ = 0.1,
and sent to the proof-of-principle experimental setup for
equitable three-party quantum communication; see Fig. 2.

The polarization states of Alice, Bob, and Charlie are
encoded using WPs. For convenience, Charlie flips his
qubit using a HWP at 45◦ (H45). The probability ampli-
tudes |H 〉 and |V〉 of incoming photons A, B, and C are
divided by a BD that transmits and reflects horizontal and
vertical polarization states, respectively. The divided prob-
ability amplitudes interfere at BDA, BDB, and BDC in such
a way that the necessary probability amplitude exchange
of Eqs. (3) and (4) happens during the interference. To this
end, the polarization states from Alice and Bob are con-
verted from horizontal (vertical) to vertical (horizontal) by
HWPs at 45◦, while those from Charlie remain the same
with HWPs at 0◦. Note that the redundant HWPs at 0◦ are
inserted to match the optical path lengths of the interfer-
ometers. The photons are detected by SPDs after passing
through a HWP at 22.5◦ and a PBS. This experimen-
tal scheme provides automatic temporal synchronization
and excellent phase stability without active stabilization
[32,33].

In order to adjust the phase � = �j (φj − θj ), we insert
a set of waveplates at the input of Bob, as shown in Fig. 2.

By changing the angle Hφ of a HWP between two QWPs
at 45◦, we can tune the phase � ∼ 4Hφ [37]. In Fig. 3 we
present the threefold coincidences between Alice, Bob, and
Charlie while changing � with the input |DDD〉. Here,
the red circles (blue squares) are the |GHZ+〉 (|GHZ−〉)
projections for � = 0 that correspond to the coincidences
DHHH , DHVV, DVHV, and DVVH (DHHV, DHVH , DVHH , and
DVVV). The sinusoidal fitting curves show the visibility
V = (20.5 ± 0.2)% for both the |GHZ+〉 and |GHZ−〉 pro-
jections. The limited visibility of the three-photon interfer-
ence with the coherent pulses input is related to the limited
QBER with weak coherent pulses [21]. During the proof-
of-principle experiment of equitable three-party quantum
communication, we set � = 0.

We summarize the GHZ state measurement results with
respect to various input states in Figs. 4(a) and 4(b) for the
Z-basis and X -basis inputs, respectively. During the data
acquisition, the phase is kept at � = 0. For the Z-basis
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X bases are QZ = (2.56 ± 0.32)% and QX = (39.1 ± 0.34)%,
respectively.

inputs, only the |HHH 〉 and |VVV〉 inputs are registered
as |GHZ±〉, while all other input states do not provide
threefold coincidences. The QBER

QZ = 1 − NHHH + NVVV∑
i,j ,k=H ,V Nijk

,

where Nijk denotes the GHZ measurement output count
with |ijk〉 input, is measured as QZ = (2.56 ± 0.32)%. In
Fig. 4(b) we show the GHZ state measurement results
with X -basis input states. As theoretically expected, the
inputs |DDD〉, |DAA〉, |ADA〉, and |AAD〉 provide the
biased result towards |GHZ+〉, while the other states are
biased to |GHZ−〉. The nonzero erroneous measurement
results come from using weak coherent pulses instead
of single-photon inputs. The average QBER in the X
basis is QX = (39.1 ± 0.34)%. Here, the QBER is calcu-
lated as QX = N−/(N+ + N−) for |DDD〉, |DAA〉, |ADA〉,
and |AAD〉 inputs and QX = N+/(N+ + N−) for the other
inputs, where N± refers to the number of |GHZ±〉 mea-
surement outcomes. Note that the experimentally obtained
QX is about 2% higher than its theoretical value of QX =
37.5% with weak coherent pulse inputs [21].

IV. CONCLUSION

In multiparty cryptographic communication, all commu-
nication parties should have the same amount of infor-
mation. Similarly, information balance is essential for
multiparty quantum communication. Here, we show that
exclusive possession of the GHZ state measurement in
multiparty quantum communication by one party causes
information imbalance among the communication parties.
In order to guarantee information balance in multiparty
quantum communication, we propose equitable multiparty
quantum communication based on the GHZ state measure-
ment that is symmetrically shared by all communication
parties. We also verify the feasibility and practicality of the
scheme by performing the proof-of-principle experiment
using weak coherent pulses.
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APPENDIX A: EQUITABLE MULTIPARTY
QUANTUM COMMUNICATION WITH

IMBALANCED CHANNEL LOSSES

In the main text, we have assumed that all probabil-
ity amplitude exchange transformations, Eqs. (3) and (4),
have no losses, or, equivalently, have identical losses. In a
real-world implementation, each transformation can have
different losses, and can be represented in the more general
forms

a†
2H → ξ1eiθ1a†

3H , b†
2H → ξ2eiθ2b†

3H , c†
2H → ξ3eiθ3c†

3H ,

a†
2V → η1eiφ1b†

3V, b†
2V → η2eiφ2c†

3V, c†
2V → η3eiφ3a†

3V,
(A1)

where 0 ≤ ξi, ηi ≤ 1 (i ∈ {1, 2, 3}) are the efficiencies of
the individual transformations. After the PBS2, the GHZ
input states become

|GHZ±〉 → 1
√
ξ 2 + η2

(ξa†
4H b†

4H c†
4H ± ηei�a†

4Vb†
4Vc†

4V)|0〉,
(A2)

where ξ = ξ1ξ2ξ3 and η = η1η2η3. In equitable quantum
communication, ξ and η are the transmission efficiencies
of kept and sent probability amplitudes, respectively. The
HWP at 22.5◦ transforms the states as, with � = 0,
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|GHZ±〉 → 1

2
√

2(ξ 2 + η2)

{
(ξ ± η)

(
a†

4H b†
4H c†

4H + a†
4H b†

4Vc†
4V + a†

4Vb†
4H c†

4V + a†
4Vb†

4Vc†
4H

)

+ (ξ ∓ η)
(

a†
4H b†

4H c†
4V + a†

4H b†
4Vc†

4H + a†
4Vb†

4H c†
4H + a†

4Vb†
4Vc†

4V

)}
|0〉. (A3)

Equation (A3) implies that the |GHZ+〉 and |GHZ−〉
states cannot be distinguished by means of threefold
coincidences unless ξ = η. Therefore, in equitable mul-
tiparty quantum communication, the overall transmission
efficiency between kept and sent probability amplitudes
should be balanced, i.e., ξ = η. Note, however, that the
individual transformation efficiencies of ξj and ηj do not
have to be identical.

The simplest way to balance the transmission efficien-
cies is to introduce additional losses on the kept probability
amplitudes with DLs of the same length as the QCs. Note
that the DLs belong to the communication parties and do
not cause additional losses since a single photon effectively
travels along either the QC or DL, similar to the dual rail
encoding in MDI QKD [27]. The transmission efficiency
imbalance between QCs and DLs can be compensated at
the state preparation stage.

In equitable multiparty quantum communication, secret
key generation in the Z basis does not require distinguish-
ing the |GHZ+〉 and |GHZ−〉 states, and, thus, the quantum
communication protocol can be performed without modi-
fication in the Z basis despite the transmission efficiency
imbalance. On the other hand, it is necessary to distin-
guish the |GHZ+〉 and |GHZ−〉 states to generate secret
keys in the X basis. In order to compensate the trans-
mission efficiency imbalance, the transmitters can pre-
pare biased X -basis states as |±̃〉i = |D̃/Ã〉i = (ηi|H 〉 ±
ξi|V〉)/(

√
ξ 2

i + η2
i ) instead of the ordinary states |±〉 =

|D/A〉 = (|H 〉 + |V〉)/√2. The imbalances in the proba-
bility amplitudes of biased states and the transmission
efficiency are canceled out, and, thus, the overall system
works as if the transmitters transmit |D/A〉 states via bal-
anced transmission efficiency channels. Meanwhile, Eq.
(A3) shows that any eavesdropping attempt to alter the
quantum channel transmission efficiency can be captured
by increasing the QBER in the X basis.

It is worth remarking on the expected key generation
rate in a lossy quantum channel. Equitable quantum com-
munication requires threefold coincidence counts while
injecting weak coherent pulses with a low-mean photon
number. We note, however, that it can provide a reason-
able amount of keys in a realistic situation. For instance,
taking the mean photon number per pulse μ = 0.5 and
the system efficiency ηsys = 0.5 (which are typical values
in quantum communication), and 50 km of three quan-
tum channels (10 dB loss for each quantum channel), the

threefold coincidence probability is given as P3 ∼ 10−4.
Considering the key sifting efficiency of p = 1

4 , one can
expect more than 1000 sifted keys per second with 100
MHz of laser pulse repetition rate.

APPENDIX B: A PROPOSED EXPERIMENTAL
SETUP TO STABILIZE POLARIZATION AND

PHASE

The implementation of equitable multiparty quantum
communication requires polarization and phase stabiliza-
tion as well as temporal synchronization among the com-
munication parties. These technical demands are simi-
lar to those of the recently proposed and implemented
TF QKD [7,11]. Note that the phase stabilization of a
large interferometer with an arm length of a few hun-
dred kilometers has been implemented in the context
of TF QKD [11]. In this section, based on this tech-
nique, we present a practical setup to stabilize polar-
ization and phase and achieve temporal synchroniza-
tion.

In Fig. 5 we show the proposed setup for equitable
multiparty quantum communication. Each communica-
tion party utilizes two lasers with different wavelengths
(LD1 and LD2). LD1 and LD2 are used for quantum
communication and polarization and phase stabilization,
respectively. Two laser pulses from LD1 and LD2 can
be combined and split by wavelength division multiplex-
ers, so one can make them take the same optical channel
without loss.

Let us first present how Alice performs polarization and
phase stabilization. She transmits the laser pulses from
LD2 with polarization state |D〉. Then, they are split by
a polarizing beamsplitter, and the horizontal and verti-
cal polarization states are kept and sent to the next party
(Bob), respectively. The horizontal and vertical polariza-
tion states acquire phases of θi and φi during the trans-
mission via a delay line (DL1) and a quantum channel
(QC1), respectively. The polarization drift during the trans-
mission via QC1 can be monitored and mitigated by a
feedback system at Bob using a photodiode and a polar-
ization controller. The laser pulses are reflected by mirrors
and sent back to Alice. During the reverse propagation,
the phases θi and φi are acquired for the horizontal and
vertical polarization states. Two laser pulses are com-
bined by a PBS, and the polarization state becomes |ψ〉 =
(|H 〉 + ei(2φ1−2θ1)|V〉)/√2 since the whole traveling of the

064074-8



EQUITABLE MULTIPARTY QUANTUM COMMUNICATION... PHYS. REV. APPLIED 14, 064074 (2020)

M 1

P
M

2

Bob

2

3

1

QC1

QC3

QC2

Q
K

D
Q

K
D

D
L2

M

M

C

Bob’s Michelson 
interferometer

LD2

CC

DL2

C WP PBS M PDPC

M

QC2

M

QC2

PM

DL2

FIG. 5. A proposed experimental setup to stabilize polarization and phase. Two laser diodes (LD1 and LD2) are utilized for the
quantum communication and stabilization system. As shown in the inset, each communication party can stabilize the phase by forming
a Michelson interferometer with the arms of QCs and DLs; see the text for details. Here C is the circulator, WDM is the wavelength
division multiplexer, PM is the phase modulator, PD is the photodiode, PC is the polarization controller, and M is the mirror.

laser pulses corresponds to a Michelson interferometer
with arms QC1 and DL1. Here, we assume that the trans-
mission efficiencies of the delay line and quantum channel
are identical. Therefore, one can monitor and stabilize the
phase difference between DL1 and QC1 by measuring the
polarization state of LD2 pulses and the feedback system
with a phase modulator. Bob and Charlie can employ the
same system, then they can stabilize the overall phase, i.e.,
� = �j (φj − θj ) becomes constant. Note that the optical
delay drift (which is much slower than that of the phase)
can also be monitored with the purity of the polarization
state and compensated with a variable optical delay (not
shown in Fig. 5).

Note that the wavelength mismatch between LD1 and
LD2 can cause a stabilization system error. This error can
be mitigated by utilizing the same lasers with different

timings for system stabilization and quantum communi-
cation. Note that Wang et al. [11] successfully demon-
strated TF QKD with a few hundred kilometers of quantum
channel using this time-multiplexing technique.
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