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Abstract: Entanglement assisted (EA) communication represents an interesting alternative
to classical communication, in particular in low-brightness and highly noisy regime when
it outperforms significantly corresponding classical counterpart in terms of the channel
capacity. Even though that the EA capacity is known for decades the optimum quantum
receiver has not been determined yet. In this paper, we propose several low-complexity
quantum receivers outperforming recently proposed receivers employing the optical para-
metric amplifier as a basic building block. We demonstrate by simulations that the ca-
pacity of the proposed EA schemes, employing Gaussian modulation and the proposed
low-complexity joint receivers, can significantly outperform both the Holevo capacity and
classical homodyne and heterodyne channel capacities.

Index Terms: Quantum communication, joint quantum receivers, classical communication,
entanglement, entanglement assisted capacity, Holevo capacity, Shannon capacity.

1. Introduction
Quantum information processing (QIP) opens new avenues for various applications including
high-performance computing, high-precision sensing, and secure communications [1]–[3]. Among
various QIP features, the entanglement represents a unique QIP feature: 1) enabling quantum-
enhanced sensors with measurement sensitivities exceeding the classical limit, 2) providing certifi-
able security for data transmissions whose security is guaranteed by the quantum mechanics laws
rather than unproven assumptions used in cryptography based on computational security, and 3)
enabling quantum computers capable of solving the problems that are numerically intractable for
classical computers.

In particular, the pre-shared entanglement can be used to: (i) improve the classical channel
capacity [4]–[8], (ii) enable secure communications, (iii) improve sensor sensitivity, (iv) enable
distributed quantum computing [9], (v) enable entanglement assisted distributed sensing [10],
and (vi) enable provably-secure quantum computer access [11], to mention few. To distribute the
entangled signal-idler photon pairs fiber-based quantum network can be used, which is illustrated
in Fig. 1.

Even though that the optimum encoding, achieving the entanglement assisted (EA) channel
capacity, has been known for decades [4], [5], the design of optimum quantum receiver appears to
be still an open problem, although some progress has been made recently [8]. Namely, to achieve
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Fig. 1. Illustrating the entanglement assisted classical optical communication concept assuming that
entanglement distribution is done through an all-fiber-based quantum network.

the EA capacity it has been shown by Holevo and Werner in [4] that someone needs to use two-
mode Gaussian states. From quantum receiver point of view, authors in [8] proposed to use the
multiple sections of the feedforward sum-frequency generation (FF-SFG) receiver, initially proposed
to detect the target in highly noisy environment [12]. Even though this scheme is suitable for use
in quantum binary discrimination problems, it is not an EA channel capacity achieving scheme.
Namely, to achieve the EA channel capacity they have transmitted the same binary information
over D = 106 bosonic modes thus occupying the whole C and L bands as well as the portion of S
band.

In this paper, we first describe the optimum encoding based on Gaussian modulation (GM) of the
signal photon in two-mode-squeezed-vacuum (TMSV) state as well as a generic EA communication
system of interest. We then review recent quantum detector proposals employing the optical
parametric amplifier (OPA) as the basic building block in corresponding joint receivers. We then
describe proposed joint receiver schemes that can achieve comparable or better performance,
while being of lower complexity and not requiring the OPA as the building block. We then evaluate
by simulations the performance of the proposed EA scheme, employing the Gaussian modulation
of signal mode and the proposed joint receiver, and demonstrate significant channel capacity
improvements over corresponding Holevo, homodyne, and heterodyne channel capacities.

The paper is organized as follows. The realistic entanglement assisted optical communication
systems of interests are described in Section 2. In Section 3, we describe two recently proposed [8]
nonlinear receivers suitable for EA communication. The proposed joint receivers of low complexity
are described in Section 4. In Section 5 we demonstrate that the capacity of the EA scheme with
GM and the proposed joint receiver significantly outperforms the Holevo capacity and classical
homodyne and heterodyne capacities. Some relevant concluding remarks are given in Section 6.

2. Entanglement Assisted Classical Optical Communication Systems
As illustrated in Fig. 1, all-fiber based quantum network is used to distribute the entangled states,
which are stored in quantum memories and used when needed. Alice employs her signal photon
of entangled pair and transmits the classical data, imposed on the signal photon over lossy and
noisy quantum channel. On receiver side, Bob employs the entangled idler photon to decide on
what was transmitted on signal photon in an optimum quantum receiver.

The corresponding model for EA classical communication is provided in Fig. 2, where the pre-
shared entanglement is distributed with the help of two channels: signal channel, denoted by �s,
and the idler channel, denoted by�i. We assume that quantum error correction is applied to protect
the quantum states stored in quantum memories against decoherence effects. The Alice-to-Bob
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Fig. 2. Illustrating the entanglement assisted classical communication system model. I/Q mod: I/Q
modulator, Att.: attenuator (it is optional).

(main) channel is modelled by the single-mode thermal lossy Bosonic channel model

âs =
√

T â,s + √
1 − T âb, (1)

where T is the transmissivity of the main channel, while âb is a thermal (background) mode with
the mean photon number being Nb/(1–T). Evidently this channel can also be interpreted as a
zero-mean additive white Gaussian noise (AWGN) channel with power-spectral density of Nb

and attenuation coefficient being T. Alice modulates the signal mode â,,s with the help of an I/Q
modulator, as shown in Fig. 2, by performing the Gaussian modulation (GM).

We further assume that two-mode Gaussian states, to be used in EA communication, are gen-
erated by the continuous-wave spontaneous parametric down-converter (SPDC) entangled-photon
source. The SPDC-based entangled source is a broadband source with D = TmW i.i.d. signal-idler
mode pairs, with W being the phase-matching bandwidth and Tm is the measurement interval.
Each signal-idler mode pair, with corresponding signal and idler annihilation operators being âs and
âi , is in fact a two-mode squeezed vacuum (TMSV) state whose representation in Fock basis is
given by

|ψ〉s,i = 1√
Ns + 1

∞∑
n=0

(
Ns

Ns + 1

)n/2

|n〉s|n〉i , (2)

where Ns = 〈â†sâs〉 = 〈â†i âi〉 denotes the mean photon number per mode. The signal-idler entan-
glement is specified by the phase-sensitive cross-correlation (PSCC) Csi = 〈â†sâi〉 = √

Ns(Ns + 1),
between signal and idler, which represents the quantum limit. The TMSV is a pure maximally
entangled zero-mean Gaussian state with Wigner covariance matrix being:

�T MSV =
[

(2Ns + 1) 1 2
√

Ns (Ns + 1)Z
2
√

Ns (Ns + 1)Z
(
2Ns + 1

)
1

]
, (3)

where 1 is the identity matrix and Z = diag(1, –1) is the Pauli Z-matrix. Clearly, in low-brightness
regime Ns<<1, the PSCC is Csi ≈ √

Ns that is much larger than the classical limit Ns. The coordi-
nates for the GM are generated from a zero-mean 2-D Gaussian distribution in the digital domain,
a digital-to- analog converter (DAC) is used to represent the samples, which are further used as
RF inputs of the I/Q modulator. The Gaussian samples are properly scaled to account for the I/Q
modulator insertion loss such that average number of transmitted signal photons per mode is equal
to Ns = 〈(â,s )†â,s〉.

Given that the action of the beam splitter (BS), describing the quantum channel, can be repre-

sented by the following matrix representation BS(τ ) = [
√
τ1

√
1 − τ1

−√
1 − τ1

√
τ1

], in order to determine
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Fig. 3. The operation principle of OPA based receiver. The photons are detected at the port where idler
is amplified.

the covariance matrix after the beam splitter in entanglement distribution channel (see Fig. 2) we
need to apply the following sympletic operation [1]–[3] by

BSc (T ) = 1 ⊕ BS(T ) =
⎡
⎣ 1 0 0

0
√

T 1
√

1 − T 1
0 −√

1 − T 1
√

T 1

⎤
⎦ (4)

on the input covariance matrix �T MSV to obtain:

�′ = BSc (T )
[

�T MSV 0
0 σ ′21

]
[BSc (T )]T , (5)

where the variance of thermal state is Nb/(1–T) thermal photons. By keeping Alice and Bob
submatrices, and ignoring the rest, we obtain the following covariance matrix:

�AB =
[

(2Ns + 1) 1 2
√

T Ns (Ns + 1)Z
2
√

T Ns (Ns + 1)Z (2N,,s + 1) 1

]
, (6)

where N,,s = NsT + Nb.

3. Nonlinear Receivers Based Entanglement Assisted Communication
The joint measurement receiver may use the optical parametric optical amplifier (OPA), shown in
Fig. 3, wherein the gain is selected as G = 1+ε, ε<<1. The idler output of the OPA is given by [13]

Âi =
√

G âi +
√

G − 1 â†s. (7)

Assuming that M-ary PSK is imposed by the I/Q modulator, the signal mode at the output
modulator â,s is related to the input mode of modulator â,,s by â,s = e jϕ â,,s where ϕ is the phase
shift introduced by the modulator. The photodetector output operator is given by:

î = RA†
i Âi = R

(√
G â†i +

√
G − 1 âs

) (√
G âi +

√
G − 1 â†s

)

= R

⎡
⎢⎢⎣Gâ†i âi +

√
G (G − 1)â†i e

− jϕ (â,,s )† +
√

G (G − 1)e jϕ â,,s â,,i + (G − 1) â′′
s (â,,s )†︸ ︷︷ ︸

(â,,s )† â′′
s +1

⎤
⎥⎥⎦ , (8)

where R is the photodiode responsivity. Without loss of generality and given that we are concerned
with fundamental limits, in the rest of this paper we will assume that R = 1 A/W. The expected value
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Fig. 4. The operation principle of the OPC receiver.

of the photocurrent operator is related to the photon count average by:〈
î
〉
=

〈
A†

i Âi

〉
= GNi + e− jϕ

√
G (G − 1)Csi + e jϕ

√
G (G − 1)Csi + (G − 1)

(
N ′′

s + 1
)

= GNs + 2
√

G (G − 1)Csi cosϕ + (G − 1)
(
N ′′

s + 1
)
, (9)

where we used that Ni = Ns for TMSV state. The second line of this expression matches the
Eq. (17) provided in ref. [8]. Clearly, the photocurrent average is proportional to cosϕ and we can
detect the transmitted phase, but they are also two shot noise terms. Similarly to previous EA
communication papers [4]–[8], and since we are concerned with ultimate channel capacity limits,
we ignore the OPA imperfections.

Given that OPA receiver is not suitable for balanced detection, we can use instead the optical
phase-conjugate (OPC) receiver shown in Fig. 4. Here we use the OPA to nonlinearly interreact the
signal mode âswith the vacuum mode âv to get the following output at the idler port âc = √

G âv +√
G − 1 â†s, which for gain G = 2 is simply âc = √

2 âv + â†s. Now by performing the mixing of the
ac-mode with the idler mode on a balanced beam splitter (BBS) followed by the balanced detection
(BD), we obtain the following BD photocurrent operator:

îBD = 1
2

(
â†c + â†i

) (
âc + âi

) − 1
2

(
â†c − â†i

) (
âc − âi

)
= â†c âi + â†i âc,

(10)

and after substituting the expression for ac-mode we obtain:

îBD =
√

2â†v âi + âsâi +
√

2â†i âv + â†i â
†
s. (11)

For M-ary PSK we have that â,s = e jϕ â,,s , and given that the vacuum mode and the idler mode
are uncorrelated we obtain the following expression for the expectation of the BD photocurrent
operator: 〈

îBD

〉
= e jφ 〈

â,,s âi
〉︸ ︷︷ ︸

Csi

+e− jφ
〈
â†i â

†
s

〉
︸ ︷︷ ︸

Csi

= 2Csi cosϕ, (12)

thus canceling the noise terms in single-detector case [see Eq. (9)]. The variance of the BD
photocurrent operator will be:

Var
(
îBD

)
=

〈
î2BD

〉
−

〈
îBD

〉2

= NiN,,s + (Ni + 1)
(
N,,s + 1

) + 2C2
si cos (2ϕ) − 4C2

sicos2ϕ. (13)
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Fig. 5. The BBS based joint balanced detection receiver.

For binary PSK (BPSK) the expression for variance simplifies to:

Var (BPSK)
(
îBD

)
= NiN,,s + (Ni + 1)

(
N,,s + 1

) − 2C2
si . (14)

Further, in low-brightness and highly noisy regime where Ns<<1 and Nb>>1, we obtain the
following expression for variance:

Var (BPSK)
(
îBD

)
≈ (2Ns + 1) Nb. (15)

The corresponding expression for bit error probability will be:

P (BPSK)
b = 1

2
er f c

(√
4T Ns (Ns + 1)
(2Ns + 1) Nb

)
, (16)

where we used erfc(�) to denote the complementary error function, defined by er f c(u) =
(2/

√
π )

∫ ∞
u exp(−x2)dx. For Ns<<1 and Nb>>1 this expression agrees with the Eqs. (C1), (C2)

of ref. [8].
Given that the SPDC-based entangled source is broadband source, by employing D modes all

modulated with the same BPSK signal, the bit error probability can be reduced:

P (BPSK)
b (D) = 1

2
er f c

(√
4DT Ns (Ns + 1)

(2Ns + 1) Nb

)
. (17)

The corresponding binary symmetric channel capacity per mode will be:

C(BPSK)
OPC = 1

D

[
1 − h

(
P (BPSK)

b (D)
)]
, (18)

where h(x) is the binary entropy function, defined by h(x ) = −x log2x − (1 − x )log2(1 − x ).

4. Proposed Joint Receivers for Entanglement Assisted Communication
By close inspection of Eqs. (10) and (11) for the OPC receiver, we conclude that we exploited the
fact that there is no correlation between the signal and vacuum modes and what really matters is the
mixing of the signal and idler modes on the BBS. This indicates that the OPA is not really needed,
we can mix the signal and idler modes directly on BBS as shown in Fig. 5. The BD photocurrent
operator is now simply:

îBD = â†sâi + â†i âs, (19)
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and for M-ary PSK the expressions (12)–(18) for OPC receiver, proposed in [8], are directly
applicable here. This receiver is identical to the coherent detection receiver, wherein instead of
the local oscillator (LO) laser signal, the idler mode is used. Therefore, different coherent detection
receivers described in [14] (see Section 6.8.1) are directly applicable. Now we describe an optical
hybrid (OH) based joint balanced detection scheme, shown in Fig. 6, because it is suitable for
implementation in integrated optics and as such is compatible with the quantum nanophotonics.
In Fig. 6(a), we provide the configuration of 2 × 2 optical hybrid-based BD, while in Fig. 6(b) we
provide the corresponding integrated optics implementation of 2 × 2 OH. The OH has two phase
trimmers to introduce the phase shifts φ1 and φ2, respectively.

The optical hybrid is composed of two input and two output Y-junctions, and the scattering matrix
can be described by:

S =
[

e jφ1
√

1 − κ
√

1 − κ√
κ e jφ2

√
κ

]
(20)

where κ is the power splitting ratio of Y-junctions, and this matrix transforms input signal and idler
modes to: [

Âs

Âi

]
= S

[
âs
âi

]
. (21)

In particular, for the power splitting ratio κ = 1/2 this transformation is simply:[
Âs

Âi

]
= 1√

2

[
e jφ1 1
1 e jφ2

] [
âs
âi

]
. (22)

Assuming that arbitrary 2-D constellation is used, the signal mode at the output of I/Q modulator
â,s is related to the input mode of modulator â,,s by â,s = sâ,,s ,where s = sI+jsQ is the 2-D signal
constellation point. For instance for M-ary PSK, we have that s = exp(jϕ). Based on Fig. 6(a), we
obtain the following balanced detector photocurrent operator:

îBD = 1
2

s†
(
e− jφ1 − e jφ2

)
(a,,s )†ai + 1

2
s
(
e jφ1 − e− jφ2

)
a†i a

,,
s . (23)

The expectation of photocurrent operator is given by:〈
îBD

〉
= 1

2
s†Csi

(
e− jφ1 − e jφ2

) + 1
2

s
(
e jφ1 − e− jφ2

)
Csi . (24)

In special case, by setting φ1 = 0 rad and φ2 = π , we obtain the following mean of BD
photocurrent operator: 〈

î (I)BD

〉
= 2Csi Re {s}︸ ︷︷ ︸

sI

= 2CsisI, (25)

thus detecting the in-phase component sI of transmitted signal constellation point. Clearly, for M-ary
PSK Re{s} = cosϕ thus obtaining the Eq. (12). On the other hand, by setting φ1 = –π /2 and φ2 =
–π /2, we obtain the following mean of BD photocurrent operator:〈

î (Q)
BD

〉
= 2Csi Im {s}︸ ︷︷ ︸

sQ

= 2CsisQ, (26)

thus detecting the quadrature component sQ of transmitted signal constellation point. Therefore, the
joint receiver shown in Fig. 6(a) can be used to determine in-phase and quadrature components by
properly setting the control voltages on phase trimmers. The variance of BD photocurrent operator
is given by:

Var
(
îBD

)
=

〈
î2BD

〉
−

〈
îBD

〉2
= 1

4

∣∣e jφ1 − e− jφ2
∣∣2 (

2N,,s Ni + N,,s + Ni
)
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Fig. 6. The 2 × 2 optical hybrid based joint balanced detection receiver: (a) receiver configuration and
(b) 2 × 2 optical hybrid implementation in integrated optics.

+ C2
si

4

[(〈
s†2

〉 − s†2
) (

e− jφ1 − e jφ2
)2

]
+ C2

si

4

[(〈
s2〉 − s2) (

e jφ1 − e− jφ2
)2

]

− C2
si

2
s†s

∣∣e jφ1 − e− jφ2
∣∣2
, (27)

which is clearly dependent on signal constellation-point. In special case, by setting φ1 = 0 rad and
φ2 = π , we obtain the following variance of BD photocurrent operator:

Var
(
î (I)BD

)
= 2N,,s Ni + N,,s + Ni + C2

si

(〈
s†2

〉 − s†2
) + C2

si

(〈
s2〉 − s2) − 2C2

si s
†s. (28)

On the other hand, by setting φ1 = –π /2 and φ2 = –π /2, we obtain the following variance of BD
photocurrent operator:

Var
(
î (Q)
BD

)
= 2N,,s Ni + N,,s + Ni − C2

si

(〈
s†2

〉 − s†2
) − C2

si

(〈
s2〉 − s2) − 2C2

si s
†s. (29)

To simultaneously detect the in-phase and quadrature components, we need to use the 2 × 4
optical hybrid-based joint receiver shown in Fig. 7. The upper branch and BD are used to detect the
in-phase component, while the lower branch and BD are used to detect the quadrature component.
Given that two additional Y-junctions are needed, one for signal mode and the second for idler
mode, we need to adjust the transmit TMSV state so that the Eqs. (25) and (26) can be used to
describe mean photocurrents corresponding to in-phase and quadrature components, while Eqs.
(28) and (29) to describe the corresponding variances.

The corresponding 3 dB directional couplers-based implementation of the joint receiver is
provided in Fig. 8.
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Fig. 7. The 2 × 4 optical hybrid based joint receiver suitable for demodulation of arbitrary 2-D
constellation.

Fig. 8. The joint receiver suitable for demodulation of arbitrary 2-D constellation implemented using 3
dB directional couplers-based 2 × 4 optical hybrid.

The scattering matrix of 3 dB directional coupler is given by [14] S = 2−1/2[
1 j
j 1

]. Given that

vacuum states at unused input ports of 3 dB directional couplers are not correlated to the signal
and idler modes, corresponding correlations at balanced detector outputs will be zeros, and to
simplify derivation we can ignore the vacuum states. Following similar procedure as in text related
to the Fig. 6, we obtain the following balanced photocurrent operators for in-phase and quadrature
components:

î (I)BD = â†sâi + â†i âs, (30a)

î (Q)
BD = j

(
â†sâi − â†i âs

)
. (30b)

Again, assuming that arbitrary 2-D constellation is used, the signal mode at the output of I/Q
modulator â,s is related to the input mode of modulator â,,s by â,s = sâ,,s , so that the corresponding
expectations become:

〈
î (I)BD

〉
=

〈
s†(â,,s )†âi + sâ†i â

,,
s

〉
= (

s† + s
)
Csi

= 2Re {s}Csi = 2sICsi , (31a)

Vol. 13, No. 3, June 2021 7500114



IEEE Photonics Journal Quantum Receivers for EA Communications

〈
î (Q)
BD

〉
=

〈
j
(
s†(â,,s )†âi − sâ†i â

,,
s

)〉
= j

(
s† − s

)
Csi

= 2Im {s}Csi = 2sQCsi , (31b)

which are proportional to the in-phase sI and quadrature sQ components of transmitted signal
constellation points. Given that equations in (31) are identical to Eqs. (25) and (26) the variances
will be the same as well, and the performance of scheme shown in Fig. 8 will be the identical to
that shown in Fig. 7.

5. Performance of Proposed Entanglement Assisted Communication
Schemes
For Gaussian modulation we described in Section 2 and 2 × 4 optical hybrid based joint receiver
shown in Fig. 7, the corresponding channel capacity will be:

C = log2

(
1 + 4T Ns (Ns + 1)

(
s2

I + s2
Q

)
2 (2N,,s Ni + N,,s + Ni ) − 4C2

si s
†s

)
= log2

(
1 + 2T Ns (Ns + 1)

(
s2

I + s2
Q

)
2N,,s Ns + N,,s + Ns − 2C2

si s
†s

)
. (32)

From Holevo’s papers [4], [5] we know that the quantum limit of classical capacity is given by:

CHolevo = g (T Ns + Nb) − g (Nb) , (33)

which is also known as the Holevo capacity, wherein g(x ) = (x + 1)log2(x + 1) − x log2x.
Given that according to the uncertainty principle both in-phase and quadrature components of

a Gaussian state cannot be simultaneously measured with the complete precision, for homodyne
detection the information is encoded on a single quadrature so that the average number of received
photon is 4TNs, while the average number of noise photons is 2Nb+1, and the corresponding
classical capacity for homodyne detection is Chom = 0.5log2[1 + 4T Ns/(2Nb + 1)]. On the other
hand, in heterodyne detection both quadratures are used so that the average number of received
signal photons will be 0.5∗0.5∗4TNs = TNs (one-half comes from splitting to two quadratures
and second half from heterodyne splitting), while the average number of noise photons per
quadrature is (2Nb+1)/2+1/2 = Nb+1. The corresponding heterodyne channel capacity will be
Chet = log2[1 + T Ns/(Nb + 1)]. To achieve the channel capacity in classical case we need to use
the GM by generating samples from two uncorrelated zero-mean Gaussian sources and with the
help of an arbitrary waveform generator (AWG) impose them on the optical carrier by using an I/Q
modulator. To achieve the Holevo capacity we need to use the Gaussian state. For instance, the
coherent state with GM can achieve the Holevo capacity.

Regarding the EA capacity, by close inspection of Eq. (6) we conclude that this covariance

matrix has the standard form [15]–[19] � = [
a1 C
C b1] with a = 2Ns + 1, b = 2N,,s + 1, C = cZ , c =

2
√

T Ns(Ns + 1), and the symplectic eigenvalues are given by:

v∓ =
[√

(a + b)2 − 4c2 ∓ (b − a)
]
/2

=
√

(Ns + N,,s + 1)2 − 4T Ns (Ns + 1) ∓ (
N,,s − Ns

)
. (34)

The corresponding expression for the entanglement assisted channel capacity is given by:

CEA = g (Ns ) + g
(
N,,s

) −
[
g
(
ν+ − 1

2

)
+ g

(
ν− − 1

2

)]
. (35)

Let us first evaluate the capacity improvement of the proposed optical hybrid-based joint detec-
tion scheme over Holevo capacity.

For channel transmissivity T = 0.1, average number of background photons Nb = 20, and the
average signal photon number Ns = 10–3, from Fig. 9 we conclude that the proposed scheme for
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Fig. 9. The capacity improvements of proposed EA schemes over Holevo capacity vs. number of signal-
idler modes. Simulation parameters are selected as follows: channel transmissivity T = 0.1, average
number of signal photons Ns = 10–3, and average number of background photons Nb = 20.

Fig. 10. The capacity improvements of proposed EA schemes over Holevo capacity vs. number of
signal-idler modes. Simulation parameters are selected as follows: channel transmissivity T = 10–3,
average number of signal photons Ns = 10–3, and average number of background photons Nb = 104.

GM outperforms the Holevo capacity by more than two times for number of signal-idler modes up
to D = 3980. On the other hand, the BPSK based EA scheme employing receiver shown in Fig. 7
outperforms the Holevo capacity >1.3 times for number of signal-idler modes up to 400.

For comparison purposes, in Fig. 10 we study the capacity improvements of proposed EA
schemes for the same set of parameters as Fig. 5 in ref. [8]: channel transmissivity T = 10–3,
average number of signal photons Ns = 10–3, and average number of background photons
Nb = 104. Clearly, the capacity of EA BPSK employing the joint receiver from Fig. 7 outperforms
the Holevo capacity by 1.25 times for number of signal-idler modes up to 400. For number of
signal-idler modes ranging from 108 to 1011 this scheme performs comparable to the OPC receiver
from ref. [8], even though it has lower complexity and lower cost. On the other hand, the capacity
for GM scheme employing the joint receiver from Fig. 7 outperforms the Holevo capacity by 1.96
times for number of signal-idler modes up to 5000. Interestingly enough, the capacity of proposed

Vol. 13, No. 3, June 2021 7500114



IEEE Photonics Journal Quantum Receivers for EA Communications

Fig. 11. The EA capacity improvements over Holevo, homodyne, heterodyne, and proposed EA optical
hybrid-based joint receiver capacities vs. the average number of signal photons. Simulation parameters
are selected as follows: channel transmissivity T = 0.1 and average number of background photons
Nb = 20.

scheme is higher than capacity obtained for the FF-SFG receiver, see Fig. 8 in ref. [8], which has
significantly higher complexity and cost. By close inspection of Figs 9 and 10, contrary to ref. [8], we
conclude that for the proposed joint receiver the large number of signal-idler modes is not required;
moreover, the single signal-idler pair is sufficient.

This motivates to study how the capacity of proposed scheme with GM compares against the
EA capacity given by Eq. (35) and corresponding results are summarized in Fig. 11 by setting
the simulation parameters as follows: channel transmissivity T = 0.1 and average number of
background photons Nb = 20. The capacity of the proposed scheme with GM is significantly better
compared to EA BPSK, homodyne, and heterodyne capacities.

Before concluding this section, it would be interesting to see the capacity improvements of the
proposed EA schemes against the channel attenuation when the distribution channel is either
perfect of imperfect, and the corresponding results are summarized in Figs. 12–13, assuming that
the number of signal-idler modes is D = 10. Simulation parameters are provided in the text of
corresponding Figures. Clearly, as shown in Fig. 12(left), for the ideal distribution channel, the EA
capacity improvements over Holevo capacity are not attenuation dependent, as expected.

On the other hand, when the comparison is performed in terms of absolute chancel capacity
values (expressed in bits/s/Hz), as shown in Fig. 12(right), we see that the channel capacity
for the proposed quantum detectors outperforms EA BPSK (based on OPC receiver), Holevo,
homodyne, and heterodyne capacities for all channel attenuations. However, it does not outperform
the theoretical EA capacity, as expected, indicating that there is the space for further improvements.

When the entanglement distribution channel is imperfect, represented as the lossy and noisy
Bosonic channel with transmittance Td = 0.5 and average number of background photons of Nd =
7, from Fig. 13(left), we conclude that the improvement due to EA, over Holevo capacity, is channel
attenuation dependent. When there is no attenuation in the main channel, EA BPSK (based on
OPC receiver performs worse than all other capacities). The EA communication should be used
when the channel attenuation is at least 10 dB. Form Fig. 13(right), we conclude the gap between
the EA capacity for the proposed quantum detector and theoretical EA curve is smaller when the
distribution channel is imperfect.
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Fig. 12. The capacity improvements of proposed EA schemes over Holevo capacity vs. channel
attenuation 1/T[dB] assuming that the distribution channel is ideal. Simulation parameters are selected
as follows: number of signal-idler modes D = 10, average number of signal photons Ns = 10–3, and
average number of background photons Nb = 20.

Fig. 13. The capacity improvements of proposed EA schemes over Holevo capacity vs. channel atten-
uation 1/T[dB] assuming that the distribution channel is imperfect with average number of background
photons Nd = 7 and distribution channel attenuation Td = 0.5. Simulation parameters are selected
as follows: number of signal-idler modes D = 10, average number of signal photons Ns = 10–3, and
average number of background photons Nb = 20.

6. Concluding Remarks
Entanglement represents a unique feature for the QIP enabling new types of sensors with measure-
ment sensitivities beating the classical limit, allowing quantum computers to solve the problems
being numerically intractable for classical computers, and providing certifiable security for data
transmission. In particular, the preshared entanglement between two communicating parties can be
used to surpass classical communication limits and Holevo capacity in highly noisy, low-brightness
regime. The EA capacity has been known for decades, nevertheless there are two key obstacles
for practical applications. Firstly, the distribution of entanglement over long distances has been an
outstanding challenge due to photon losses. Secondly, the optimum quantum receiver, achieving
EA channel capacity, has not been fully derived yet.
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In this paper, as the contribution to the second problem, several low-complexity, high-
performance joint quantum receivers have been proposed, employing optical hybrids and balanced
detectors, which are well known in classical coherent detection. By employing the Gaussian
modulation on transmitter side and the proposed joint quantum receivers on receiver side we have
demonstrated by simulations that the proposed joint detection schemes can outperform the OPA,
optical phase-conjugation, and sum-frequency generation receivers. Simulation results indicate
that the capacity of the proposed EA schemes, based on a single signal-idler pair, outperforms
both the Holevo capacity and classical (homodyne and heterodyne) channel capacities, even when
the entanglement distribution is imperfect.

References
[1] I. B. Djordjevic, Physical-Layer Security and Quantum Key Distribution. Cham, Switzerland: Springer Nature Switzer-

land AG, 2019.
[2] G. Cariolaro, Quantum Communications. Cham, Switzerland: Springer International Publishing, 2015.
[3] I. B. Djordjevic, Quantum Information Processing, Quantum Computing, and Quantum Error Correction: An Engineer-

ing Approach, 2nd ed. Elsevier/Academic, 2021.
[4] A. S. Holevo, and R. F. Werner, “Evaluating capacities of bosonic gaussian channels,” Phys. Rev. A, vol. 63, no. 3,

2001, Art. no. 032312.
[5] A. S. Holevo, “On entanglement assisted classical capacity,” J. Math. Phys., vol. 43, no. 9, pp. 4326–4333, 2002.
[6] C. H. Bennett, P. W. Shor, J. A. Smolin, and A. V. Thapliyal, “Entanglement-assisted capacity of a quantum channel

and the reverse shannon theorem,” IEEE Trans. Inf. Theory, vol. 48, pp. 2637–2655, Oct. 2002.
[7] M. Sohma, and O. Hirota, “Capacity of a channel assisted by two-mode squeezed states,” Phys. Rev. A, vol. 68, no. 2,

2003, Art. no. 022303.
[8] H. Shi, Z. Zhang, and Q. Zhuang, “Practical route to entanglement-assisted communication over noisy bosonic

channels,” Phys. Rev. Appl., vol. 13, no. 3, 2020, Art. no. 034029.
[9] R. V. Meter, and S. J. Devitt, “The path to scalable distributed quantum computing,” IEEE Comput., vol. 49, Sep. 2016,

Art. no. 9.
[10] Z. Zhang, and Q. Zhuang, “Distributed quantum sensing,” Quantum Sci. Technol., 2021. arXiv:2010.14744.
[11] A. M. Childs, “Secure assisted quantum computation,” Quantum Inf. Computation, vol. 5, no. 6, pp. 456–466, 2005.
[12] Q. Zhuang, Z. Zhang, and J. H. Shapiro, “Optimum mixed-state discrimination for noisy entanglement-enhanced

sensing,” Phys. Rev. Lett., vol. 118, no. 4, 2017, Art. no. 040801.
[13] Z.-Y. J. Ou, Quantum Optics for Experimentalists. Singapore; Hackensack, NJ, USA; London, UK: World Scientific

Publishing Company, 2017.
[14] I. B. Djordjevic, Advanced Optical and Wireless Communications Systems. Cham, Switzerland: Springer International

Publishing AG, 2018.
[15] R. Simon, “Peres-Horodecki separability criterion for continuous variable systems,” Phys. Rev. Lett., vol. 84, no. 12,

2000, Art. no. 2726.
[16] L.-M. Duan, G. Giedke, J. I. Cirac, and P. Zoller, “Inseparability criterion for continuous variable systems,” Phys. Rev.

Lett., vol. 84, no. 12, 2000, Art. no. 2722.
[17] A. Serafini, “Multimode uncertainty relations and separability of continuous variable states,” Phys. Rev. Lett., vol. 96,

no. 11, 2006, Art. no. 110402.
[18] S. Pirandola, A. Serafini, and S. Lloyd, “Correlation matrices of two-mode bosonic systems,” Phys. Rev. A, vol. 79,

no. 5, 2009, Art. no. 052327.
[19] C. Weedbrook, et al., “Gaussian quantum information,” Rev. Mod. Phys., vol. 84, no. 2, pp. 621–669, 2012.

Vol. 13, No. 3, June 2021 7500114



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Algerian
    /Arial-Black
    /Arial-BlackItalic
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BaskOldFace
    /Batang
    /Bauhaus93
    /BellMT
    /BellMTBold
    /BellMTItalic
    /BerlinSansFB-Bold
    /BerlinSansFBDemi-Bold
    /BerlinSansFB-Reg
    /BernardMT-Condensed
    /BodoniMTPosterCompressed
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /BritannicBold
    /Broadway
    /BrushScriptMT
    /CalifornianFB-Bold
    /CalifornianFB-Italic
    /CalifornianFB-Reg
    /Centaur
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /Chiller-Regular
    /ColonnaMT
    /ComicSansMS
    /ComicSansMS-Bold
    /CooperBlack
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FootlightMTLight
    /FreestyleScript-Regular
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /HarlowSolid
    /Harrington
    /HighTowerText-Italic
    /HighTowerText-Reg
    /Impact
    /InformalRoman-Regular
    /Jokerman-Regular
    /JuiceITC-Regular
    /KristenITC-Regular
    /KuenstlerScript-Black
    /KuenstlerScript-Medium
    /KuenstlerScript-TwoBold
    /KunstlerScript
    /LatinWide
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaBright
    /LucidaBright-Demi
    /LucidaBright-DemiItalic
    /LucidaBright-Italic
    /LucidaCalligraphy-Italic
    /LucidaConsole
    /LucidaFax
    /LucidaFax-Demi
    /LucidaFax-DemiItalic
    /LucidaFax-Italic
    /LucidaHandwriting-Italic
    /LucidaSansUnicode
    /Magneto-Bold
    /MaturaMTScriptCapitals
    /MediciScriptLTStd
    /MicrosoftSansSerif
    /Mistral
    /Modern-Regular
    /MonotypeCorsiva
    /MS-Mincho
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /NiagaraEngraved-Reg
    /NiagaraSolid-Reg
    /NuptialScript
    /OldEnglishTextMT
    /Onyx
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Parchment-Regular
    /Playbill
    /PMingLiU
    /PoorRichard-Regular
    /Ravie
    /ShowcardGothic-Reg
    /SimSun
    /SnapITC-Regular
    /Stencil
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /TempusSansITC
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanMTStd
    /TimesNewRomanMTStd-Bold
    /TimesNewRomanMTStd-BoldCond
    /TimesNewRomanMTStd-BoldIt
    /TimesNewRomanMTStd-Cond
    /TimesNewRomanMTStd-CondIt
    /TimesNewRomanMTStd-Italic
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /VinerHandITC
    /Vivaldii
    /VladimirScript
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryStd-Demi
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 900
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00111
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 1200
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00083
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00063
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Suggested"  settings for PDF Specification 4.0)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


