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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 cor-
responding 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
parametric amplifier as a basic building block. We demonstrate by simulations that the capacity of the pro-
posed 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 capaci-
ties.

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 sen-
sors with measurement sensitivities exceeding the classical limit, 2) providing certifiable security for
data transmissions whose security is guaranteed by the quantum mechanics laws rather than unprov-
en 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 capac-
ity [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 ca-
pacity, 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 the EA
capacity it has been shown by Holevo and Werner in [4] that someone needs to use two-mode Gauss-
ian 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 discrimi-
nation problems, it is not an EA channel capacity achieving scheme. Namely, to achieve the EA chan-
nel capacity they have transmitted the same binary information over D=108 bosonic modes thus occu-
pying 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 paramet-
ric amplifier (OPA) as the basic building block in corresponding joint receivers. We then describe pro-
posed 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 per-
formance of the proposed EA scheme, employing the Gaussian modulation of signal mode and the
proposed joint receiver, and demonstrate significant channel capacity improvements over correspond-
ing Holevo, homodyne, and heterodyne channel capacities.

The paper is organized as follows. The realistic entanglement assisted optical communication sys-
tems of interests are described in Section 2. In Section 3, we describe two recently proposed [8] non-
linear 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 Sec. 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.
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is done through an all-fiber-based quantum network.

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 @ . We assume that quantum error correction is applied to protect the
quantum states stored in quantum memories against decoherence effects. The Alice-to-Bob (main)
channel is modelled by the single-mode thermal lossy Bosonic channel model

a, =~Ta +\1-Ta,, (1)
where T is the transmissivity of the main channel, while g, is a thermal (background) mode with the

mean photon number being Nu/(1-T). Evidently this channel can also be interpreted as a zero-mean
additive white Gaussian noise (AWGN) channel with power-spectral density of N» and attenuation co-
efficient being T. Alice modulates the signal mode 4 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 gener-
ated by the continuous-wave spontaneous parametric down-converter (SPDC) entangled-photon
source. The SPDC-based entangled source is a broadband source with D=T»W 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 a_ and 4, is in fact a
two-mode squeezed vacuum (TMSV) state whose representation in Fock basis is given by

n/2
1 & N
e b )

where N < qta > <& &> denotes the mean photon number per mode. The signal-idler entangle-

ment is specified by the phase-sensitive cross-correlation (PSCC) C,, =<&§&i>=«/NS(NS +1), be-

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

n), (2)
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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 C, = /N, thatis much larger than the classical limit Ns. The coordinates for the

GM are generated from a zero-mean 2-D Gaussian distribution in the digital domain, a digital-to- ana-
log converter (DAC) is used to represent the samples, which are further used as RF inputs of the 1/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 N = <(&;)T&;>_
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Fig. 2 lllustrating the entanglement assisted classical communication system model. I/Q mod: I/Q modulator, Att.: attenuator (it
is optional).

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

sented by the following matrix representation BS(7) = Ja1 Vi-71 , in order to determine the
=71 o1
covariance matrix after the beam splitter in entanglement distribution channel (see Fig. 2) we need to
apply the following sympletic operation [1]-[3] by
1 0 0
BS.(T)=1®BS(T)=|0 JT1 1-T1 (4)
0 1-T1 T1
on the input covariance matrix 2., to obtain:

0

2'=BSC<T>[ZT1¥” I J[Bscm]’, ©)

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

(2N, +1)1 2JTN, (N, +1)Z

T, = : (6)
ol (N Dz (28 +1)

where N> =NT+N,.

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+¢, £<<1. The idler output of the OPA is given by [13]

4 =G 4 +JG-14'. (7)



Assuming that M-ary PSK is imposed by the 1/Q modulator, the signal mode at the output modula-
tor @ is related to the input mode of modulator 4> by @ =e’’a> where gis the phase shift introduced

by the modulator. The photodetector output operator is given by:

P=RA4=R(NG af +G-14,)(VG 4 +VG-14])
= R| Gala, +G(G-1)ale (@) +/G(G-1)e"a:a; +(G-1)a. (@)’
[ ala; + ( )ale (a)' + ( )e aa; +( )as(as) ,

@)fa+1
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 of
the photocurrent operator is related to the photon count average by:

(I)=(44) =GN, +e"JG(G-1)C, +e”\[G(G-1)C, +(G-1)(N; +1)
=GN, +2,/G(G-1)C, cosp+(G-1)(N, +1),

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 cose 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.
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Fig. 3 The operation principle of OPA based receiver. The photons are detected at the port where idler is amplified.
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Fig. 4 The operation principle of the OPC receiver.



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

A

signal mode g with the vacuum mode 4, to get the following output at the idler port

a =G a, +~G—1 a!, which for gain G=2 is simply 4 =2 a,+a! . Now by performing the mixing

of the ac-mode with the idler mode on a balanced beam splitter (BBS) followed by the balanced detec-
tion (BD), we obtain the following BD photocurrent operator:

;(aua )(a. +&i)—%(aj_aj)(&c_ai)

(10)
= aTa + af a,,
and after substituting the expression for ac-mode we obtain:
i, =2d'a +a.a +2a'a +a'al. (11)

For M-ary PSK we have that g; = ef“’d;, 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:

<zBD> ’¢< >+e 7 <&f&j>=2Csi cos @, (12)
—
Cai Cy
thus canceling the noise terms in single-detector case [see Eq. (9)]. The variance of the BD photocur-
rent operator will be:
2 ) 2 \2
Var(lBD)_<lBD >_<ZBD> (13)

=N,N; +(N, +1)(NS” +1)+2C32i cos(2¢)—4C, cos’ .
For binary PSK (BPSK) the expression for variance simplifies to:
Var!"*%) ( ) NN; +(N,+1)(N; +1)-2C.. (14)

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

Var™ (i)~ (2N, +1) N, (15)
The corresponding expression for bit error probability will be:
Pb(BPSK) :lerfc 4TNs (Ns +l) , (16)
2 (2NS +1)Nb

where we used erfc() to denote the complementary error function, defined by
erfe(u (2/f)J' exp dx For Ne<<1 and No>>1 this expression agrees with the Egs. (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:

4DTN_(N_+1
Pb(BPSK)(D) - lerfc # ) (17)
2 (2NS + 1) N,
The corresponding binary symmetric channel capacity per mode will be:
1
C == 1-h(B" D) | (18)

where h(x) is the binary entropy function, defined by 4(x)=-xlog, x—(1-x)log, (1-x)-



4. Proposed Joint Receivers for Entanglement Assisted Communication

By close inspection of Egs. (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:

yp=ald +ala,, (19)
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 Sec. 6.8.1) are directly applicable. Now we describe an optical hybrid (OH) based joint bal-
anced 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 2x2 optical hybrid-based BD, while in Fig. 6(b) we provide the corresponding integrated optics im-
plementation of 2x2 OH. The OH has two phase trimmers to introduce the phase shifts ¢ and ¢, re-
spectively.
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Fig. 6 The 2x2 optical hybrid based joint balanced detection receiver: (a) receiver configuration and (b) 2x2 optical hybrid im-
plementation in integrated optics.



The optical hybrid is composed of two input and two output Y-junctions, and the scattering matrix

can be described by:
5 e Jl-x -«
NSNS

where « is the power splitting ratio of Y-junctions, and this matrix transforms input signal and idler

modes to: i
A a,
|:AS ZS{AA:|. (21)
A a;
In particular, for the power splitting ratio x<=1/2 this transformation is simply:
A [ it 4
o ELE N (22)
Al 201 o]

Assuming that arbitrary 2-D constellation is used, the signal mode at the output of I/Q modulator
a, is related to the input mode of modulator g by a; =sa;,where s=si+jsa is the 2-D signal constel-

(20)

lation point. For instance for M-ary PSK, we have that s=exp(jp). Based on Fig. 6(a), we obtain the
following balanced detector photocurrent operator:

fBD = %ST (e_m' —e* )(a;’)*ai +%sf (e_m —e” )a.fai’. (23)

1 S

The expectation of photocurrent operator is given by:

T A A W R G 'S A
<ZBD>_5S Csi(e —e )+§s (e —e )Csi. (24)
In special case, by setting ¢1 =0 rad and ¢==n, we obtain the following mean of BD photocurrent
operator:
(i) =2C, Re{s} =2C,s (25)
BD si K
%,_/
thus detecting the in-phase component s; of transmitted signal constellation point. Clearly, for M-ary
PSK Re{s}=cos¢ thus obtaining the Eq. (12). On the other hand, by setting ¢1=—n/2 and ¢=-n/2, we
obtain the following mean of BD photocurrent operator:
<f;g>> =2C, Im{s} =2C,s,, (26)
%/_/
.S‘Q
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 (i, ) = (i )~ (fan >2 = %‘em e[ (2NN, +N; +N,)

+CT$|:(<ST2>_ST2)(6.MA _o® )2}+CT§|:(<S2>_S2)(€;@ _e it )2} 27)

2 2
— st gf h _ o it ,

K ‘e”

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

Var(if}) )= 2NN, + N; + N+ C3 ((s7) =5 )+ C2 (57} =) =2C2s's. (28)



On the other hand, by setting ¢g1=—n/2 and ¢=—n/2, we obtain the following variance of BD photo-
current operator:

Var(fég)) =2N;N,+N:+N,-C’ (<s 2>—ST2)—CS2[ (<s2>—s2)—2Cfl.sTs. (29)

To simultaneously detect the in-phase and quadrature components, we need to use the 2x4 opti-
cal 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. Giv-
en 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 Eqgs. (25) and (26) can be used to describe mean
photocurrents corresponding to in-phase and quadrature components, while Egs. (28) and (29) to de-
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Fig. 7 The 2x4 optical hybrid based joint receiver suitable for demodulation of arbitrary 2-D constellation.

The corresponding 3 dB directional couplers-based implementation of the joint receiver is provided
in Fig. 8.
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Fig. 8 The joint receiver suitable for demodulation of arbitrary 2-D constellation implemented using 3 dB directional couplers-
based 2x4 optical hybrid.

The scattering matrix of 3 dB directional coupler is given by [14] § =212 F

J
uum 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 deriva-
tion 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:

J] Given that vac-
1

i) =ata +a'a,, (30a)
iy = j(ala,-aa,). (30b)

Again, assuming that arbitrary 2-D constellation is used, the signal mode at the output of I/Q mod-
ulator g is related to the input mode of modulator a; by a; =sa;, so that the corresponding expecta-

tions become:



<f1§11))> = <S+(&;")T a, + s&f&;’> = (sT + s)CSl.
=2Re{s}C, =25,C

(#19)=(i(s' @) -sdla:))= (s -s)c,
= 2 Im{S} Csi = 2SQCS‘[’
which are proportional to the in-phase si and quadrature sa components of transmitted signal constel-
lation points. Given that equations in (31) are identical to Egs. (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

(31a)

(31b)

For Gaussian modulation we described in Sec. 2 and 2x4 optical hybrid based joint receiver
shown in Fig. 7, the corresponding channel capacity will be:

47N, (N, +1)(57 +55) 27N, (N, +1)(s] +55)
2(2N; N, +N; +N;)=4Cs's 2N;N, +N; +N, -2C;s's |

From Holevo’s papers [4],[5] we know that the quantum limit of classical capacity is given by:
Cioeo =& (TN, + N, )= g(N,), (33)

which is also known as the Holevo capacity, wherein g(x)=(x+1)log,(x+1)-xlog, x .

C=log,| 1+ =log, |1+ (32)

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 detec-
tion 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 2N»+1, and the corresponding classical capaci-

ty for homodyne detection is C, . =0.5log,[1+4TN, /(2N, +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 (2Ny+1)/2+1/2=Np+1. The cor-

responding heterodyne channel capacity will be C,, =log,[1+7N, /(N, +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

1 C .
has the standard form [15]-[19] ¥ = a with ¢ =2N +1, b=2N:+1, C=cZ,c=2,|TN,(N, +1),
C n ‘ ( )
and the symplectic eigenvalues are given by:

V. ={ (a+b)2—4c2 -T-(b—a)J/2

2
- \/(N +N; +1) —4TN, (N, +1) %(N; - N,).
The corresponding expression for the entanglement assisted channel capacity is given by:

Cor :g(NS)+g(N;)_[g(v+2_lj+g[v2_1H' o)

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

(34)




For channel transmissivity 7=0.1, average number of background photons N,=20, and the average
signal photon number Ns=10-3, from Fig. 9 we conclude that the proposed scheme for 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=1073, average
number of signal photons Ns=10-3, and average number of background photons Nv=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 10" 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 receiv-
er 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 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 Figures 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.

N,=20, T=0.1, N.=10"":
25 T T —a=C [C =g=C /C W

hom' "~ Hol het' ~Hol
—-C

EAOH QuDellCHol

2_0_".'.'.'.-.-..... ~P= Coners/Cra

N\
[

\ _

b e e e B B Ben
N

/ CHoI
&

EA schemes

-
o
|

B
!=@=@=@=@=@=@=@=@=@\@= =R =R === B = Q= A=
>

\\ |

C

B
\ e,
0.0 . : i
0 2 4 6 8 10
log, (D)

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 7=0.1, average number of signal photons N;=103, and average
number of background photons N,=20.
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parameters are selected as follows: channel transmissivity 7=10-%, average number of signal photons Ns=10-%, and average
number of background photons N,=10%.
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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 simula-
tion parameters as follows: channel transmissivity 7=0.1 and average number of background photons
Nv=20. The capacity of the proposed scheme with GM is significantly better compared to EA BPSK,
homodyne, and heterodyne capacities.
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Fig. 11 The EA capacity improvements over Holevo, homodyne, heterodyne, and proposed EA optical hybrid-based joint receiv-
er 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 N,=20.

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 Fig-
ures. Clearly, as shown in Fig. 12(left), for the ideal distribution channel, the EA capacity improve-
ments over Holevo capacity are not attenuation dependent, as expected.
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Fig. 12 The capacity improvements of proposed EA schemes over Holevo capacity vs. channel attenuation 1/7[dB] assuming
that the distribution channel is ideal. Simulation parameters are selected as follows: number of signal-idler modes D=10, aver-
age number of signal photons N;=1073, and average number of background photons N,=20.
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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 hetero-
dyne capacities for all channel attenuations. However, it does not outperform the theoretical EA capac-
ity, 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 T4=0.5 and average number of background photons of N¢=7, from
Fig. 13(left), we conclude that the improvement due to EA, over Holevo capacity, is channel attenua-
tion 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 imper-
fect.
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Fig. 13 The capacity improvements of proposed EA schemes over Holevo capacity vs. channel attenuation 1/7[dB] assuming
that the distribution channel is imperfect with average number of background photons Ny=7 and distribution channel attenuation
T4=0.5. Simulation parameters are selected as follows: number of signal-idler modes D=10, average number of signal photons
Ns=107%, and average number of background photons N,=20.

6. Concluding Remarks

Entanglement represents a unique feature for the QIP enabling new types of sensors with meas-
urement sensitivities beating the classical limit, allowing quantum computers to solve the problems
being numerically intractable for classical computers, and providing certifiable security for data trans-
mission. 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 ca-
pacity, has not been fully derived yet.

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 (ho-
modyne and heterodyne) channel capacities, even when the entanglement distribution is imperfect.
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