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Abstract—We calculate the Holevo capacity of attenua-
tion channel with phase sensitive amplifiers and find the
optimum arrangement for those amplifiers.

I. INTRODUCTION

The ultimate capability of an optical communication
system can be evaluated by computing the Holevo ca-
pacity of continuous channel with an energy constraint.
Basing on the Holevo’s formula[3], [4], we computed it
for the attenuation channel assisted by linear amplifiers
arranged at equal intervals[7]. Furthermore, we posed the
problem of optimum arrangement for phase insensitive
amplifiers(PIAs), and found that the position of the last
amplifier is crucial while the other amplifiers should be
arranged at equal intervals[2]. In this paper we consider
the optimum arrangement of phase sensitive amplifiers
(PSAs) and find how much capacity is achieved by using
them.

II. ATTENUATION CHANNEL WITH PSAS

Let us start with recalling the description of the Gaus-
sian state based on the quantum characteristic function.
We consider a quantum system described by the anni-
hilation operator a satisfying the canonical commutation
relation [a,al] = I, where I is the unit operator and f
denotes an adjoint operation, and introduce the canonical

pair
ey

h
p=1i §(aT—a).

Then the quantum characteristic function of a density
operator p is defined by

x(z) = Trpexpli(zq + yp)], 2

where z is a two-dimensional vector z = (z,)? and
T denotes transposition. Note that we confine ourselves
to one-mode Gaussian state throughout this paper. In
particular the quantum characteristic function of Gaussian
state is given by

X(z) = exp (imTz - ;zTaz) , 3)

with a 2-dimensional mean vector m and a 2 X 2 corre-
lation matrix . We denote the Gaussian state with the

mean vector m and the correlation matrix a by p(m, «).
A pure Gaussian state is called a squeezed state which
has a correlation matrix of the form

k(e ? 0
Oé(T) = 5 ( 0 e27‘>

where r is a real number, which is called a squeezing
parameter. We consider an optical communication system
where an attenuation channel with a transmittance K =
kiks - - - kypky41 1s devided into n+-1 attenuation channels
with transmittances k;(i = 1,...,n + 1) and phase
sensitive amplifiers(PSAs) with gains G; = k; 1(1’ =
1,...,n) are put (see Figure 1). Such defined optical
communication system is called a PSA channel in the
following.
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Fig. 1. Schematic diagram of an attenuation channel with PSAs.

The attenuation channel with a transmittance k; (0 <
k; <1) is described by the transformation

a =k a4 (1 - k)" 2ao, (4)

where ag is an annihilation operator in another mode
in the Hilbert space Hy of an “environment”, which
is initially in the vacuum state[4]. The phase sensitive
amplifier (PSA) with a power gain G; (G; > 1) is an
ideal parametric amplifier represented by

¢ =G"q o =G"p

K3

where the ¢ is maximally amplified while the quadrature p
is correspondingly maximally attenuated [5]. The change
of Gaussian state caused by attenuation or phase sensitive
amplification can be described in terms of the mean
vector and the correlation matrix. Let us consider a
Gaussian state with a mean vector m = (mgq, m,)? and
a correlation matrix

_[(Gqq O
@= ( 0 app)'

Then the output state from the attenuation channel with
a transmittance k; has the mean vector

(k) *mg, k*m,)T

i q> g Mp
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and the correlation matrix

1—k;
2

with the 2 x 2 identity matrix I5. On the other hand the

output state from the PSA with a power gain G; has the
mean vector

wki (OZ) = Iiné -+ h IQ,

(G Pmg, G Pmy)T

and the correlation matrix
Giaqq 0
|\a) = — .
Pa.() ( 0 G oy
Now we are ready to obtain the mean vector m’ and
the correlation matrix o of the output Gaussian state
@ (p(m, «(r))) from the PSA channel. The mean vector
m/ = (m},m;)" is given by
1/2 ~1/2 1/2,~1/2:1/2 1/2
m; :kl/ Gl/ ...kn/ Gn/ kn{qu — kn{',-lmq

ml, =k 2GTY? - BY2a Y2k Em,

(5
1/2
—ky - k2 m,
1/2
—K /KL 2 m,.

In other words m and m’ are related by the equation

m' = Lem

1/2
Lo = Fa O1/2 .
0 K/kn+1

The correlation matrix o/ can be obtained recursively. Let
the correlation matrix of output Gaussian state from the
i-th PSA

B a
a;(r) = 3 (cg 2), 1=1,2,...,n,

and the correlation matrix of the input squeeze state

=45 )

with ag = e ™27, by = €2". Then we have

with

ai = Gi(kjai—1 +1—k;) =a;_1 + k' — 1,
by = Gy M (kibio1 + 1 — k) = kZbi1 + ky — k7,

with ¢ = 1,2, ..., n. The correlation matrix

,_hifa 0
“72\0 b

of the output Gaussian state from the PSA channel is
given by

6)

¢7€7L+1 (an(T)> :

Computing the values of a,, and b,, through the recurrence
relations (6), we obtain the elements of o' as
a= ane*zT +t,

7
b:K2/k'n+1€2r+tb ( )

with
n
ta = kn—i-l Z kl_l — Tll{in+1 +1-— kn+1~
i=1

Here t¢; is a polynomial function  of ki, ..., kn, kpt1,
which can be obtained ony recursively. Thus we have
found the way to compute the mean vector m’ and
the correlation matrix o’ of the output Gaussian state

®(p(m, a(r))).

IIT. COMPUTATION OF THE HOLEVO CAPACITY OF
THE PSA CHANNEL

We now pass to the computation of the Holevo ca-
pacity. The capacity for the transmission of classical
information with squeezed states p(m, «(r)) through the
PSA channel ® is given as

c)=sw |3 ( [ tptmatr)aam))
- [ s @tm ) atam)]

by using the Holevo’s capacity formula[6]. Here S is
the von Neumann entropy S(p) = —Trplogp and 7 is
an aprior: probability distribution subject to the energy
constraint

TrH/p(m, a(r)r(dm) < (N +1/2),  (9)

®)

where H = h(a'a + 1/2) and Ny, is a constant repre-
senting an average photon number. In order to compute
the Holevo capacity C(r), let us recall firstly that the von
Neumann entropy for a one-mode Gaussian state with a
correlation matrix -y is given by

Vdety 1
g( ; —2), (10)

with g(z) = (z+1)log(z+ 1) — x log x. We assume that
the a priori probability distribution 7(dm) in Eq. (8) can
be restricted to a classical Gaussian distribution with the
mean 0 and a diagonal correlation matrix . Then the
correlation matrix /3’ for the distribution of mean vector
of output Gaussian state ®(p(m, a(r))) is given by

8" = LafLy, (11
and we can rewrite Eq. (8) and Eq. (9) as

C(r)= maxg ( det((;); 0 1) -9 ( deta’ 1

h 2
12)

2

and

2

where ”Sp” denotes trace of matrix as distinct from trace
of operator ”Tr”. Since SpS3 > 0 holds in Eq. (13), we
have Spa(r) < h(2Ny,. + 1), which leads to

1 1 1
§Spa(r) + §SP3 <h (Ntr + ) ; (13)

r— <r<rgi



with
1
ry = 510g[2Ntr+].:|:2 Ntr(NtT’+]')]'

Here it is easy to show that the equality in Eq. (13) should
hold for the optimum correlation matrix 3, and hence we
use the energy constraint

1 1 1
550a(r) + 3509 =1 (N, + 3 )

in place of Eq. (13). Using Eq. (13) and Eq. (11) we
obtain the constraint for the correlation matrix of output

Gaussian state
5= hifc 0
2\0 d

*® h s d
& n+1
h _ N,
1 (an TR )
e No= Ny + = — Leosho
s — tr 2 2 COS '
that is,
k2
¢ =ty i N, - 25t (14)

Here from the positivity of 3’, we have
2

0<d< N.. (15)

n+1
Since the second term in Eq. (12) is a constant and
g(v/x — 1/2) is an increasing function, we can obtain
the capacity by maximizing

det(a/ + 8 1
%zi(mc)(md) (16)

under the conditions Eq. (14) and Eq. (15). Substituting
Eq. (14) into the right-hand side of Eq.(16), we obtain
a quadratic function Q(d), whose axis of symmetry is
d = ¢ with

K? 1
(= N, + ———a— L)
Tt < o 2K? )

The maximum value of )(d) under the constraint (15) is
given as follows.
(i) When ¢ < 0, that is,

2

kn
a< Kj b — 4k, 1 Ny,

the maximum value of Q(d) is achieved as

1
Qmaz = z(a + 4kn+le)b

by
d=20
¢ =4k, 11 Ns.
(ii)) When ¢ > 4K?N, /k, 1, that is,

a7)

k’2
a> ["(;1 b+ 4k, 11 Ny,

11

the maximum value of Q(d) is achieved as

1 4K
Qmam = —a <b+ Ns)

4 kn+1
by
c =0
4K? 18
LSS (18)
kn+1

(iii) When 0 < ¢ < 4K2N, k1, the maximum value
of Q(d) is achieved as

[
ma :K2 Ns Uax b
Qmaa ( T AR >
by
1 kn+1
ki (2N, — ——— b
¢ “( s 2K )
K? 1 Fonst (19)
d= IN, 4 ——q— ntly)
K1 ( HE TRy )

Thus we can obtain the Holevo capacity as
1 1
C(r)=yg (\/Qmm — 2) —g (\/@— 2) .

Moreover we maximize C'(r) with respect to arrangement
of PSAs determined by k1, ..., k,,+1 to obtain the Holevo
capacity
Copt(r) = max C(r),
Eiyeensknt1

where transmitances ki, ...,k,+1 satify 0 < k; < 1
¢ =1,...,n+1)and K = ky---k,y1 for the total
transmittance K.

Let us evaluate the capacity of the PSA channel.
Figure 2 shows graphs of Holevo capacities Cyp (1) of
attenuation channels with n PSAs (n = 1,5,10) and an
attenuation channel with no amplifier when K = 0.1 and
Ny = 1. In the figure the horizontal axis represents the
squeezing parameter r. These graphs show that the PSA
channel requires the squeezed state as the input state,
while squeezing is not useful for the attenuation channel
with no amplifier.

Next we consider arrangement of PSAs. For that we
compare Coyp (1) with the Holevo capacity Cq(r) which
is obtained for PSAs arranged at equal intervals, that is,
ki = - =k, = ky41. Moreover we maximize them
with respect to the squeezing parameter r to get Cppr =
max, Copi(r) and Cey = max, Cey(r). Figure 3 shows
graphs of the Holevo capacities C,p; and C, with respect
to the number of amplifiers when Ny, = 1 and K = 0.1.
It indicates that arranging amplifiers at equal intervals is
not the best way to enhance the Holevo capacity.

Figure 4 shows the best arrangement of PSAs when
Ny =1 and K = 0.1. In the figure the horizontal axis
represents the index ¢ of sub-channel and the vertical axis
transmission loss of sub-channel 101log;, 1/k;. From the
graphs we can see that in the optimum arrangement length
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Fig. 2. Dependence of Holevo capacities for attenuation channels

with/without phase sensitive amplifiers on the squeezing parameter 7.
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Fig. 3. Dependance of Holevo capacities for attenumation channels
on the number of amplifiers n~ when PSAs are arranged optimally
or equally.

of several sub-channels near the receiver are longer than
the others.

Finally we compare the effect of PSA with that of
phase insensitive amplifier (PIA). The PIA is a usual
linear amplifier, which is described by the transformation
in the Heisenberg picture,

a = G;ma +(G; — 1)1/2a2;7 (20)

where a (resp. a’) is an input modal photon annihilation
operator (resp. an output one), a, is a creation operator
representing the additive noise introduced by the ampli-
fication, and G;(> 1) denotes a power gain of amplifier.
We proved [2] that ky = ko = -+ =k, = (K/knﬂ)l/"
holds in the optimum arangement of PIAs and that for
a fixed k,4+1 = k the maximum value of the Holevo
capacity is given by

S P n=5
g 351 —- n=10
3 — =20
€ 3.0 : -

e I

£ |

Y25 i

a i

'S 2.0 i

g ,"

= 151 ;

S . !

g 104 T I

5 _7

g i

€05

— T T T T T T T T T T T T T T T T T T T
123456 7 8 9101112131415161718192021
index of sub channel

Fig. 4. Optimum arrangement described by values of transmission loss
of sub-channel 10log1/k;,i = 1,...,n + 1 for n = 5,10, 20.
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Fig. 5. Dependance of Holevo capacities for attenumation channels

with PIAs/PSAs on the total transmission loss when Ny = 1 and
n = 10.

with
1
+1

Nlog<1+]if)

k 1/n
N,, =k - — —1
n=k-n (K)

E

(22)

We maximize C,, (k) numerically with respect to & to
obtain the Holevo capacity C(’,pt achieved by the optimum
arrangement of PIAs. Figure 5 and Figure 6 show graphs
of the capacities C,,; and C;,, with respect to the total
transmission loss log;, 1/K for Ny = 1 and Ny, = 20
respectively. These graphs indicate that PSAs enhance the
Holevo capacity more than PIAs when power of input
signals are small or total transmittance is small.

IV. CONCLUSION

We have computed the Holevo capacity of PSA channel
and the optimum arrangement of PSAs. We will study

)
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Fig. 6. Dependance of Holevo capacities for attenumation channels
with PIAs/PSAs on the total transmission loss when N = 20 and
n = 10.

on optimum amplifiers and their arrangement in a more
general setting.
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