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An idealized model of an optical communication link in which identical sections of nonlinear at-
tenuating fiber alternate with identical amplifiers is considered. Signal-to-noise ratios of chains of
these elements for input squeezed and coherent light have been numerically evaluated. It is found
that input squeezed light and nonlinear attenuators improve the signal-to-noise ratios with respect
to coherent inputs and linear chains. In the case of three-photon attenuators, the noise and signal-
to-noise ratio remain practically constant from certain elements of the chain. Moreover, the
influence of the attenuation coefficient and the input mean photon number on the signal-to-noise ra-
tios was considered, as well as chains with nonlinear amplifiers and chains in which the amplifier
gain does not exactly compensate for the fiber attenuation.

A long optical transmission line is usually broken up
into shorter sections separated by electrical regenerators
to maintain the signal at a sufficiently high level. The
noise properties of an all-optical system in which linear
optical amplifiers alternate with attenuating fiber sections
along a long transmission line have previously been con-
sidered.”2 On the other hand, it has been shown that the
two-photon coherent states (squeezed states) have a
significant potential for improving free-space optical com-
munications.” Moreover, the influence of linear optical
amplifiers on the low-noise properties of squeezed light
have been determined by application to a model for a
long transmission link formed from alternating attenua-
tors and amplifiers.*

The recent success in generating and detecting
squeezed light® brings closer the possibility of using such
light in various applications that could take advantage of
its low-noise properties. In this Brief Report we study
the low-noise properties of squeezed light in an idealized
model of a transmission link formed from alternating
nonlinear attenuators and optical amplifiers.

The elements of the chain have been considered within
a model that consists of a single-mode radiation field of
frequency w, which interacts with a large number of iden-
tical two-level atoms confined to a volume V of an optical
cavity via n-photon transitions in a Markovian-like pro-
cess. The irreversible dynamics of the statistical proper-
ties of the field is known to be governed by the following
master equation for the density operator p of the field in
the interaction picture:*’

gt =—B"'N,(a"a"p—2a"pa " +pa*"a")

—B"N,(a"a""p—2a"pa"+pa"a’) (1

where a and a' are the usual annihilation and creation
operators for the photon field, respectively, N,, N, are
the average populations of the active levels, and 8" is a
coupling constant proportional to the square of the atom-
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ic nonlinear transition matrix element, with dimension
(time)~!. The solution of Eq. (1) as well as the relevant
computational details are given in Refs. 8-14.

The ideal squeezed state®* |a;s,6) has uncertainty
variances that take minimum and maximum values

((Aa})?)=Llexp(—2s)
and (2)
((Aa}y)?) =Llexp(2s)

parallel to a pair of field axes inclined at angles 6/2 to the
axes defined by the two quadrature components of the
field a;,=(a+a Y2, az_.x(af—-a )/2. The squeeze pa-
rameter s is real and positive, and the angle 6 runs from 0
to 27. The nonclassical regime corresponds to field vari-
ances smaller than . The expectation values of the field
quadratures for the ideal squeezed state are given by

(a,)=|a|cos(arg a),

(3)
(a,)=|a]|sin(arg a) ,

and the signal-to-noise ratio (Rgy)
< a, )2

((Ag, )’

where a, is the quadrature component with reduced fluc-

tuations of the squeezed mput It has been shown* that

the maximum signal-to-noise ratio is obtained for
arga=0/2 and is given by

max—4|a|Zexp(2s) . (5)

When s —O we recover R 33 for a coherent input |a).

Amplifiers that take no accoum of the phase of the in-
put light are typified by the inverted atomic population.*
For this amplifier model, the input and output field ex-
pectation values are related by

(a;)=G"¥a,)y, (6)
where G is a constant determined by the properties of the

SN = (4)
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atomic transition, the atomic density and the length of
the amplifying region. The model can act as an attenua-
tor as well as an amplifier, and the corresponding ranges
of parameter values are for the attenuator,

G<l, OgP<y,
and for the amplifier , (7
G>1, ;<P<I,

where P=N,/(N,+N,), and N{,N, are the numbers of
atoms in the upper and lower levels of the transition. It
has been shown* that the amplifier minimum noise is at-
tained for P=1 and it is the case we have dealt with.

The effects of the fiber attenuation are formally the
same as those of the phase-insensitive amplifier but with
the gain G replaced by the loss K and the atoms all taken
to be in their ground states (P =0). The required con-
nections between the fiber-input and -output mean field
and photon number are thus*

{a;)=K"*a,)y,
(n)=K(n),.

(8)

Finally, it is convenient to choose an amplifier gain
that exactly compensates for the fiber loss, KG =1, so
that the mean-output field (a,) equals the mean-input
signal field (@, ). On the other hand, the phase angles
were assumed so that the input has the maximum signal-
to-noise ratio (arga=6/2). In this article we numerically
study the variation of the signal, the noise and the
signal-to-noise ratio along a chain of alternating attenua-
tors and amplifiers, both in the linear and nonlinear
cases, for squeezed and coherent inputs. It should be not-
ed that we deal with an idealized model that does not
take into account the deleterious effects due to nonlinear-
ities.

The case where the elements of the chain are linear at-
tenuators and linear amplifiers under the conditions of
minimum noise is considered first. Figure 1 shows the
evolution of the noise and the signal-to-noise ratio along
the chain for input squeezed and coherent states. We will
represent the decays over the attenuation sections by
straight lines for simplicity, which are not intended to
show the detailed behaviors as functions of distance along
the fiber.

Figure 1(a) shows the behavior of the noise for an input
squeezed state with squeezing parameter s =1, squeezing
phase 6=20°, phase of the complex amplitude arga =10°,
and input mean photon number 7i,=20. The attenuation
coefficient is K=0.82, and the elements of the chain (la-
beled by m) satisfy the relation KG =1. The evolution of
the noise for the coherent input is also given. It can be
seen that the noise corresponding to the squeezed input
remains below that of the coherent input. The noise can
be reduced with an input squeezing phase =0, since the
squeezing phase decreases the initial degree of squeezing.
On the other hand, the attenuation appreciably increases
the noise; moreover, for sufficiently low attenuations the
fourth-order dispersion remains below the values of the
second-order dispersion. Figure 1(b) shows the signal-to-
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noise ratios corresponding to the noise given in Fig. 1(a).
It can be observed that the squeezed input improves the
second- and fourth-order signal-to-noise ratios with
respect to the coherent input. This improvement in-
creases when the phases of the squeezed input are chosen
to be §=arga=0. On the other hand, the improvement
also increases for lower attenuations, especially for the
fourth-order ratio, which remains above the second-order
ratio. Finally, it should be pointed out that the former
results are in agreement with the analytical results given
in Ref. 4.

If it is assumed that the attenuation effect of the optical
fiber is equivalent to a two-photon absorption, the evolu-
tion of the signal-to-noise ratio along the transmission
chain is that shown in Fig. 2. The attenuation of the fiber
elements was taken to be slightly higher than the
amplifier gain, making the noise of the coherent input
rapidly equalize that of the squeezed input. Nevertheless,
even in this case, the signal-to-noise ratios in second and
fourth orders of the squeezed input remain above those
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FIG. 1. Evolution of the noise and signal-to-noise ratio along
a chain formed from linear elements for squeezed and coherent
input states. (a) Evolution of noise for squeezed (curves a and b)
and coherent (curves ¢ and d) inputs. Curves a and ¢ are
second-order dispersions {((Aa,)*)'”? and curves b and d are
fourth-order dispersions {((Aa,)*)!/*. (b) Evolution of the cor-
responding signal-to-noise ratios ({a,)/{a,)y)*/{(Aa,)?),
curves a and c; and ({a,)/{a, ),)*/((Aa,)*), curves b and d,
for the squeezed input (curves a,b) and for the coherent input,
characterized by s=0 (curves c¢,d).
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FIG. 2. Evolution of the signal-to-noise ratio in the case of
alternating two-photon absorbers and linear amplifiers. The in-
put state is characterized by a squeezing parameter s= 1, phases
O=arga=0, and f1,=20. The attenuation coefficient is K=0.72
and in the case of the coherent input (s =0), X is slightly higher
than the amplifier gain. The curves correspond to second-order
(curves a and c¢) and fourth-order (curves b and d) signal-to-
noise ratios for squeezed (curves a and b) and coherent (curves ¢
and d) inputs.

corresponding to the coherent input. On the other hand,
the signal-to-noise ratios ({a,)/{a,)()?/{(Aa;)*) and
({a;)/{a;)9)*/{(Aa;)*) in Fig. 2 always remain appre-
ciably above the signal-to-noise ratios when linear at-
tenuators are assumed. Finally, it should be mentioned
that if the transmission chain is assumed to be formed
from alternating two-photon attenuators and two-photon
amplifiers, the behavior of the signal-to-noise ratios is
fairly degraded with respect to the case in which linear
amplifiers are considered, both for squeezed and coherent
input signals.

If we now assume that the attenuating elements of the
transmission chain are three-photon absorbers, while the
optical amplifiers are linear, the second- and fourth-order
noises obtained are fairly lower than those obtained for
two-photon absorbers. In the case of the coherent input,
the effect of diminishing the input mean photon number
is of decreasing the noise, but the corresponding signal-
to-noise ratios also decrease (Fig. 3). It is also shown in
Fig. 3 that the signal-to-noise ratios remain constant
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FIG. 3. Evolution of the signal-to-noise ratio along a chain
formed from alternating three-photon absorbers and linear
amplifiers. In the case of the coherent input, KG =1, but the in-
put mean photon number is slightly lower than for the squeezed
input (7, =20). The other parameters are the same as in Fig. 2,
and the curves are marked in the same way.
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from about the element of the chain m=5. Finally, it
should be noted that for the conditions of Fig. 3, the
fourth-order ratio remains above the second-order
signal-to-noise ratio. If the attenuation of the chain ele-
ments is slightly lower than the amplifiers gain, the
signal-to-noise ratio is appreciably improved with respect
to the case in which K =G, and conversely in the case in
which K <G~'. The behavior of the second- and
fourth-order signal-to-noise ratios in a case where the at-
tenuation is slightly smaller than the gain is depicted in
Fig. 4. In such a case the signal-to-noise ratios
(Cay)/€a;)o)/{(Aa;)*) and ({a,)/{a,)o)*/{(Aa;)*)
are appreciably improved with respect to the case in Fig.
3 in which G =K. The characteristics of both chains are
very similar, since the slightly lower attenuation in Fig. 4
compared to that in Fig. 3 (which improves the signal-
to-noise ratios), is compensated by a lower-input mean
photon number. On the other hand, the fourth-order
signal-to-noise ratio again remains above the second-
order ratio. This behavior was not observed for low
signal-to-noise ratios.

Finally, it is worth noting that when the transmission
chain is formed from alternating three-photon absorbers
and two-photon amplifiers, a highly'® squeezed input is
needed to obtain signal-to-noise ratios similar to those
corresponding to linear chains (Fig. 1).

In conclusion, the low-noise properties of squeezed
light in a model of transmission link formed from alter-
nating nonlinear attenuators and amplifiers have been
evaluated. It was shown that when the attenuating sec-
tions of the fiber are assumed to be two-photon absorbers,
the behavior of second- and fourth-order dispersions and
signal-to-noise ratios is considerably improved with
respect to the linear case. On the other hand, squeezed
input light also improves the signal-to-noise ratios with
respect to coherent inputs.

In the case of three-photon attenuators, we found that
noise and signal-to-noise ratio remain practically con-
stant from certain elements of the chain. Moreover, the
fourth-order signal-to-noise ratios remain above second-
order ratios if sufficiently high signal-to-noise ratios are
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FIG. 4. Evolution of the second- (curve a) and fourth-order
(curve b) signal-to-noise ratios along a chain formed from alter-
nating three-photon absorbers and linear amplifiers. The at-
tenuation (K'=0.8) is slightly lower than the amplifier gain, and
the squeezed input is characterized by s=1 and 71, = 16.



37 BRIEF REPORTS

provided. It should be mentioned that when the fiber at-
tenuation is slightly lower than the amplifier gain, the
signal-to-noise ratios are appreciably improved. On the
other hand we have shown that low attenuations and
high-input mean photon numbers also improve the
signal-to-noise ratios.

Finally, we have also shown that when the amplifiers
are assumed to be nonlinear, the noise is increased and
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the signal-to-noise ratios considerably degraded, even
when the input is highly squeezed. In summary,
squeezed-input light and nonlinear absorbers appreciably
improve the signal-to-noise ratios with respect to
coherent inputs and linear chains. It should be stressed
that we have dealt with an idealized model that does not
take into account the deleterious effects due to nonlinear-
ities, which can be very harmful in transmission schemes.
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