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Signal-to-noise considerations in fiber links with periodic or
distributed optical amplification
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The detected signal-to-noise power ratio is evaluated for fiber links with periodic amplification. It is shown that the
highest ratio is achieved in the limit of a distributed amplifier (g = a), but that, alternatively, periodic amplification
at intervals of a-1 entails a penalty of less than 2 dB compared with the (ideal) distributed case.

In recent years there has been a major effort in the
field of optical amplification along fiber links.1-6 This
effort is spurred mostly by the push to avoid the need
for conventional electronic repeaters along the fiber.
In this Letter the problem of periodic amplification
along a fiber link is considered, and it is shown that the
ideal limit is reached in a distributed amplifier in
which uniform gain is provided the whole length of the
fiber such that the signal power remains constant
along the link.

Consider a single optical fiber carrying an optical
signal with power S(z), where z is the distance mea-
sured from the beginning of the fiber. If the fiber
attenuation constant is a(m'1), the signal power varies
as S(z) = So exp(-az) so that the detected signal
mean-squared current is

(i 2(z S2(z)e2
(hv)2

so2e2
hp2exp(-2az), (1)

*where e is the electronic charge and an optical modula-
tion index of m = 1 and a unity detector quantum
efficiency are assumed. The shot noise at the output
of the detector is given by

(i 2(Z)) = 2e 2S(z)Avv = 2eSOi exp(-az), (2)
hv h

where Av is the detector, and information, bandwidth.
The electronic signal-to-noise (SNR) power ratio is
given by

(is 2 (Z)) so V-az).
2h~vAv ex(-z)

(3)

It follows from Eq. (3) that the SNR decreases as
exp(-caz), i.e., a number of decibels equal to that of the
fiber loss. In addition to the degradation of the SNR,
the attenuated signal may give rise to a situation in
which the shot-noise current at the input to the receiv-
er may become comparable with or smaller than the
effective input noise current of the receiver, thus caus-
ing further degradation in the SNR at the output of
the receiver. This latter problem can be combated by
a heterodyne receiver or by employing optical amplifi-
cation. In the following a number of cases for optical
amplification are considered, and expressions for the

resulting SNR of the detected electronic signal are
derived.

Consider an optical in-line amplifier as shown in
Fig. 1. The input signal power is SO, and it enters the
amplifier in a single transverse (usually the fundamen-
tal) fiber mode. The amplified output signal is GSO,
while F0 represents the (optical) amplified spontane-
ous emission (ASE) power at the output that is gener-
ated within the amplifier in a band Av centered on the
optical signal frequency. This noise power is given
by7

Fo = (G - 1)AhvAv, (4)

where A = N 2 - N1 (g2/g1) is the inversion factor of the
amplifier.

The SNR power ratio at the input to the amplifier is
given according to Eqs. (1) and (2) by

/Soe 2

SNRin = \h = S
2e2 S AP 2hvAv'

hvA

The detected signal power at the output is

(jsout =( hp

while the corresponding shot noise is

(io2)o -=2e 2GS0 AP.
(shot )Ut = -hv V

(5)

(6)

(7)

In addition, we need to consider two new sources of
output noise current. The first is the current due to
beating at the detector between the signal optical fre-
quencies and the ASE frequencies, originating in the
amplifier, which are separated by the rf modulation
frequency. Such beating produces output noise cur-
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Fig. 1. Optical amplifier with a power gain G and an input
signal power So. Fis the total power of the ASE power at the
output of the amplifier in the appropriate bandwidth Av.
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rent components in the same frequency range as that
of the signal current. The mean-squared value of this
noise current is derivable in a straightforward manner
by a method identical to that used to derive the beat
current in a heterodyne detector. The result is4

* i.2 4e2 SoutFout
\in/sig-ASE - (hi) 2 (8a)
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Fig. 2. Fiber link with periodic amplification.

4e2GSO(G - 1)thvAiv (8b)

(hi')2

The second noise current is due to the beating of ASE
frequencies against themselves. This noise, which is
proportional to Fo2, can be shown to be negligible if the
signal power S(z) is not allowed to drop too far. The
shot noise due to the ASE has been neglected, which is
justified when So >> Fo. The SNR at the output of the
amplifier is thus

(GSoej2
hv 

SNROut =
2e2 GSO

Av +
hi

(9)4e2G(G- -)Souli

hp

where a 100% detector quantum efficiency is assumed.
For large gain, G >> 1, the second term in the denomi-
nator of Eq. (9) dominates, and

So
SNRout 4AhvAp (10)

The ratio of the input SNR to the output SNR is thus

SNRout

which in an ideal four-level (N1 = 0, , = 1) amplifier is
equal to 2. The single high-gain optical amplifier with
pure shot-noise-limited input optical power will thus
degrade the SNR of the detected output by a factor
with a lower bound (when At = 1) of 3 dB. We recall
that this degradation is tolerated only in order to save
the signal from the far worse fate of succumbing, in its
attenuated state, to the receiver noise.

In a very long (100 km < I < 5000 km) fiber link we
need to amplify the signal a number of times. In what
follows, a formalism is developed for systematically
treating cascades of amplifiers.

A generalization of Eq. (9) for the SNR of the de-
tected signal at an arbitrary point z along the link is

SNR(z) =

reS(z) 12

L hi J

2e2S(z)Av'

hi

4e2F(z)S(z) + 4kTliv'
(hv)2 R

where the last term in the denominator represents the
mean-squared thermal noise current of the receiver
whose effective noise temperature is Te. [Te is related
to the noise figure F of the receiver by Te = 290 (F -
1).] R is the output impedance of the detector includ-
ing the receiver's input impedance. Equation (12)

neglects the shot noise due to the ASE, the ASE-ASE
beat noise, and the intensity fluctuation noise of the
source laser. If S(z) can be maintained by repeated
amplification above a certain level, one can neglect the
thermal term. [In the numerical example used in con-
nection with Fig. 4, the neglect of the thermal noise is
justified for S(z) > 0.1 mW.] Under these realistic
circumstances, the SNR Eq. (12) becomes

(13)SNR(z) = + 4
2S(z)hz'Ai + 4S(zFWz)

S(z) is the signal power at z, while F(z) is the total ASE
power at z originating in all the preceding amplifiers
(z <Z).

Let us next consider the realistic case of a long fiber
with amplifiers employed serially at fixed and equal
intervals (zo) as illustrated by Fig. 2.

The signal power level S(z) at the fiber input and at
the input and output of each amplifier is shown above
the axis (the set So, SoL, So,.. .). The signal is attenu-
ated by a factor of L exp(-azo) in the distance zo
between amplifiers and is boosted back up by the gain
G = L-1 = exp(azo) at each amplifier. The spontane-
ous emission power F(z) keeps increasing by incre-
ments of F0 , where Fo is given by Eq. (4). Equation
(12) is used to calculate the SNR of the detected cur-
rent at the output of the nth amplifier. The result is

N 2hiAi' 11 + 2nA[exp(azo) - 1]1i
(14)

where, because of the high signal and ASE levels, the
thermal receiver noise is neglected. When G >> 1, we
find a z-1 (more exactly an n-1) dependence of the
SNR rather than the exp(-az) behavior predicted by
Eq. (3) for a fiber without amplification. The physical
reason for this difference is that the repeated amplifi-
cation keeps the signal level, as well as the level of the
signal-ASE beat noise, high. The latter is kept well
above the signal shot noise. A fixed amount of beat
noise power is thus added at each stage.

Equation (14) suggests that the SNR at z can be
improved by reducing zo, i.e., using smaller intervals
between the amplifiers and reducing the gain G =
exp(azo) of each. Although one can take the limit of
Eq. (14) as zo - 0, it is interesting to consider this case
ab initio. In this limit a case is reached in which the
whole length of the fiber acts as a distributed amplifier
with a gain constantg = a, just enough to maintain the
signal at a constant value. Since S(z) is a constant, we
need only evaluate the ASE optical power F(z) in order
to obtain an expression for the SNR at z. Let us
consider a differential length dz. It may be viewed as
an amplifier with a gain of exp(gdz) so that its contri-
bution to F(z) is given by Eq. (4) as

so

>/ nF 0

.... n
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compare the (ideal) distributed amplifier to the dis-
crete amplifier case of Eq. (14),

N() =211 + 2(z/z0),u[exp(az0) - 11hviAv'(18)

-1

-1.

-2
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Fig. 3. Universal plot of the degradation of the SNR com-
pared with the initial (z = 0) value as a function of z' - az:
curve (a), continuous amplification (g = a); curve (b), peri-
odic amplification every zo = a- 1 ; curve (c), periodic amplifi-
cation every z0 = 2a- 1. The horizontal scale is in units of
absorption length.

SNR (dB)
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where G = exp(azo) is used.
Figure 3 shows plots of the ideal continuous case

described by Eq. (17) as well as two cases of discrete
amplifier cascades [Eq. (14)]. The advantage of con-
tinuous amplification compared with, say, amplifica-
tion every a-', is less than 2 dB, so that the latter may
be taken as a practical optimum configuration. Fig-
ure 4 shows the SNR along a realistic link for continu-
ous amplification [curve (a)], discrete amplifiers
spaced by zo = a-' [curve (b)], and no amplification
[curve (c)]. The launched power is Po = 5 mW, X =
1.55 um, AP' = 109 Hz, and a = 0.2 dB/km. Curve (b) is
to be read only at multiples of z = a-1 = 21.7 km, which
are the output planes of the optical amplifiers. Curve
(c) assumes detection with a receiver with Te = 725 K
(F = 4 dB) and an input impedance of 1000 Q2. The
advantages of optical amplification for distances ex-
ceeding 40 km in this case are abundantly clear. The
break in the slope of curve (c) near 50 km is due to
dominance of receiver noise over signal shot noise
from that point on.

There exist other noise mechanisms in fiber systems
that were not addressed here. Most of these, such as
phase-to-amplitude noise conversion due to Rayleigh
scattering in fibers,8'9 can be controlled by a variety of
means and are deemed nonfundamental.

In conclusion, the problem of cascade amplification
has been considered, and it is found that the ideal
performance limit is obtained in the case of a uniform
distributed fiber amplifier with g = a.

* Permanent address, California Institute of Tech-
nology, Pasadena, California 91125.

Fig. 4. SNR of detected signal in a fiber link. Curve (a), a
continuous amplifier with g = a, ,u = 1. Curve (b), discrete
amplifiers employed every absorption length ao' = 21.76 km
(0.2-dB/km fiber loss), ,u = 1. Curve (c), no amplification
and detection with a receiver with a noise figure of 4 dB.
The power launched into the fiber is 5 mW, the fiber loss is
0.2 dB/km, X = 1.55 im, the detection bandwidth is Av = 109,
and the detector load impedance is 1000 Q. Curve (b) is to
be read only at multiples of z' = 1, the amplifiers' locations.
Curve (c) is to be read at z' = 2, 4,.

dF = lexp[g(dz)] - 1}MyhvA (15)

or (recall that g = a)

= gyuhvAv,
dz

F(z) = ggihvAvz,

where F(0) = 0 is used. By substituting Eq. (16)
Eq. (12) and taking S(z) = So, we have

SNR(z) =
So

2(1 + 2 ,uAz)h'v/'

As mentioned above, we can also obtain Eq. (17) as the
limit of Eq. (14) when z0 - 0. It is interesting to
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