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1. INTRODUCTION

Despite the present day low atte-—
nuation fibers, 1in long distance 1links
it is necessary to compensate in some

way the losses introduced by them [13
and so amplification is required. An
excellent option against the usual opto-
electronic repeater is to use the semi-
conductor laser as an on line all opti-
cal amplifier. With the use of those
amplifiers we can profit to the maximum
the high bandwith of single mode fibers
working at wavelengths of 1.55 um. Ne-
vertheless, laser amplifiers introduce
noise acumulated all along the chain.

Another problem of the
amplifier is that it modifies the para-—
meters which characterize the input
light, mainly the mean and variance of
the photon Fflux or of the electric
field. In intensity modulation and di-—
rect detection (IM-DD) systems it is
important to know the statistic of the
photon number, but in coherent systems
it is important to know the electric
field properties. Coherent systems are
cf interest because the sensitivity of
the heterodyne detection receiver is
better than that of the IM-DD receivers
£L21.

optical

In this paper, the degradation of
signal to noise ratio of the elec-
field introduced by the cascaded

mode fiber—laser amplifier sec-—
tions is modelated through the defini-
tion of a noise factor. Finally, the
performances of a coherent system with
heterdyne detection and cascaded sec-—
tions of fiber-optical amplifier (figure
1) are evaluated. -
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2. NOISE FACTOR OF CASCADED
FIBER-OPTICAL AMPLIFIER SECTIONS
to

Due the fact that this

paper
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Figure 1

Cascaded sections of fiber—optical am-—
plifiers with heterodyne detection.

deals with coherent optical systems, the
definition of the signal to noise ratio,

SNR, which we are going to use is
2
{E>
SNR = y s (1)
J.
where <E> is the average value of the

electric field module and Géits varian-—-
ce. The bracket ({>) operator indicates
average value.

The optical noise factor F measures
the signal to noise ratio degradation

SNR ¢
F = o (2)
SNR 4
In this expression, subindex ’i’ refers
to input and 0’ to output.




In a single mode laser amplifier,
the <following expressions are verified
£31:

/4
<Eq> = <E 26 (3
2
0} = 60V + B(2P-1) (G-1) , (a)

where G is the amplifier gain, P the
population inversion parameter and B a
constant defined as
B = H/(2€,V) ’ (3)
the vacuum
quantiza-

being H the photon energy, <,
dielectric constant and V the
tion volume.

Defining the Q parameter as

a = qf/zs - 0.3 , (&)
we obtain

Q. = 6a_, + P(G-1) (7)

With the latter formulae set and

for coherent light at the input (@, = 0,

£33), the noise factor of the amplifier
can be expressed as

20,+1 2P (G—1)+1
F, = ————— B ——— (8)
6(2Q,+1) )
QL=0
The noise factor of a fiber, F: ,
of length L and attenuation « dB/Km, is
calculated knowing that (31
/2
KEg> = <E_ K ’ ()
Gy = K Qg (10)
and
- /10
K = 10 . (11)
The expression obtained for F. ,
with Q;=0, is the following one:
-4
Fe = K . (12)

The total optical noise factor, F;,
for the configuration shown in figure 1,
with Kb=1, is, for coherent light at the
input (G =0)
Fy = 2rP(G-1) + & s (13
being r
fiers.

the number of optical ampli-

For the calculation of the total
optical noise factor it can also be used
a formula equivalent to the Friis formu-
la which is used for electrical signals
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F, -1 F, -1
FT = F; + + + )
K KB
Fa -1 Fr -1
+ r i r._r * a8
K G K G

HETERODYNE DETECTION

-
Y,
e

Far heterodyne detection (Fig.1),
if both optical signals are unimodal and

monochromatic of frequencies fg and f_
with lfg~f_ 1| = §; (intermediate fregquen-—
cy, I.F.), we can express

yg(t) = J2F; cos(2més t+ag) (15
and

Y. () = JZPLcos(2n¥tt+ﬁL) . (16)
where P and P_ are, respectively, the
optical powers of the received signal
and of the local oscillator.

The photodetector (FD) current wi-
thout multiplicative effect can be ex-—
pressed as [41

ig = 8P + ig . (17)
where

P =P +F  + ZJFEPLCOS(waxt+Q‘)  (18)

and bheing

S = gq/H = photodetector®s sensitivity.
7 = photodetector’®s quantum efficiency.
q = electron’s charge.
ig = noise current.
If P_ is high enough, in the ex-
pression of igp we will only take into
account the shot noise produced by P

whose current spectral density is qSPL .
From (17) we obtain:

ip = i + in (19)
i = S<P> (20)
i, = S(P—<P>) + ig (21)

4., CALCULATION OF THE
SIGNAL TO NOISE RATIO

From (17)-(21) and being 35=AE; and
Fo =AEi, the signal to noise ratio (ne-—
glecting the thermal noise due to the
intermediate freguency amplifier) 1is

28’ Al cEgF <Y
SNR = , (22)
SZ 0.'2+ G..RZ

being C[3]



Ty = 2q5<P > Af 23)

1 ) 2 3
ql 0':-+91‘+2 4a? L<E > Qos +<Eg> Oev +
+ QeTil dcos® (2mfp t) + SALCE >
({EgPy >—CEg»<Pg »)+{Eg>(KE F_>

=<E ><XP_>) lcos (2nf; t) ,  (28)

where 0':,61' . G’és and G'.-_Z; are, respecti-

vely, the variances of the power of the
received signal, of the power of the

local oscillator, of the module of the

received signal electric field and of

the module of the local oscillator elec-

tric field.

If the wvariations of the field
associated to the local escillator are
neglected, and OU» ;). the maximum value
of O can be aproximated by

2 2 F 3 2
0 = O0+ aA%<E,> Tus (25)
Taking into account that [4]
1 ~
QL = HeP OB = Hace®> Af (26)

from (23)-(26), the signal to noise
ratio is

22 2 2
2S A KE Y <Eg>
SNR =

2 2 -
s*HACE! >8f+a5% At <E, STi+2q5A<El A%
(27)

2
1f it is verified that <EL» ®<E.> ,
the relative error is aproximately
G:98<PL? and then we have the following

aprozimate signal to noise ratio:
1
P 2
1l Haf [ g o
+— + 1

1
12 1) <Ps>| <EQ <EgHF

SNR =~

[ 8]

(28)

S. RESULTS AND DISCUSSION
From figure 1, if KG=1, we have
<P > =G <P.> (29
From (1) and (2):

2
Js g’
= Fr
CE¢> <ELS

If{ we have coherent light at the
input, it is verified (31, [43]

@ H g

<EY <P >
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From (28)~(31) we can obtain

46 Ny
SNR = - , (32)
1 1]iF,
—+—1|— + 4G | + 2F,
2 7 [}Ns

where Ng ={F; >T/H is the photon mean
number in the time interval T and we
have assumed Af{ =1/T (bit rate).

From (13) and for r large enough

Fr = 2rP(G-1) + 6 = 2rPG ’ (33)
and so
Ng
SNR % - - . (34
11 rF
-+= {1 + + rP
29 2Ny

With coherent sistems and neglec-
ting the phase noise of the transmitter
and local oscillator lasers, we have [5]
~ Homodyne dection

0.5 erfc(Jzk:? Ns)

FSK is impossible

P

[}

- Heterodyne detection

Coherent P

0.5 erfc(JK7 Ng)

0.5 exp (K | Ny)

Noncoherent P

The K parameter is 0.25 for ASK, 0.5 for
FSK and 1 for PSK and erfc is the com—
plementary error function.

If there is only shot noise, the
ideal signal to noise ratio :s

snR! =N (z5)

For instance, an error probability
of 1077 for heterodyne PSK with coherent
detection 1is achieved with SNR=18. In
table I, the values of Ny for several
values of the r and 7 parameters are
shown. In figure 2 we can see the degra-
dation of the signal to noise ratio
defined as

snr /!
ASNR = 10log  — (36)
SNR

If we take into account the phase
noise of the transmitter and local os-
cillator lasers, from [6]1 we have calcu-
lated the signal to noise ratic necessa—
ry to obtain a determined error prnbfbi—
lity (figure 3). In that figure (ay is
the variance of the phase noise of the




and local oscillator lasers

transmitter
which we have suposed to be the same.
The signal to noise ratio of this figure
is that given by (34).

Ng
r
1 =1 1=0.7 | 1=0.5
1 118 1246 136
2 209 215 226
4 388 396 407
& 567 577 588
8 749 735 766
10 928 936 947
S50 43528 4537 4548
100 029 9035 2048
-9
Table I (Pi=1° s P=5)
& SNR (dB)
k1
1=
n 0.7
1-0.5
20 ¢t
10 .
+ -
i 10 100
Nimber of repeaters
Figure 2
SNR
(ap)
36
28

20
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