1985 % 1 1 B F % W Vol.6 1.
W6 A1 JOURNAL OF CHINA INSTITUTE OF COMMUNICATIONS Jan. 1985

FHOXEREFRFENES

J. Mg
G P 2 4R R BAR A

CRREED it i A s e 5 R0 2 0L R e N W 75 R £ 04 25 1 1 2 20 o 17 89
Mo R GCa )FIRERL @, y WFRT LM WA BROHRGS, 1 (2,y) Fom AR,

wrHBR T K 8T (67 (1 /([ a1) 21 st v, y K—cofl+oo it
FEN 1R G = B B3,

Noise Generated
by Slabs with Nonuniform Optical Gain
J. Arnaud*

Abstract: The noise of an optical receiver consisting of a surface emitling laser amplifier and a
delector is enhanced by any lack of gain uniformity. If G (x, y) denotes the power gain of the surface
emilting laser amplifier at a poinl x, y and I (x, y) the incident aplical beam intensily, the noise-enhance-

ment factor K' is equal lo J-G: I f{{ (fGL‘ =1 where the integrals are over x, y from —oo to +oco,

The best value, unity, is reached only if G=constani.

1. INTRODUCTION

In coherenf optical communication systems it may be advisable to amplify optical signals
before detecting them™*?. In that way, the detector noise may be overcome, Laser amplifiers,
however, generate incoherent optical power by spontaneous emission. This optical power
in turn mixes With the optical signal and generates a noise power (N) at the detector output. It
can be shown that when the optical amplifier gain is large compared with unity, the noise to
signal ratio is given by the simple formula

' N/8=4hf/P, (1)
at the detector output, independently of the detector noise. In this expression, S is the square of
the signal detector current, while N is the mean square of the detector current fluctuations per unit
bandwidth. Af represents the photon energy and P, the received optical power. Equation (1) rests
on the following assumptions:
~The population inversion is complete
—The quantum efficiency of the detector is not small compared with unity
~The shot noise and the self-beating of the spontaneously emitted light are negligible. This is the
case wWhen the optical gain is large, the number of amplified modes is not very large, and the
detector bandwidth is not very small compared with the optical linewidth.

Finally,the gain is supposed to be spatially uniform. The purpose of the present paper is to discuss
this last assumption. To that effect, we consider a thin sheet of material with gain, and show that
if the gain varies significantly within the area over which the incident beam has significant inten—
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sity, the right-hand-side of Eq. (1) should be multiplied by a factor K'>>1. The configuration-
presently investigated is represented in Fig. 1, where the incident beam intersects at right angle an
amplifying thin sheet. Iga™ has shown that such a configuration provides significant gain even
at room temperature. In the case where the optical wave propagates along the slab with gain,
rather than perpendicular to it, a spontaneous cmission enhancement factor K was first proposed
by Petermann™?, and modified by Arnaud™ and Coste et al."? We are presently discussing quite:

a different geometric configuration.

2. EXPRESSION OF THE SIGNAL POWER S

Let ¢ (x, 0) denote the incident optical field (plane z=0 of Fig. 1) and ¢ (x, L)
the output ficld. These fields are supposed to be normalized in such a way that the power density
is |¢|* The power optical gain G, is then evidently

G..=j‘f[¢' (=, L).l'dxdy/ffw (z, 0)|*dzdy (2)

The medium, 0==z=1L, may be characterized by a complex index of refraciion n
n=n,Fin; k=(w/c)n; ki=(o/c)n,=—g (3)
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Fig. 1 An optical beam (signal in) is amplified as it crosses a slab with gain. The
amplified beam field ¢ (x, L) beais with the spontaneously generated field to
generate @ noise current at the detector
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where n,, n;denote the real and imaginary parts of n, o=2xf, and g may be called the mediumy
gain. This gain parameter g(x, y, z) is assumed to vary slowly with # and y, so that diffraction

effects can be neglected over the short propagation length L. Yet, g may vary significantly over

the incident optical beam radius. We thus have
p (z, y, 2)=4¢ (2, y, 0) exp Eif: (afe) n (x, ¥, 2) dz] (4)
so that, from Egs. (2) and (3), the power gain G, is
¢= {1y 6@y e, 0
I (x, y)=l¢ (z, 3 O)|* ;
G (x, p=esp | [& oy, ) ds]

Bi= Jff (z, y) dxdy

Now, if the detector quantum efficiency is 75 each incident photon gives 7 electrons, so that the

signal power S is

Bl E|Soka B Sl el ol * 10
gyl ok 5
s_;a_(hf a.p, (8)

3. NOISE POWER

As indicated in the introduction we shall consider only the beat between the optical power
spontaneously emitted in the laser amplifier and the. optical signal, the other noise terms being
negligible in the limit where G,—oo.

The noise power at the detector output (mean sguare of the current fluctuations) is

2
N=t e’ [ [ [ [ [o* oyiD) s G0 i i 20 didy ()
where ¢ (x, y, L) denotes the signal field at the detector plane and ¢,, the field spontancously

emitted by a small volume d#, dy, dz, located around &y, ¥o, %y within the slab, and a spectral
range unity. Nonoverlapping volumes of the active medium generate fields with random phases so
that only powers add up. The surface integral in Eq. (7) is over the  detector plane (x, y from
—o3 to -+-o9), while the triple integral is over the slab volume (&g y, from —co to +co and z;
from 0 to L);

The field spontaneously emitted at z, by a volume centered around z, is represented by a d—
function in # and y

Ver (2, ¥y 203 &6, Yoo 20) =[2hfg (xoy ¥, 2) day dy, dzs]* (z—2,) 8 (y—y,) (&)

Note that the medium gain g which represents stimulated emission in Eq. (5) also enters in the
expression, Eq. (8), of the spontaneously emitted field. This fact expresses the well-known Ein—
steins’s relation between the A and B coefficients'). Because diffraction is neglected over the thim
length' L, the field created at z=L by the field distribution at z, given in Eq. (8) remains in the
form of a d-function, and we need only take into account the amplification from z=z, to z=
by ;

lb-p (xl Y L, Tgy Yoo zl)=¢:r (xl N Za Tgy Nes zn)XEKp[ij‘: (CG,"’C) i (3‘, y, 2) dz] (g)

Equation (9) also expresses a phase change from z, to L which, however, does not remain in the
final expression for N.

When these expressions, Eqs (8), (9), are introduced into Eq. (7) we obtain for these noise
power spectral density

N=(ne/nf)* [ f [205 ¢ (: Yor 20) diy dyy dze

Y U‘fﬁ!' (z, y, 0) ehi"r‘k' f%. ) é (x—x) & (y—y,)

L
z'f k(z.y 2) dz 7
®x e oL dx dy ‘ (10)
After integration over z, ¥, we notice that
L
—_— *
& B ICKCRE d’i’=G (@ ) (11)
and
L 5
vruzg (@os ¥os 20) exp[j. 2g (24 ¥ou 2) dz] dz; =@ (xs y.)—1 (12)

We thus arrive at the simple expression for the baseband noise-to-signal ratio

N/S=4 hffja G-1) I/Ufcfr ) (13)

where G stands for @ (2o, ¥.), I for I (,, y,) and the integrations are over z,, y, from —&o to
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+oo. If the gain of the amplifying slab is uniform, that is, if & is independent of « and y, and
large compared with unity, we find from Eq. (13): N/S=4hf/P, as stated earlier in Eq. (1).
We are thus led to define in the general case of nonuniform @G a noise enhancement factor

K'=(N/8)(Po/4 hf)=ffa*r J'J' 1 (_ffar ) (14)

where we have assumed here again that G3»1. This factor is called K’ to avoid a confusion with
Petermann’s K-factor™? which has a different significance. To show that the right-hand-side of
Eq. (14) is always larger or equal to unity notice first that

[fJle=fJ@n /] [1]= )

because the integrand is always positive (G real and [ real positive). If we perform the integra-
tion in Eq. (15), the announced result follows readily. The best signal-to-noise ratio K'=l is
thus achieved when the gain G is a constant over the incideni beam area,

As an example of application of Eq. (14), let us assume that the incident beam has uniform
intensity over a circular cross-section of radius p, while the active slab has gain over a concen-
tric area of radius p/2 only. A straightforward integration shows that the noise enhancement
factor is

K'=4 (16)
4. CONCLUSION

We have shown on theoretical grounds that when an' optical beam: is amplified by a thin
active slab, any lack of uniformity of the slab gain enhances the noise which contaminates the
amplified signal. In such configurations (e. g., in surface emitting semiconductor laser ampli-
fiers™) it is therefore important to ensure pumping uniformity.
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