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Abstract: The authors present a rigorous and self-
contained noise analysis of an optical amplifier
based on the statistics of the input source field and
the amplified spontaneous emission field of the
amplifier. The method enables us to obtain the
frequency dependence of the output electrical
noise power, which has not been derived in pre-
vious studies of optical amplifier noise based on
the photon statistics master equation. The authors
characterise for the first time the noise of an
optical amplifier in combination with a super-
fluorescent source, taking into account the fre-
quency dependence of the gain and the presence of
optional optical filters.

1 Introduction

The limiting noise performance of systems incorporating
optical amplifiers is normally determined by the ampli-

fied spontaneous emission (ASE). Yamamoto [1] used

the photon statistics maser equation analysis by Shimoda
et al. [2] to analyse the noise and error rate performance
of transmission systems incorporating semiconductor
amplifiers, and derived an expression for the variance of
the photon number rate at the output of the amplifier.
This theory has formed a basis for subsequent studies of
the subject, including noise characterisation of fibre
- amplifiers [3].

Most studies of noise in optical amplifiers [1-5] con-
centrate on systems using single-mode lasers which pri-
marily exhibit phase noise. There is, however, a growing
interest in superluminescent diodes and superfluorescent
fibre sources for use in optical fibre sensors, especially in
fibre optic gyros and white light interferometers. These
broadband thermal-like sources exhibit additional AM
intensity noise (also called excess noise), which will be
amplified and modified by optical amplifiers. We present
here, for the first time,a rigorous analysis of this amplified
source intensity noise which we will denote as the signal-
signal beat noise since the corresponding detector noise
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current is caused by the mixing in the detector (beating)
of the randomly phased frequency components of the
amplified signal spectrum.

In this paper we present a theoretical noise analysis of

a s1ng1e pass optical amplifier, treating thermal-like

sources in particular, but also discussing laser sources.
The analysis is primarily concerned with doped fibre

amplifiers, but is valid also for semiconductor laser .
>amp11ﬁers In our analysis the output noise current spec-

trum is derived from the autocorrelation function of the
output detector current by Fourier transform. The auto-
correlation function of the output current is obtained by
calculating the fourth-order moment of the total optical
field at the output detector(s). By using this field statistics
method it is straightforward to calculate the frequency
dependence of the output noise power. This has not been
achieved by the photon statistics master equation
an’alysis used in previous works on optical amplifier
noise.

“The frequency dependence of the gain is easily
accounted for in our analys1s as is also the presence of
optional optical filters. It is necessary to include the fre-

‘quency dependence of the gain when the source is
thermal-like, and also when calculating the spontaneous—

spontaneous beat noise due to beating between the fre-
quency components in the ASE spectrum,

. The field statistics method has previously been used to -
calculate the output electrical noise power spectra of

multiple-path . fibreoptic . systems such as fibreoptic
Mach-Zehnder interferometers and recirculating-ring
delay lines driven by either lasers [5] or thermal-like
sources [6]. Following the lines of this paper, together
with the analysis by Tur et al. [5], the field statistics
method was recently used to characterise the noise of a
recirculating-ring delay line incorporating a fibre ampli-
fier [7] and of a Sagnac interferometer including such a
delay line [8].

‘Our analysis is based on classical field statistics.
Loudon and Shepherd [9] used a similar formulation in
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a quantum field statistical analysis of optical quantum
amplifiers. They derived expressions for the output
photon number distribution, but they did not consider
the spectral properties of the noise or the influznce of a
frequency dependent gain,

2  Electrical beat noise spectrum

We consider, in the following, a single mode thermal-like

input signal field E,(t), with time varying phase and

amplitude:

Eqo) = JLio®] exp {j[2mvo t + $o()]} Y

Here, iy(t) is equal to the photocurrent produced when
E(t) is incident on the detector, v, is the centre frequency
of the signal spectrum, and @,(t) is the phase of the signal
field. Both iy(r) and ¢4(t) are random variables. The
signal field is assumed to be linearly polarised in a direc-
tion which we denote as s-polarised. Fields polarised
orthogonal to the signal are denoted as p-polarised.

The output amplified signal field E(¢), is also assumed

to be s-polarised, and may hence be written as a convolu- .

tion of the input signal field E,(t) with the transfer func-
tion h(t) representing the gain of the amplifier and any
optical filters which may be present:

Eft) = J.w Eo(t)h(t — ) dv ; | : | @
where | ' ' o
hft) = J. H(v) exp (]27Wt) dV ‘ )

,(gv) is the Fourier transform of h,(t) and has a magni-
tude

|H0)| = JIGOF(M] : 4

where G(v) is the amplifier gain spectrum and F(v) is the -

optional optical filter function. If there is no optical filter,
F(v) = 1. Similarly, the ASE field in each of the two
orthogonal polarisation states (s and p) at the output end
of the fibre amplifier may be written

Euuel®)' = [iund®)] exp {jL277, 1 + ¢,,e(t)‘]}
=5p (5)

where 1,,,,(t)' is equal to the photocurrent produced when

E,(t) is incident on the detector, v, is the peak (or mean)
frequency of the ASE spectrum, and @ase(t) is the random
phase of the ASE field. With an optical filter at the
output end of the amplifier, the i-polarised (i =s, p)
output ASE field E,(t)' may be written as a convolution
of the inherent ASE field E,(t)’, with the transfer func-
tion h,(t) representing the optical filter:

E() = _[ i EftYht —7)dv' i=s,p 6)

where

hy(t) = f )

H,(v) is the Fourier transform of h.(t), and has a magni-
tude

|H,0)| = JIFO)] | ®
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H,(v) exp (j2nve) dv )

With an infinite detector bandwidth, the total output
current is

i(t) = {E}(®) + EX¢yHE(®) + E0f} + EXNOPE, (1)’ (9)

- amplifier filter Eg(t)
0 detector
l F(v)
* G(v) y

S
source Eqse(t) I .
Ecsemp (t)p
Fig. 1  Schematic drawing of ﬁbre amplifier with gain spectrum G(v)

Jollowed by optical filter with filter function F(v)

Eo(t) and E(t) are s-polarised input and output sngnal fields, respectively. E,(t)' is
i-polarised (i = s, p) amphﬁed spontaneous emission (ASE) field at output of fibre
amplifier, and E(t) is i-polarised (i =5, p) ASE field after filtering; s and p
represent two orthogonal polarisation states in fibre

‘To obtain the noise spectrum of the output current, we
first calculate the autocorrelation function I')(r) of i(z),
which according to Appendix 6 can be expressed as

I'i(z) = it + i)
- =T20) + T *1) + 2I%(0) + 2T, @)
- 2L O,0) + T + T (10)

where - |
(1) =< EM*ESt + 7)) (11)
and
T =<EM"Et+7) (i=sp) 12

are the autocorrelation functions of the output signal and
noise field, respectively.

'The output electrical noise power spectrum S(f) is
given by the Wiener-Khinchine theorem as the Fourier
transform F{C/(t)} of the autocovariance function C(),
which is equal to T'/(t) in eqn. 10 minus the DC terms.
We obtain after some manipulations

st = [ sy

| LSS 1) + S0P +£)] dv

+2 f CSmSo Ny (13)

where

Sv) = F{I ()} = S0) | H,0)* = Sqm)GOF()  (14)

and

$,0) = 5,00 = S,0P = F{[,(0)} = S )F®)  (19)

are the photocurrent equivalents of the filtered output
optical signal and ASE power spectra, respectively (i.e.
the optical power spectra times the responsivity p of the
detector). Note that the supersctipts s and p for the two
orthogonal polarisation states will only be used where it
is important to emphasise the polarlsatlon state of the
ASE field.

Shot noise is not accounted for in the present analysis.
It can be included by adding to S(f) a term S,,,(f) =
e(I'0) + 2I',(0)). However, the shot noise is normally
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negligible in systems using optical amplifiers [4], and it
will be omitted in the following,

The photocurrent equivalent of the input signal spec-
trum is given by So(v) = F{<Ey(t)*Eo(t + 7))} The photo-
current equivalent of the ASE spectrum corresponding to
each of the two polarisation states is given [10] as

Saselv) = prg, (Vv [G(V) — 1] ‘ (16)

where hv, is the peak (or mean) ASE photon energy and

n,,(v) is the spontaneous emission factor of the amphﬁer
as expressed [10]. With complete populatxon inversion
along the amplifier, n,,(v) = 1.

The first term of "the output electrical noise power
spectrum S(f) in eqn. 13 represents the signal-signal (s—s)
beat noise, and is equal to the expression given [6] in the
case of no gain, the second term represents the
spontaneous-spontaneous (sp—sp) beat noise, and the
third term represents the s1gna1—spontaneous (s—sp) beat

noise. Note that all three noise terms in eqn. 13 may be -

considered as correlations between optical spectra. The
s—5 beat noise (excess noise) was included in the variance
expression of Yamamoto [1], where he assumed a fre-
quency independent gain. However, - this noise was
neglected in his, and all subsequent analyses of optical
amplifier noise. This is a valid approximation for a single
mode laser source, but as we shall see, the s—s beat noise
may be the dominant noise contribution when the source
is thermal-like. If the source is unpolarised, both the s—s
beat noise and the s—sp beat noise terms in eqn. 13 will
increase by a factor of 2, provided that S(v) is referred to
one of the two orthogonal polarisation states.

S(f) in eqn. 13 was calculated for a thermal-like
source, but the expressions for the s-sp beat noise and
the sp—sp beat noise are also valid for a laser source. The
beat noise spectrum in the case of a modulated signal is
obtained from eqn. 13 by letting S(v) represent the
(filtered) modulated signal spectrum.

The noise expressions given so far are generally correct
for any shape of the signal and gain spectra. However, to
obtain explicit expressions for the various beat noise
terms, assumptions have to be made about the lineshape
of the signal and gain spectra. The amplifier gain spec-
trum is given by G(v) = exp [g(v)], where g(v) is the gain
parameter, which has a FWHM bandwidth Av and a
peak gain frequency v,. In the following, we assume that
g(v) has a Lorentzian lineshape [11], which is the case for
a homogeneously broadened gain medium, and that the
signal spectrum has a Gaussian lineshape [11], which is a
good approximation for a superfluorescent source [12].
The signal spectrum has a FWHM linewidth Av, and a
centre frequency v, = v, (1e we consider only the case
when the source spectrum is centred at the frequency of
maximum gain). In this case, assuming a Lorentzian gain
parameter g(v) is a very good approximation provided
that G( )> 1.

rst calculate the frequency dependence of the
output electrical noise power, as given by eqn. 13, with
and without an optical bandpass filter at the output of
the amplifier. We assume an idealised optical filter func-
tion

_ v—v :
F(v) R,eCt[—JAvf i)
where Av, is the filter bandwidth. With a filter included,
the integration limits in eqn. 13 are changed from —o
and oo to v, + f — Av,/2 and v, + Av/2. The pos1t1ve fre-
quency part of the calculated noise spectra is shown in
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‘Input signal power P, =0.1@mW, G =
Com, (v) = 1; also shown is s—sp beat noise for smgle mode laser source with and

Fig. 2, for various values of the filter bandwidth Al, = A2
Av,/c. We have assumed an erbium doped fibre amphﬁer \
(EDFA) with peak gain wavelength 1, = 1532nm, and a
gain parameter bandwidth A4 = A2 Av/c = 15 nm.

=140p o

(-
= ﬁ\
£ Ms-s ﬁﬂ 1nm
= -180} ‘ AAg=01 05 wfiglrt\out
= -200p_ SWssp Y
v . . ' ‘
@ 2207 : : T
o PN N ﬁ
£ -20FTF | i T
[73] i +

-260F ‘ \

s(f)sp_sp ‘h
-280 — N 1, " -,
108 10° T1o‘° oM 102
f Hz

AY4 (g =01nm)
2

Fig. 2  Positive frequency part of electrical beat noise spectra with
superfluorescent source having linewidth Avy = 0.3 Av in combination
with typical EDF A, with and without optical filtering

10dB, AZ = 15nm, p = 1 mA/mW, and

without ﬁ]ter (dashed lines). The filter bandwidth in this case is Al, = 0.1 nom

Fig. 2 shows that the noise spectra fall off when the

~ electrical frequency f is comparable with the optical line-

widths. With an optical bandpass filter with bandwidth
Av,, the 3dB cutoff frequency f;4p = Av,/2, and the
spectra go to zero at f = Av,.

For comparison, we show the s-sp beat noise spec-
trum with a single mode laser source (dashed line), which
can be obtained from eqn. 13 by assuming that the
source linewidth is much smaller than the gain band-
width, The s—sp beat noise spectrum with a laser source
will still have the same cut-off frequency, but with an
abrupt cutoff due to the narrow laser spectrum. This is in
agreement with Lowery [13], who obtained the electrical
beat noise spectra of a laser source in combination with a’
semiconductor amplifier from the mixing of the spectral

_components at the input of a square-law photodiode.

‘Note that, with a single mode laser source and a nar-

~ rowband optical filter at the output of the amplifier, the

measured electrical s—sp beat noise spectrum is a direct
measure of the optical filter function, as observed in
Fig. 2.

With the thermal-like source, the low frequency noise
of all three noise terms are observed to decrease with
decreasing filter bandwidth, Al,, because this bandwidth
is smaller than both the signal and ASE linewidths. Note
that, also, the signal is reduced through filtering, and in
most cases the signal-to-noise ratio cannot be increased
by means of filtering. We will discuss this further in
Section 3.4. With a single mode laser source, only the
sp-sp beat noise can be reduced at low frequencies by
means of an optical filter. Note that, with a single mode
laser source, the s—s beat noise is negligible [1], while the
sp—sp beat noise is the same as with a thermal-like source.

3 Electrical beat noise power at low frequericies

S(f) in eqn. 13 describes the frequency dependence of the
output electrical noise power. Usually, we are only inter-
ested in the noise at frequencies much lower than the
optical linewidths, when S(f) ~ S(0). In this Section we
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discuss the dependence of the low frequency beat noise
on the gain and on the ratio,

AVO .
r=- (18)

between the signal linewidth and the gain parameter

bandwidth. We also consider the effect of an optical filter,
expressed in terms of the ratio :

Ay
Av

Finally, we calculate the signal to noise ratio, which is the
most relevant parameter for describing the effect of noise
on a system. The results are directly applicable to a fibre-
optic sensor system using a superfluorescent or super-
luminescent source in connection with an erbium doped
fibre amplifier (or a semiconductor laser amplifier).
Results for laser sources are obtained as a special case,
but these results are well known from earlier work.

qg= (19

as
GO peat = 2WS(0)

= GOy + Oy + BDVepp  (20)

where W is the detection bandwidth. The factor 2

accounts for integration over both positive and negative

electrical frequencies. The three terms in eqn. 20 corres-
pond to the first, second and last term in eqn. 13 with
f=0, and represent the s—s beat noise, s—sp beat noise,
and sp-sp beat noise, respectively.

3.1 Signal-signal beat noise

Inserting the first term in eqn. 13 into eqn. 20, using the

filter function in eqn. 17 and a Gaussian signal spectrum,
we obtain for the s—s beat noise power:

GOy = K(G, 7, Q1.0 2W(pP, G) @

where G = G(v,), Py is the input signal power, and 1, =
2In 2/1:)‘/2/Avo is the input signal coherence time. The
factor x(G, r, q) expresses the s—s beat noise reduction
relative to the hypothetlcal situation with frequency inde-
pendent gain G, and is given by

1 2 2g(v.)
A Yerp [1 +(rx)’]

K(G,r,q) =

, xexp[——2ln2x2]dx (22) |

Note that the relative intensity noise corresponding to
i), in eqn. 21 is 10 log [x(G, r, g)..] (dB/Hz) In

Fig. 3, (G, r, q) is plotted as a function of the gain, with

r = Avy/Av as parameter.

The ratios r = 0.3 and r = 4 are typical values for an
EDFA in combination with a superfluorescent erbium
fibre source (SFE) and a superluminescent diode (SLD),
respectively. Fig. 3 shows that the s—s beat noise, relative
to the noise obtained with a frequency independent gain,

decreases with increasing gain. This is due to the gain -

narrowing associated with increasing gain. This effect
becomes more predominant with increased signal line-
width or decreased gain bandwidth. With an ideal optical
filter (see eqn. 17) inserted, the gain is approximately con-
stant within the filter bandwidth, and consequently no
gain narrowing effect is observed. Insertion of a narrow-
band filter centred around v, extracts a part of the gain
spectrum where the gain is approx1mately constant, but it
also filters out some of the signal power, and the s—s beat
noise is consequently reduced, as observed in Fig. 3.
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We express the total low frequency beat noise power

3.2 Signal-spontaneous beat noise
Inserting the second term in eqn. 13 into eqn. 20, using
eqns. 16 and 17, we obtain for the s—sp beat noise power:

C0)sap = &G, 7, AWP Py, v, GG — 1) (23)

k©G.r.q)

(r=0}3,q=0~07)

Fig. 3 (G, r, ) for Gaussian signal spectrum, without optical filter
(g = o), as function of amplifier gain G, with r = Avy/Av as parameter

Also shown is &(G, 0.3, 0.07), where, for A4 = 15 nm, the optical filter bandwidth
Aly;=1nm

where the factor &(G, r, g) expresses the s—sp beat noise

reduction relative to the hypothetical situation with fre-

quency independent gain G. Here n,, is the effective spon-

taneous emission factor, which is equal to n,(v,) when
G > 1 [6]. With a Gaussian sngnal spectrum,

56,7, ) = 2002 f [ o) ]

\/( n)G(G — 1) 1 + (rx)?
* (“ o))
PITH (rx)*
x exp [—In 2 x*] dx (24)

As for x(G, r, q) in Fig. 3, we plot in Fig. 4 ¢G,r,qasa .

 function of the gain, with r ranging from 0 1to4.

(r=03,94=007)

0 0 20 30 40

Fig. 4 &G, r, q) with Gaussian signal spectrum, without an optical
filter (g — o), as function of amplifier gain G, with r = Av,/Av as param-
eter

Also shown is ¢ (G, 0.3, 0.07), where, for A).
Aip = 1nm

1

15 nm, optical filter bandwidth

Like the s-s beat noise, the s—sp beat noise also
decreases with increasing gain and signal linewidth com-
pared to the noise obtained with frequency independent
gain. With an optical filter inserted, the wings of the
signal and ASE spectra are removed, and therefore the
s-sp beat noise is reduced. Since the gain is constant

IEE Proc.-Optoelectron., Vol. 141, No. 3, June 1994



within the filter bandwidth, &G, r, g) is independent of
the gain.

With a narrow-band single mode laser source the -

signal gain is constant, and the s—sp beat noise is given by
eqn. 23 with ¢(G, r, g) = 1, in agreement with Reference 4.

3.3 Spontaneous-spontaneous beat noise
Inserting the last term in eqn. 13 into eqn. 20, using eqns.
16 and 17, we obtain for the sp—sp beat noise power:

(MO apsp = 4WLpn,, v (G — 1)]* Ay, ,, (29)

where the sp-sp beat noise bandwidth Av,, ,, is given by

Av

sp—sp

= (_5_1—1)3 f [G(v) — 112F2(v) dv

q 2
el (2] o o

"~ For Fy)=1, this is in agreement with the expression

given by Lammg and Payne [4].
We plot in Fig. 5 Av,, ,, relative to Av as a function of
-the amplifier gain, both with and without optical filtering.

s 08
<
v
206
- a
"]
g3
Q c 04t
3 with filter,q= 03
a3
5
c
02
27 014
] 0-07
° .
[ =4 1 1 1 J
0 10 20 30 T

Fig. 6  sp-sp beat noise bandwidth Av,, ., plotted as function of ampli-
fier gain G with and without optical filter refatwe to FWHM linewidth of
gain parameter g(v)

In case of Ad = 15 nm, filter parameter value of q‘ = 0.07 corresponds to Ad, =
1 nm

Without filter (¢ — o) the sp-sp beat noise bandwidth is
observed to decrease with increasing gain. This is due to

the gain narrowing associated with the increased gain.

With a narrow-band optical bandpass filter with constant
gain within the filter bandwidth, the sp-sp beat noise
bandwidth is equal to the filter bandwidth, as seen from
Fig. 5 for g ~ 0.07 and 0.14.

3.4 Signal-to-noise ratio
In the previous Sections we have discussed the various
contributions to the beat noise power at low frequencies.

However, we are usually interested in the signal-to-noise

ratio, which is defined as

S _ G’

N TG0y 7
The mean output signal current {i(t)) is given by

Gy = T(0) = f ® 8,0 dv (28)

When the beat noise is the dominant noise source,

GE)) = 3(t)Dpea in eqn. 20.
- Independently of the signal linewidth, it is not possible
to increase either (S/N),,. or (S/N),,, by inserting an

IEE Proc.-Optoelectron., Vol. 141, No. 3, June 1994

optical filter. Howéver (S/N)yp_sp increases with decreas-
ing filter bandwidth, Av,, as long as this bandwidth is
larger than the signal lmew1dth (g > 1), as illustrated in
Fig. 6.

180

' laser (r—0)

=1Hz)
3
k=3

176

(S/N)gp, _sp.dB (W

168t 1 - 1 L g T
025 05 075 1 125 15 +75 2
q= Avf lav
Fig. 8 Signal-to-noise ratio with dominating sp-sp beat noise as func-
tion of filter bandwidth Av ., for various values of r = Avy/Av
G=10dB,Py=01mW, W =1 Hz,Al-—-_ 15nm,n, =1and p = | mA/mW

The 51gnal power dependence is different for the three

- signal-to-noise ratios mentioned above. In Fig. 7 the total

signal-to-noise ratio is plotted as a function of P, for

140r winoise subtraction e
——5-§ %7

. $-8p r=03 <=
—~ 130p v oY)
N sp-sp -,
% / //,’_ _r=4(SLD) _

120+ -~
i ; &7 r=0-3(SFE)
k-]
z 1ol laser (r-0) e
A ,

’
’
wop /7 v
’, L Z / 1 n T L L " 3
-45 -40 -35 -30 -25 -20 -15 10
Py.dBm

Fig. 7  Signal-to-noise ratio as function of input signal power P, for
three different sources

Superﬂuoresoent erbium doped fibre source (SFE), SLD, and laser source, in com-
bination with an EDFA with gmn G = 10 dB and n,, = 1; noise subtractuion is
assumed to eliminate s—s beat noise; inset indicates slope of S/N as function of P,
when limited by the s—s beat noise, s-sp beat noise and sp-sp beat noise, respect-
ively; detection bandwidth is 1 Hz

three possible sources in combination with an EDFA: an
SFE with Ay ~ 5 nm [14] (r = 0.3), an SLD with Ad, ~
60 nm (r =4), and a single mode laser source where
r ~ 0. In the latter case the s—s beat noise is negligible, as
mentioned in Section 2. Also shown is the signal-to-noise
ratio for r = 0.3 and 4 with s—s beat noise subtraction
[15], in which case the s—s beat noise can be reduced by
as much as four orders of magnitude by means of a
simple referencing scheme. This is done by dividing the
signal light equally onto two detectors, where the output
from the detectors is applied to 'a noise subtraction
circuit.

Fig. 7 shows that the signal-to-noise ratio is maximum
with a laser source. The noise in this case is dominated
by the sp—sp beat noise for P, less than n, hv Avyy o
(~—36dBm), in which case the output sngnal power
equals the output ASE power, while the s-sp beat noise
dominates for higher input powers. The signal-to-noise
ratio obtained by using a typical SFE with r = 0.3 will be
close to that of a laser when the s—s beat noise is sub-
tracted. Without noise subtraction the s—s-beat noise will
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dominate for P, higher than about —35 dBm. With an
- SLD (r = 4), much of the signal power spectrum will lie
outside the amplifier bandwidth, and is not amplified.
Therefore, the signal-to-noise ratio will be lower than for

an SFE, except when the noise is dominated by excess

noise. In this case the signal-to-noise ratio is proportional
to the signal linewidth [14], and an SLD will produce
less excess noise than an SFE.

For G > 1, all three signal-to-noise ratios decrease
only slowly with increasing gain. Hence, the curves in

F1g 7 for G = 10 dB are representative also for higher -

gains.

4 Conclusions

Most theories of noise in optical amplifiers are based on
the photon statistics master equation. In this paper, we
have presented an alternative approach, based on the sta-
tistics of the optical signal and ASE fields. This method
has enabled us to obtain the frequency dependence of the
output electrical noise power, and it is shown that the
electrical noise power spectrum may be substantially
modified at GHz frequencies by the use of narrowband
optical filters.

Single mode lasers are used in fibre-optic communica-
tion systems with optical amplifiers, and previous noise
analyses have been limited to such sources. Our analysis
deals primarily with thermal-like sources, such as super-
luminescent diodes and superfluorescent fibre sources.
These are of interest for applications in various kinds of
fibreoptic sensors. The main modification introduced by
such sources is that s—s beat noise may be the dominant
noise contribution for a thermal-like source, whereas it is
virtually absent for a laser source. We have presented a
complete analysis including the effects of the frequency
dependence of the gain and optional optical filtering. Fol-
lowing the lines of this paper, the field statistics method
can be used to analyse multiple path optical systems
involving optical amplifiers.
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6 Appendix

6.1 Autocorrelation function of outpUt current
The autocorrelation function I'y(t) of the output detector
current i(t) is, when assuming an s-polarised signal, and

“an unpolarised ASE field:

T4(1) = it + 1i®))
= ([{E¥¢ + 7) + E}t + 1P HESt +7)
+ E,(t + 1)} + EXt + DPE,(t + 7]
x [{EX(@®) + EX@)HEL) + E ()}
+ EXOPE (7] - ’ (29)

After expanding and averaging I',{tr) in eqn. 29 the
remaining fourth-order moments are:

T'/(z) = CEXQEX( + DEEt + 1))
+ CER(PES(t + D'Eft + 0
+ (EROPER( + TPE(OPE{t + 7F)
+ CEXOEXt + tVE(¢VE(t + 7))
-+ (EXt + DEROE(DE,(t + 17
+ CEX(t + ESYE(t + 1E, (&)
+ CEXOER(t + OE(OE{t + 1 (30)

With a thermal-hke source, the complex Gaussian

" moment theorem for circular complex Gaussian random

processes [16] may be used to reduce the fourth-order
moments to second-order moments: ‘

Cu*(e Ju*(eJults)ults))
= (UMt ults))<ut(tults))

+ (e Julta))<utedults)> (1)

This theorem also applies for the amplified spontaneous
emission (ASE) field from the fibre amplifier. Using eqn.
31 and the fact that the signal field and the ASE field are
statistically independent I',(t) may be written as:

I'(7) = TH0) + T () ¥(2) + 2I'2,(0) + 2T, (1) %(7)
+ 2I,(0)I",,(0) + W0 g W(7) + TP(@0,(7) (32

where T(1) = CEXDE(t + 1)) and T,) = EX)'E,t
+0) (i=5p)
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