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Abstract: The placement of optical amplifiers in
WDM star fibre-optic networks has been
considered. Both postamplifier and preamplifier
configurations have been investigated. The
number of users supported by the topology has
been obtained when reflection noise and amplifier
gain saturation (cross-saturation) are present. The
effect of extinction ratio has also been considered.
In general the analysis shows that the
preamplifier arrangement is better than that of
the postamplifier.

1 Introduction

The high information carrying capacity of the optical
fibre can be utilised using one of the following three
techniques: wavelength division multiple access
(WDMA), optical time division multiple access
(TDMA) and optical code division muitiple access
(CDMA). The WDMA technique has the advantage
that its implementation is relatively easier as compared
with other two. To implement the WDMA in local
access network, many physical topologies such as star,
bus, folded bus, ring, etc. can be used.

Star is the most suitable topology as it distributes the
transmitted power equally among the receivers. The
number of users in the star is limited by the power
budget and can be increased by using (i) higher trans-
mitter power level, (i1) higher receiver sensitivity, (iii)
components having lower losses, (iv) electronic regener-
ator (i.e. active hub) and (v) optical amplifiers (OAs).
Options (i), (ii) and (iti) will demand considerable tech-
nological effort to improve the devices and compo-
nents. Option (iv) will require wavelength division
multiplexers and demultiplexers; multiple detectors;
electronic amplifiers and sources. Option (v) would be
the preferred choice as only one amplifier can be used
for the amplification of multiple channels in the fibre.
The optimum use of OAs in the star topology depends
on their placement. In this paper, performance of star
network in terms of number of users supported has
been investigated for postamplifier and preamplifier
configurations.
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2 System description

In an N x N star network every user is provided with a
transmitter and receiver pair. In the simplest arrange-
ment [1], each user is assigned a dedicated transmit
wavelength. The receiver takes one channel at a time
using a wavelength-selective filter, which can be fixed
or tunable depending on the media access control
(MAC) protocol. In this topology, optical amplifiers
can be placed either after the transmitter as postampli-
fiers or before the receiver as preamplifiers. It will
increase the number of users or decrease the required
transmitter power for given requirements. However, the
presence of noise and the gain saturation effect of the
amplifiers will partially reduce these advantages.

In a multichannel transmission system, the total light
intensity varies randomly since in each channel, light is
independently modulated. Thus, the signal output of one
channel varies according to the gain fluctuation induced
by modulation of other channels, even when the input in
the channel is constant. This is crosstalk induced by gain
saturation in the amplifier and is often referred as cross-
saturation. The cross-saturation effect is maximum when
all N wavelengths are used in the system. So this gives
the upper bound on the degradation.

In general, implementation of a N x N star coupler
will require log,N stages, each containing (N/2) number
of 2 x 2 couplers. The insertion loss L; of such a cou-
pler is given by

LT] = L»; 10g2 NdB (1)
where L, is the insertion loss of a single 2 x 2 coupler.

In this paper, operating wavelength is considered to
be in the 1.5um region and the signalling scheme to be
binary intensity modulation. Semiconductor laser
amplifiers (SLAs) are commonly available in this wave-
length region, which can be integrated casily with the
integrated optic implementation of transmitters and
receivers. Therefore SLAs have been considered in the
following analysis.

3  Amplifier model

An SLA can be represented by a travelling wave ampli-
fier (TWA) model if GN[R,R,] < 0.17 [2], where R, and
R, are the reflection coefficients of two facets of the
amplifier, and G the single-pass saturated gain. For a
TWA, the gain is given by [2]

G = Gp exp <_[G_1]If::t) (2)

where Gy is the unsaturated gain, and P,, and P, the
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input and saturation power levels, respectively. Param-
eters Gy and P, depend on amplifier and biasing con-
ditions. This equation is derived from a steady-state
analysis and ignores dynamic effects, which may be
important for high bit rates and possible four-wave
mixing (FWM). To simplify the analysis, the dynamic
effects have not been considered.

3.1 Reflection from amplifier

The path difference between transmissions and reflec-
tions from the amplifier cavity is less than the coher-
ence length of the laser light. Therefore multiple
reflections and transmissions can be added coherently.
Under this condition, reflection coefficient of the
amplifier is given by

_[GVR; - VR,
P 1 - GVRIR)?

3.2 Amplifier noise model
The OA generates noise owing to amplified spontane-
ous emission (ASE). It is considered to be white with a
single-sided power spectral density (PSD) [3, 4]

Ssp = ngp[G — 1]hv (4)
Here, n,, is the spontaneous emission factor which lies
between 1.4 and 4.0 for SLAs [3], # 1s Planck’s constant
and v the optical frequency. At the photodetector, the
ASE noise ;beats with itself and other optical signals,
i.e. information signal, echo signal. The variances of
different beat noise current components are:

ASE-ASE beat noise [3, 4]

R

3)

UE&SE~ASE = RSSS})[ZBEBO - BS] (5)
ASE-signal beat noise [3, 4):
UisEfsig = 4R8PRSspBe (6)

In the presence of an echo signal along with ASE, an
additional ASE-echo beat noise component is pro-
duced. It is determined by replacing the received power
level P, with the echo signal power P,,, in eqn. 6. In
eqns. 5 and 6, R, is the responsivity of photodetector,
B, the electrical bandwidth of receiver and B, the opti-
cal bandwidth. ASE-ASE beating also produces a DC
component which gives rise to shot noise. The shot
noise variance is [3, 4]

UiSEfshot - 26R0[SSPBO}B€ (7)
where e is the electron charge.

4 Computation of minimum required
transmitter power

Once the relationship between bit error rate (BER) and
transmitter power P is known for a given N, minimum
required Py can be determined using this relationship.
Therefore models to determine BER as a function of
P;and N are formulated as follows, when bits 1 and 0
occur with equal probability. ‘

NxN Optlcal

filter |

: coupler |
1

optical
filter

Fig.1 Swar network without amplifier
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5 Star without amplifier

In the star without amplifiers (Fig. 1), power received
at photodetector for bit i (i is either 1 or 0) is given by

Pa(i) = LR ®)

where:
POy = 20 (90)
Py0) = 2 (95)

In these equations, P;/2 represents the average trans-
mitter power and € the extinction ratio. The loss Lyp
between transmitter and receiver is given by

(a2L+LTI+LFI+LCV+3LSp )
10

Lrr=10" (10)
This does not include the split loss of star coupler
which has been accounted by the factor 1/N in eqn. 8.
In the above equation, o is the attenuation coefficient
of fibre in dB/km, L the length of fibre from user to
star coupler in km, Ly represents the filter insertion
loss, Ly the loss due to nonuniformity in the power
splitting by the star coupler, and L, the splice loss in
decibels. The signal current and noise variance for bit ¢
(i = 0 or 1) at photodetector output are given by:

Isig(é) = ROPR(’O (110’)
02(i) = 2eRy Pr(i) B, + T B,

(11b)

where k is the Boltzman constant, T the temperature in
Kelvin, and R; the load resistance of the photodetec-
tor. The first term on the right-hand side of eqn. 115
represents shot noise and the second term thermal
noise. The average probability of error considering the
threshold level which equalises the BER for bit 1 and 0

1S
_ 1o (Teig() = Luig(0)
Fe=gert <\/§[a(0) + 0(1)]> (12)

6 Star with postamplifier

In this Section the performance of a star network with
an ideal postamplifier is analysed. Subsequently, the
effect of amplifier gain saturation and reflection is also
considered (Fig. 2).
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Fig.2 Star network with postamplifiers
A, B, ... F is echo path

6.1 Ideal postamplifier
Let the gain of the ideal postamplifier be G,; then

Ps(i)Go Lt
___NO_E (13)
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The ASE noise PSD at the receiver considering N
amplifiers and N x N star coupler will be

Ssp = nsp|Go — 1A Lrr (14)
The signal current and noise variance for bit 7 using
eqns. 5-7 are given by:

Lsig(1) = RoPR( ) (15a)
0%(i) = 2eRo[Pr(i) + SspBo]Be + 4R Pr(1) S5, Be
4kT B,

Ry,

Egns. 12 and 15 are used to determine average P..

+ R%Sfp[2BoBe - B+ (15b)

6.2 Effect of gain saturation
Let the amplifier gain corresponding to bit 1 and 0 be
G(1) and G(0), respectively. Therefore the received sig-
nal power level for bit i will be
P (Z)G(Z)LTR
N
The received ASE noise PSD is different for bit 1 and
0. When the desired channel has bit 1, one half of the
remaining (N-1) channels are expected to have bit 0
and other half, bit 1. The ASE noise from each ampli-
fier gets distributed equally among the outputs. There-
fore at any output ASE noise PSD from each amplifier
will be reduced by a factor of 1/N. The total ASE noise
PSD at the receiver for bit / is

_nsp|G(i)—1]hwLrr 4 [N —1] ns, [G(0)—1]hvLTr
N 2 N
[.N — 1] ’(lsp[G(l) — 1]hl/LTR
2 N

Pr(i) = (16)

Sep(t) =

(17)
The first term corresponds to the desired channel, the
second term to channels having bit 0 and the third term
to channels having bit 1. The signal current and noise
variance for bit 7 are given by:

Lig(i) = RoPr(2) (18a)
0% (i) = 2eRo[Pr(i) + Ssp(i) Bo]Be + 4R3 Pr(i)Ssp(i) B
4kT B,
R,
The average P, in this case can be determined using

these equations and eqn. 12.

+ R3S? (i)[2B,B. — BZ] + (18b)

6.3 Effect of reflection noise

When the splices in the network are not good, back
reflection results in echoes. In general a signal which
has undergone 2n reflections will generate n-pass echo.
Generally the reflection coefficient of splices is below
—20dB; echoes with two and more passes can be
neglected.

When delays suffered by echoes are greater than the
coherence time of the optical signal, coherence between
signal and echoes need not be considered. In the net-
work under consideration, distance between the reflec-
tion points is much greater than coherence length.
Hence, incoherent addition of signal and echo power
has been considered.

In the network shown in Fig. 2, the first reflection
point is the amplifier and the second can be the splice
before the coupler i.e. splice 1 or the splice after the
coupler i.e. splice 2. The loss between OA and splice 2
(insertion loss of star coupler + splice loss + fibre loss)
is much higher than the loss between OA and splice 1.
Therefore the strength of echo between OA and splice
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2 will be much lower than the strength of echo between
OA and splice 1. Hence, echo signal arising due to
splice 2 can be neglected.

For simplicity, let the bits in the desired signal and
the echo signal be synchronised. This corresponds to a
worst-case situation and the analysis will give an upper
bound of degradation owing to echo. Let the echo of
bit b, interfere with signal corresponding to bit ».. The
received echo power considering the echo path A, B, ...,
F (Fig. 2) is given by

Py(b:)Gp(br) LY 51 RspRamp LR
N

where L 4, is the fibre loss between amplifier and splice

I, Ry, the splice reflection coefficient. The parameter
p(b,) represents the amplifier gain when the signal cor-

responding to bit b, passed through the amplifier:

Pecho —

(19)

G, (b,) = Goexp (—[Gp(m 1]

[Ps(br)[l - R] + PS (bTT)G;iLaISIRSP[l - R]Z]
Psat

X

(20)

where R is the facet reflectivity of the amplifier (R = R,
= R,). In this equation, it is considered that the echo of
bit &,, interfered with the signal corresponding to bit ,.
The parameter G, is the gain when the signal corre-
sponding to bit b,, was amplified. To simplify the anal-
ysis, it 18 assumed that no echo was present when the
signal corresponding to b, was amplified. Further, 5,,
is assumed to be zero for maximum echo signal. In the
equation, the signal corresponding to b, and echo of b,,
are added together and used as P;, in eqn. 2. As such,
the two optical signal powers cannot be added as these
are entering the amplifier from opposite ends. But the
addition corresponds to the worst-case scenario.

The amplifier gain G for the signal corresponding to
bit b, under the same assumption is

G = Goexp (—[G —1]

o Poo)[l = Rl + Po(b)Gp Ll s Rep[L — B
Psat

(21)

It is seen from eqns. 3 and 21, R,,, is function of G,
which in turn depends on &, and b,. The received signal
power at the photodetector input will be

P(b)G(be,br)[1 - R
Ps’ig(bc*,br) = ( ) ( 73/1[
The ASE noise PSD at the photodetector is given by

L
Sep(besbr) = msp[Glbe, by) = oL = Rop) =5

+ nSP[G(br~brT) - I]hVLAS]RSpRamp(bmb ) —

sp]LTR (22)

Ltr
’\T

; Lrr
Ttg G bcivbri —1]hv[l - Rs v
PUNCURRI RS

N-1
+Z nsp [G(bm brr,‘)

i=1

Lrr
N
(23)

In this equation, the first term corresponds to bit b, in
the desired channel, the second term to bit b, in the
desired channel, the third term to signals from the

]hVLASIRS;DRamp (bclwbrl)
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remaining N-1 amplifiers, and the last term to echoes
from the remaining N—1 amplifiers. Further, bits b, b,;
and b,,; are bits in the ith channel corresponding to bits
b,, b, and b,,, respectively, in the desired channel. In the
worst case situation, bits b, and b,,; can be taken as 0.
The b,; and b,; can be either 1 or 0 with equal probabil-
ity. When P, Py, and S, are known the signal cur-
rent and noise variance are given by:

Lsig(be,br) = Ro PR (24a)
02(be, by) = 2e[L5ig(be, by) + RoSsp(be, br) B, Be
+ 4R2Pp(be, b,)Ssp(be, by) Be
+ R2S,,(be, b,)2[2BoB. — B?] + 2R%Paiy Pocho
| 4kTB,
Ry

(24b)

where
PR = Psig(b(fv br) + Pecho

The fourth term on the right-hand side of eqn. 244 rep-
resents signal-echo beat noise. It is evident from
eqn. 24a that there are two signal levels corresponding
to bit 1. The same is true for bit 0 also. The threshold
is obtained using the highest level corresponding to bit
0 and the lowest level corresponding to bit 1. Using
these levels and corresponding noise variances, the
threshold that equalises the BERs for bit 1 and 0 is
given by

0'(1, O)[sig (O~ 1) + 0(07 1)Isig(1a 0)

o(1,0) +0(0,1)

With this threshold, the probabilities of error for bit 1
and 0 are given by:

Dth — (25)

P.(1,b,) = —;—erfc (Imgf/;ab(l) ; )Dth> (26a)
_ 1 Dth - Isig (07 b'r)
P, (0,b,) = §erfc ( V20(0.b) ) (26b)

Since bit 1 and 0 are equiprobable, average probability
of error is given by
11 1
Po=)Y = {—Pe(l,br) + §Pe(0,br)] (27)

2|2
b, =0

7  Star network with preamplifier

In this arrangement, all the wavelengths are amplified
by each preamplifier and one of them is selected by the
filter. As in the case of the postamplifier, performance
of star network with ideal preamplifiers is analysed.
This analysis is extended to include the effect of ampli-
fier gain saturation and reflection.

7.1 Ideal amplifier
The received power for bit ; is

P.(t) L 4GoL
P(i) = LOLTAG0Lan (29)
where )
_(Z(xL+LT]+L(;1;+3Lsp)
Lpa =10 0 (29)

is the loss between transmitter and amplifier without
the split loss of coupler. The L, represents the loss
between amplifier and receiver which consists of only
the insertion loss of filter.

The ASE noise PSD S, at the photodetector is deter-
mined from eqn. 14 by replacing Ly with L . It will
be the same for bit 1 and bit 0. Substituting Pg(z) and
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S,y in eqn. 15, the signal currents (Z,,(1) and I;,(0)) and
noise variances (6%(1) and ¢*0)) for bit 1 and 0 are
obtained, and the average P, is computed using
eqn. 12.

7.2 Effect of gain saturation

The degradation due to cross-saturation arises owing to
(i) decrease in the average gain because of increase in
the number of channels and (i1) gain fluctuations due
to randomness in the number of channels having bit 1.
In this section, degradation due to average gain reduc-
tion and gain fluctuations is analysed.

7.2.1 Average gain reduction: To determine the
average gain, the probability distribution of number of
channels having bit 1 is considered to be binomial. Let
N; channels out of total N channels are on. The proba-
bility that N; channels are having bit 1 is [§]

N 1"
rro= —
Pny (N1> [2} (30)

The input power to the amplifier corresponding to bit i
is

P.(i)L
Pin(i) = —@ (31)
Therefore the total input power to the amplifier is
NP, (1) + (N-N)P,(0). The corresponding saturated
gain of the amplifier is

G(f\’vl) = GO exXp (—[G(J\H) — 1]
(32)

y N1 P, (1) + (N — N1 )P, (0)
Psat
Using the probability defined by eqn. 30, the average
gain is
N
Gaw = 3 PniG(Ny) (33)
Ni=0
The signal power received for bit i will be
Pg(i) = Pin(1)GavLar (34)
As G,, is independent of the signal bit, the ASE noise
PSD for both bit 1 and bit 0 will be same. It is given by
Ssp = nsp[Gav - ].]hl/LAR (35)
Eqns. 34 and 35 are used to determine signal currents
(1,(1) and 1;,(0)) and noise variances (6%(1) and 6%(0))
in conjunction with eqn. 15. The average P, is com-
puted using eqn. 12.

7.2.2 Gain fluctuations: The probability of N,
channels out of N-1 interfering channels having bit 1 is

given by
N -1\ [1]¥!
Iv = - 36
NI ( ]Vl ) [2] ( )

The corresponding total amplifier input power for the
bit 7 in the desired channels is P, (i) + N P, (1) + (N - 1
— NP, (0). Therefore the saturated gain of the ampli-
fier is given by

G(i,Ny) =Go exp (—[G(z’,Nl) —1]

« [Pin (i) + NiPin(1) + (N — 1 — N1)P,,(0)]
Psat
(37)

147



For bit i, the signal power and ASE noise PSD at the
photodetector are:

PR(ia ]\/’1) - Pm( )G( aA’ )LAR (38a)
Sup(t, N1) = nep(i)[G(i, Ni) — 1JhwLag  (38D)

The signal current and noise variance corresponding to
bit i are:

ILsig(i, N1) = RoPr(i, N1) (39a)
0% (i, Ny) = 2eRo[Pr(i, N1) + Ssp(i, N1)B,] B,
+ 4R%Pg(i, N1)Ssp(3, N1)Be (39b)
4kT B,

+ Rg[Ssp(i, ]\"1)]2[23036 - B3+
Ry

Both (1) and ,(0) will have N levels depending on

N,. The threshold corresponding to the highest level of

1,;,(0) and the lowest level of I,(1) will be

0(0,0)I5ig(1, N = 1) + (1, N = 1)14;4(0,0)
o(0,0) +o(1,N - 1)

The probability of error under the condition that N,

interfering channels are at bit [ is

1|1 Isi (1,1V1)—Dth)
P.(Ny)==|= g
M) =3 [2"fc< ﬁa(l,Nn

Dy = (40)

1 D (0 N) (41)
th — szg 1
+_
e (P )
The average P, will be
N-1
P.= Y Py P.(Ny) (42)
1V1—0

7.3 Reflection noise

To analyse the effect of reflection noise, the echo path
A, B, ..., G as shown in Fig. 3 has been considered.
The amplifier is saturated by the signal and echo power
in the desired channel and also the signal and echo
power in interfering channels. Let the echo of bit b,
affect the signal corresponding to bit b, Further,
assume that when the signal corresponding to b, was
reflected by OA to form the echo, M, interfering chan-
nels were having bit 1. The average echo power at the
amplifier input in the desired channel is given by

N-1
Pae(br) = Z Pin(br)L%QARsp[l - R]levnRamp (43)
My =0

The average echo power in the interfering channels will

be

ael Z { Awl zn

My1=0

1)+ (N —1- M;)P;,(0)]

x LEyaRsp(l = RIP}yy Rumyp}
(44)
Py is obtained from eqn. 36 by replacing N, by M.
The Lg,4 represents the loss between splice 2 and
amplifier. R,,, depends on the gain G(b,, M,), which is

G(br,]Wl) = Go exp (*[G(br, le) — 1]

« (Pin(br) + M1 P (1) + [N — 1~ M1] P, (0)]
Psat >

(45)
Let N, channels out of N-1 interfering channels be at
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bit 1 when the signal corresponding to bit b, is ampli-
fied. The gain of amplifier for this signal is

Glbe.be, M) = Goexp (—[Glbe,br, 1) = 1]
Pin(be)t Poe (br )+ [ N1 Py (D+[N—1=N1] Py (0)]+ Paci (b))

Psat
(46)

In the numerator of the argument of this exponential
function, the first term is the signal in the desired chan-
nel, the second term echo in the desired channel, the
third term signal power in interfering channels, and the
last term echo power in interfering channels. The signal
power, the echo power and ASE noise PSD at the
TECEIVer are:

Py, (bc, by, N1) = Pin(bC)G(bm by, N1)Lar (47a)
Pecho(be,br, N1) = Pae(br)G(be, by, N1)Lag  (47D)
Ssp(besbry N1) = ngp[Gbe, bry Nv) — 1w L ar (47¢)
The signal current and noise variance are determined
using these equations, and are given by:
Lig(be,br, N1) = Ro[Psig(be, br. N1) + Pecpo(be, by, N1)J
(48a)
= 2e[I5ig + RoSspBo)Be + 4R3 PsiySspBe
+ 4R PechoSepBe + R3S? [2B,B. — B?|
4kT B,
L

XI

o? (bc, bra ]Vl)

+2R2P,;yPecho + (48b)

As before, there are many signal levels for both bit 1
and bit 0 and the threshold is computed using the low-
est level for bit 1 and the highest level of bit 0, so that
the probability of error for the chosen levels is equal-
ised. The probability of error P/ b,, N,) for a given b,
and N; will be

Isi (Lbr Nl) "‘Dth>
Pe b‘,«,\[ [ g ?
(br- ) 2[ ef( VZo(1,b,, Ny)

1 - Isi s Urs s
+=erfc (Dth g(0,b Nl))]
2 V26 (0,b,, N1)

(49)

The average P, will be

Pe = Z l: JE PV1P (braNl] (50)

b,-=0 Ny=0
where Py is given by eqn. 36.

A
cB D)
DE F G
b, ——
| optical
NxN .
: ‘ coupler fiiter ]
splice S hce
tx p] P l -
optical
fitter

Flg 3 Star network with preamplifiers
.. G is echo path

8 Example

Consider a N-user star network (N = 2, 4, 8, 16, ..)
and data rate for each channel as 1Gbit/s. Typical
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values of parameters in the network are as follows [6,
2]:

quantum efficiency of photodetector 0.95

length of fibre from user to star coupler 1km

attenuation coefficient of fibre 0.2dB/km

unsaturated amplifier gain 1800

saturation power level of amplifier -6dBm

optical filter bandwidth 10GHz

insertion loss of each 2 x 2 coupler 0.5dB

insertion loss of splice 0.5dB

coupler variability 0.5dB

amplifier facet reflectivities 10> (-50.25dB)

amplifier coupling loss 3dB

temperature 300K

load resistance 100ohms

spontaneous emission factor 2.0

electrical bandwidth of receiver 1GHz

operating wavelength 1.55um

filter insertion loss 0.5dB
For this network, numerical computations have been
made and the required transmitted power for a given
number of users N and bit error rate of 10~ is deter-
mined without OA, with optical postamplifier and
preamplifier. In the analysis with OA, effect of gain
saturation and reflection noise have also been consid-
ered. These results are shown in Figs. 4-13. In the fol-
lowing, results and inferences based on the preceding
figures are discussed.

20r

10k

PT,dBm

b N 3

! 10 100 1000
N

Fig.4 Variation of minimum required average transmitter power Pr with
number of users N in postamplifier scheme for € = 0.0
a Without Amplifier
b Ideal amplifier
¢ Amplifier with gain saturation
d As ¢ but with reflection Ry, = 10-2
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L
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&
o
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! 10 100 1000
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Fig.5 Variation of minimum required average transmitter power Py with
number of users N in postamplifier scheme for € = 0.05
o Without Amplifier
b Ideal amplifier
¢ Amplifier with gain saturation
d As ¢ but with reflection Ry, = 1072
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Fig.6 Variation of minimum required average transmitter power P with
number of users N in postamplifier scheme for € = 0.10
a Without Amplifier
b Ideal amplifier
¢ Amplifier with gain saturation
d As ¢ but with reflection R, = 102
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Fig.7 Variation of minimum required average transmitter power P with
number of users N in postamplifier scheme for € = 0.15

a Without Amplifier

b Ideal amplifier

¢ Amplifier with gain saturation

d As ¢ but with reflection Ry, = 1072

(1) Use of an ideal amplifier reduces the required mini-
mum transmitter power level for both postamplifier
and preamplifier cases. The reduction is greater in the
postamplifier than in the preamplifier because ASE
noise undergoes more attenuation.

(i) Gain saturation in the amplifier results in an
increase in the required transmitter power. The differ-
ence in power level is referred to as power penalty. In
the postamplifier, the penalty becomes more severe
with increasing N. It can be explained as follows. As N
increases, the star coupler’s split loss also increases.
Therefore more transmitted power is required to com-
pensate for this loss. It results in a decrease in gain of
the amplifier owing to an increase in gain saturation.
The penalty becomes so severe after N = 32 that it
overcomes the amplifier gain resulting in degradation
of system performance. The reason for the gain satura-
tion penalty exceeding unsaturated amplifier gain is
that for large N, the gain for bit 1 is almost unity due
to saturation effect and hence ASE noise PSD is negli-
gible, but for bit 0, the gain is much greater than unity.
This results in substantial ASE noise for bit 0. There-
fore on average, the noise level is greater than without
the amplifier. It degrades the system performance for
large N. The same trend is observed for all values of
extinction ratio (€). The gain saturation effect for small
N (1.e. N =2, 4, 8, 16) increases with the increase in €.
At higher N, it does not change significantly with
change in €.
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In the preamplifier, the effect of average gain satura-
tion is small for low values of N. It increases with an
increase in N. The increase is much faster for higher
values of € because with an increase in €, more average
transmitter power is required to maintain the given
BER. This implies more power at the input of amplifier
and hence more gain saturation.
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Fig.8 Variation of minimum required average transmitter power Py with
number of users N in preamplifier scheme for € = 0.0

a Without Amplifier

b Ideal amplifier

¢ Amplifier with average gain saturation

d Amplifier with average gain saturation and gain fluctuation
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Fig.9  Variation of minimum required average transmitter power Py with
number of users N in preamplifier scheme for € = 0.05

a Without Amplifier

b Ideal amplifier

¢ Amplifier with average gain saturation

d Amplifier with average gain saturation and gain fluctuation

e As d but with reflection Ry, = 1072
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Fig.10 Variation of minimum required average transmiiter power Pr
with number of users N in preamplifier scheme for € = 0.10
a Without Amplifier
b Ideal amplifier
¢ Amplifier with average gain saturation
d Amplifier with average gain saturation and gain fluctuation
¢ As d but with reflection R, = 102
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Fig.11 Variation of minimum required average transmitter power Pr
with number of users N in preamplifier scheme for € = 0.15

a Without Amplifier

b Ideal amplifier

¢ Amplifier with average gain saturation

J Amplifier with average gain saturation and gain fluctuation

e As d but with reflection R, = 1072
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Fig.12  variation of Py with & for different N in postamplifier scheme
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Fig.13  Variation of Py with & for different N in preamplifier scheme

The gain fluctuation effect in the preamplifier first
increases with N and after attaining maximum value
decreases with increase in N (Figs. 8-11). Since the gain
fluctuation effect depends on the variances of the prob-
ability density function of gain, for lower value of N,
variance increases with N. However, for large N aver-
age gain shifts towards the lower extreme of the range
(1 to Gy) and the levels are cluttered together. This
results in a decrease in variance with N at large N. For
some intermediate value of N, the variance will be max-
imum. This explains the variation of the gain fluctua-
tion effect with N.

(iii) The effect of reflection noise reduces with the
increase in N for both post and preamplifiers. As N
increases, the coupler’s split loss also increases which
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Table 1: Number of users supported in postamplifier
scheme fore =0.10

Number of users

. OA with gain
PrdBM  \yithout Ideal gaAinW,th saturatio?] and
ifier lifier . reflection

amplifier amplifie saturation (e w2008}
0 64 >1024 32 32
-10 8 512 8 16
-20 0 64
-30 0 8 2 0

results in increased required transmitter power. In the
postamplifier case it will give rise to gain saturation
and hence a reduction in amplifier gain, while in the
preamplifier, the total power at the amplifier input
increases with the increase in number of channels.
Therefore amplifier gain reduces with an increase in N
in the preamplifier also. A reduction in amplifier gain
means a reduction in amplifier reflectance, which
reduces the degrading effect of reflection. It is also
observed that preamplifier scheme is more severely
affected by reflection than the postamplifier scheme.
This can be attributed to more gain saturation in the
postamplifier.

(iv) Figs. 12 and 13 show that the average required
transmitter power is a minimum at € = 0.05 for high
N (i.e. N 2 32 for postamplifier and N > 1024 for
preamplifier). This is contrary to the expected trend of
an increase in required minimum transmitter power
with an increase in €. The physical reason for this is as
follows. At € = 0.0 there is no gain saturation for bit 0
and hence ASE noise will be greater. When € becomes
0.05, input power for bit 0 also saturates the amplifier.
This causes a reduction in ASE noise and hence a
reduction in transmitter power level. But due to the
increase in &, power level will increase. For a high
value of N, it happens that a reduction in power level
owing to a reduction in amplifier noise is greater than
the increase in power level due to an increase in €.

(v) Figs. 4-7 show that at higher €, reflection slightly
improves the system performance for smaller N (i.e. N
< 32). This is contradictory to the expected trend. In
this case, the echo signal saturates the amplifier and

leads to reduced ASE. The required transmitter power

due to reflection will increase as expected. However,

due to reduction in ASE noise, the required power’

level will decrease; for a smaller value of N, the latter
effect is predominant, leading to an 1mprovement in
system performance.

¢

Figs. 4-11 are used as source for the data in tabular
form in Tables 1 and 2. The following observations are
made from these Tables.

(vi) With the use of an ideal amplifier in the network,
the number of users is increased for both the post and
preamplifier configuration. When the effect of amplifier
saturation and reflection noise is considered, there may
or may not be any advantage. For example, in the pos-
tamplifier case there is no increase in the number of
users when the transmitter power level is 0dBm. As the
transmitter power decreases to ~20dBm, the number of
users increases from 0 to 4 (Ry, = -20dB). In general,
the number of users must increase as the reflection
coefficient of splice decreases for a fixed transmitter
power level. But there are some exceptions e.g. number
of users decreases from 16 to 8 when R,, is reduced
from -20dB to no reflection. The reason for this is as
given in (v).

(vii) In the preamplifier case, a greater number of users
are supported except when P is very low and R, -
very high e.g. Pr = -20dBm and Ry, = -20dB. It is
observed that the number of users reduces with
decrease in Py and increase in R,,. However, networks
are usually not designed for very low transmitter pow-
ers, and reflection coefficients due to splices are much
lower than —20dB.

(viii) For a typical transmitter power level of 0dBm,
the preamplifier scheme is always better compared with
the postamplifier scheme in terms of an increase in the
number of users. When the transmitter power level is
low (less than -20dBm) and the reflection coefficient
high, the postamplifier is better. However, networks are
not implemented for such low transmitter power levels
and high reflection coefficients.

9 Conclusions

In this paper, placement of optical amplifiers in a
WDM star network has been investigated. The number
of users supported by the topology for post and pream-
plifier placement has been determined. The effect of
gain saturation and reflection noise in both these cases
has been analysed. This effect has been evaluated in
terms of number of users supported or the required
uansmltter power for a given BER. The analyses also
consider the effect of extinction ratio. When there is no

/ gain saturation and reflection noise in the network, the

postamplifier scheme performs better. In the presence of
gain saturation, the postamplifier performs better for
low transmitter power levels. However, such low trans-
mitter power levels are not used in practice. When the
number of users and consequently transmitter power
increases, performance in the postamplifier scheme

Table 2: Number of users supported in’/preamplifier scheme for € = 0.10

Number of users

PrdBM  \without  Ideal OA with ) OA} with average OA with average gain satur_ation,
0 64 >1024 128 128

-10 8 128 64 64

-20 0 32 16

-30 0 4 4
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degrades, while in the preamplifier scheme it improves.
The power penalty due to reflection noise reduces in
both schemes with increase in the number of users.

Overall, the preamplifier is a better scheme than the

postamplifier in WDM star topology networks.

10

1
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