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DISPERSION EFFECT ON THE PERFORMANCE OF FO-CDMA PASSIVE
CORRELATOR RECEIVER
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ABSTRACT

In this paper the effect of chromatic dispersion on the performance of fiber-
optic-code-division-multiple-access (FO-CDMA) passive correlator receiver has been
investigated. Optical orthogonal codes (OOCs) are utilized as signature sequences. The
effect of all major noise sources (quantum shot noise, dark current noise, and Gaussian
circuit noise} has been taken into-consideration. We have derived an approximate
analytical expression for the bit error rate (BER} of the system. BER analysis of the
system is performed in the case of three different fiber types which are 1) a standard
single mode fiber (SMF), 2) a dispersion shifted fiber (DSF), and 3) a fully dispersion
compensated fiber (DCF) assuming a Gaussian pulse shape for the transmitted pulses.
The dispersion effect has been checked for different system parameters. The numerical
results demonstrate that for a fixed number of simultaneous users "N" ,the dispersion
effect increases with increasing the code length "F" It is found also that increasing
code weight "k" leads to minimize the dispersion effect in the standard SMF as long
as the power level is kept less than a pre-determined value.
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1. INTRODUCTION

Optical access networks have
been considered as very allractive
infrastructures to satisfy the increasing
traffic demands. Up to now, various
types of structures and techniques have
been proposed based on time division
multiple access (TDMA) or wavelength
division multiple access (WDMA).
However, due to their inherent
structure; the cost per user is quite so
high that alternative approaches for
high-speed access network with Jow
cost need to be investigated. The
optical CDMA (O-CDMA) system is a
promising candidate for achieving this
objective [1]. This system depends on
assigning individual codes to each user
at the ftransmilter and the rececived
signals arc decoded using the matched
codes at the rcéeiver 12}, [3).

The effect of chromatic
dispersion, which results in temporal
widening of optical pulses, is more
sever for O-CDMA systems than other
optical systems since the chip duration
in O-CDMA system is ultrashort even
though the ftransmitted bit rate is
moderate, This is due to high

processing gain of the system.

Dispersion  penalty for  1.3-pm
lightwave system is analyzed in (4]
without taking into account receiver
details, the dispersion penalty is simply
obtained by comparing the received
power with and without dispersion
effect at the decision point which
assumed fo be located at the pulse
center. The cffect of chromatic
dispersion on multi-wavelength optical
CDMA (MW-0O-CDMA) systems is
explored in [5] Ihrough simulation of
realistic networks. The performance of
an asynchronous phase-encoded O-
CDMA system is cvaluated in a
dispersive fiber medium in [6]. BER
analysis of the system is performed in
the case of ordinary SMF, dispersion
shilted fiber (DSF), and a fully
dispersion compcnsatéd fiber (DCF)
assuming a Gaussian pulse shape for
the pulse generator.

Performance analysis of the passive
correlator receiver was the subject of
many articles [7], (8], [9]. In [7], the
performance is analyzed taking into
consideration only the effects of the
multiple access interference [MAI]. In

[8] and [9], the effects of all receiver
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notse sources have been considered,
whereas the effects of chromatic
dispersion have been neglected.

In this paper we study the effect
of chromatic dispersion on the
performance of an O-CDMA recelver,
namely, passive correlator receiver.
Optical orthogonal codes (OOCs) are
utilized as signature sequences. The
effect of all major noise sources, i.e.
quanium shot noise, dark current noise,
and Gaussian circuit noise has been
faken  imto  consideration.  Fiber
nonlinearities are assumed to be
suppressed through this analysis using
the techrique proposed in [10] which
makes use of {iber Bragg grating (FBG)
designed such that it is transparent to
the forward-propagating optical pulses
but the spectrum of the Stokes pulse
generated thfough SBS falls entirely
within its stop band. As a result, any
stokes radiation in the backward
direction will be reflected by the FBG
and propagates in the forward direction.
The [oss in fiber (s not taken into-
consideration. The reduction in the
power level will be due to the

dispersion effect only.

The rest of the paper is organized
as follows; section 2 gives a description
of fiber-optic CDMA network and the
passive correlator receiver structure. In
section 3, we present bit error rate
(BER) analysis of passive correlation
receiver. In section 4, the numerical
results using computer simulation are
shown, Finalty the conclusions are

given,

2. FIBER-OPTIC CDMA
NETWORK

A typical structure of a FO-
CDMA network is shown in Fig.l. In
transmission  side there are Ny
different (ransmitters connected to star
coupler (N,.,x1) transmission channel
which is typically SMF. In receiving
side a star coupler {1xN,,,) is coupled
1o N, different receivers, where N,
represents the size of the star coupler,
i.c., Nyax is the maximum number of
allowed users.

Each information source
provides an information bit for a laser
based optical on-off keying (OOK)

modulator every T second.
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The external modulator tums the light
of the continuous wave (CW} laser on
and off based on the data and then
generates a narrow pulse (chip) with
duration T=T/F where F is the CDMA
code length. In an optical CDMA
encoder, energy of pulses generated by
data modulator is split into k (code
weight) equal parts. Each part
undergoes a pre-specified delay and
then recombines in such a way to form
the CDMA code pattern. This process
is usually performed using optical
coupler and optical fapped delay lines
[11]. We assume that OOC with
minimum auto and cross-correlation is
assigned (o each user’s encoder, i.e., an
(F, k, 1) OOC with N, codewords is
used [12]. The construction of such
codes was the subject of many articles
{12}, [13]. The output of each encoder
is then coupled into SMF through a star
coupler. At the receiver, a copy of the

desired signal along with the

interference from all N-1 active users .

will be received, and the receiver
should be able to decide which bit of
the desired user has been sent.
BER performance of the receiver is

highly affected by the architecture of

CDMA decoder. The structure of the
passive correlator receiver is shown in
Fig.2. In this receiver, the incoming
signal is divided into k equal parts;
gach part undergoes a time delay
complement to one of delay elements of
CDMA encoder. For example, if F=32
and the transmitter sequence 1s (1, 4,
13, 30), then the delay elements will be
designed to generate delays (31T,
28T, 19T, 2T.). Output of these k
delay lines will be combined to produce
a single high chip level at the end of the
bit duration, Then this optical signal is
applied to a photodetector to be
converled into an electrical signal.
Integrating this signal, the ouiput
voltage will be sampled at the end of
each Dbit interval and then will be

compared against a threshold level

v, Finally an estimate of the
transmitted bit will be given.

The use of a chip time integrator
has an advantage of reducing the
contribution of dark current noise and
Gaussian noise. However, since the
integration time is small, the receiver
needs a very high-speed electronic
circuitry which should operate at chip-

rate speed (1/T, = [/T) that limits this
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structurc only to relatively low-speed
applications. Another drawback of this
receiver is the strong power loss in
optical splitters as the original pulse is
divided into k parts at the encoder, then
into N, parts at the star coupler. and
again to k parts at the optical detector.
Therefore, the power of the external
modulator pulse will be divided into
Noax K’ parts to form the power of each

chip pulsc at the receiver.

3. BER PERORMANCE ANALYSIS

In this analysis we assume that
different signals arc frame
asynchronous (no cffort has been made
to synchronize different transmilters).
Analysis of BER of such a system
seems o be «quite intractable. A
simplifying assumption is to consider
different  signals to be  chip
synchronous. This is a pessimistic case
and gives an upper bound to the BER of
the real asynchronous system [2].

In the analysis follows, we have
neglected the effect of dispersion on the
interference. This assumption is true
since the allowable spreading of any
chip is only 70% of the chip duration

[14]. Also we have used an OOC with a

code length that is much greater than
the code weight which means that the
probability that pulses of users are
adjacent to each other is very small [2].

In the passive correlator receiver
the BER depends on the number of
interfering users n¢ only not on the
specific interference pattern or the
specific users who have produced that
pattern [8]. Assuming N-1 interfering

users, the BER can be expressed as

N-|

n,=0
where P (n,)is the probability that
there are n) interfering users and is

given by

P.(n,) =[ ]q"' -t

m=0,1,...,N-1. (2)

n,

where q is the probability that two code
words overlap in one bit (9 = k%/2F) and
Py (n,) is the probability of error given
n interfering users and can be

expressed as

P.(n,) :%Pgtnl 10+ Pe(an 1)

=% [ P.cvionay (3)

1 tvn
+—2~ﬁ P, (vil,n,)dv
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where P, (v|b,n,) is the accumulated

charge in the integrator which can be
modeled as a compound Poisson and
Gaussian process since the output of the
photodetector is well modeled as a
Poisson process (8], and the thermal
noise is modeled as a Gaussian

process[15]. Hence P, (v]b,n,) can be

expressed as

P\fl(vlb’n()z

2 exp{~(v—e,n)’/2¢%)
P(n|b,n, ) el 157 7

ngﬂ (nibn )[ 2no? }

4
where ¢ is the variance of the output
circuit noise of the integrator which is
related to the power spectral density N,
(A%Hz) by the relation o = N,T/2 [8]
where T, is the integration duration,

and P (n|b,n,)= Pos (n, M) is the

probability of n photoelectron count at
the output of the photodetector which
can be modeled as a Poisson process
with a mean value of M = ((kb+n|) M+
My). We denote by M, the mean
photoelectron count per chip and by My
the mean dark current photoelectron

count per chip and is given

., where iy is the

by M, =é"—T

u]

photodetector dark current, and ¢, is the
charge of an electron. M; can be

expressed as

Ms=M % (5)

where f is the operating frequency, h is
the Planck's constant, 1 is the quantum
efficiency of the photo-detector, and E,
is the energy of the received chip which
depends on the transmitted energy, and
the amount of dispersion.

In order to drive an expression
for E. we assume that the output power
of the external modulator has a
Gaussian shape

- 12
Pmod (t) = Po exP[ 2T2 ]

c

-T2 <UL T2 (6)
where T, is the rms value of cﬁip width
and P, is the maximum power of the
external modulator. Neglecting the
fiber loss, when the dispersion is
neglected this pulse will be received at

the input to the photodetector with the

form

P ~1?
Pt )
T2 <t<TJ2 (7

When the dispersion is taken into

consideration the maximum amplitude,
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and the duration of the received pulses
will change. The received pulse at the
photodetector can be expressed as

PD(I)= A {’:xp[;rt2 ]

<l

“Teal2 St Tey/2 (8}

where A is the maximum power of the
dispersed chip and Ty is the rms width
of the dispersed chip and can be

determined as

Te = [T§+1:?j}y2 9

The value of A can be obtained by
equating the energy of the non-
dispersed chip to the total energy of the

dispersed pulse
1il3 T,/2
ic. [Pup(dt = [Pp()dt
“T1.42 ~Tg/2
which will give

) 2

P T —t
t)=——""— = ey
P“() N k® * 7 exD{szd}

max od
T2 <t < T2 (10)
wherc 1y is the rms pulse broadening
due to chromatic dispersion which is

given by

=L o D (an
where L is the fiber length in km, o, is

the laser line width in nm, and D, is the

total dispersion parameter in ps/km.nm.

The energy of the dispersed chip E. can

be calculated as follow

3
E = ,E‘QPD(‘) dt =

P T,
NFYT et erf S s
) Nnmx k2 ' 2J—2— Tcd
(12)

where erf is the error function.

4. NUMERICAL RESULTS
Numerica! evaluation of Eq. (3)
can be quite time consuming and needs
high-precision variables and
calculations. Because of the very small
values of BER, -calculating using
ordinary precision variables can make
erroncous results. We have used saddle
point approximation method [16] in
order to compute the numerical value of
this integration. This method requires
less computation than other standard
methods and yield good accuracy. In
order lo evaluate Eq. (3) using saddle-
point approximation method, the
moment-generating function (mgf) or
the characteristic function of the
compound random  variable v,
(accumulated charge in the integrator)

should be evaluated. The mgf usually
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has a mathematical form much simpler
than the probability density function
(pdf) of the random variable.

In order to apply saddle point
approximation method, the Laplace
transform of Eq. (3) is taken. As the
mgf of the compound random variable
v is the Laplace transform of the (pdf)
of this random variable, then Eq. (3)

can be wrilten as

o2 )

=—l- j {tg@—)}exp(vﬂ,s)ds!bti +
. $

]c+iao b ‘
3 { is)}exp(vn.s)dsum

(13)

characteristic

[

where  d(s) i1s The
function of the compound random
variable v,. By taking the contour in
Eq.(13) to the left of the origin, but to
the right of all singularities of the mgf

@(s), we can write that integral as

i
-1

Pe (“|)=‘i‘

[

{ D(s)}exp(v.ﬂ, s)ds/2xi +
s

ctim

— J {(D;S)}exp(v,hs)dsnm

(14)
The characteristic function of the
compound random variable v, assuming

that the variance of the circuit Gaussian

2

noise 15 o° and the number of

photoelectrons has a Poisson
distribution with mean M has been

stated in [8] as

o(s) = Ele™)
= exp(M (ec"‘S
where E standing for the expected value

and M = ((kb+n)) M+ My).

—l)+5202!2j )

A new function y(s) is defined where

d(s)e "™*

S

yis)=1n
= M(ﬁ““s - ])+ s'6% 12~ vy, s~ Inl

(16)

PD(s)e” s

§

where is the integrand of the

integration in Eq.(14).

Positive and negative roots of
equation \p’(s) = ( are called right-hand
and left-hand saddle-points and denoted
by s, and s, respectivety. By expanding
the function w(s) in Taylor's series
about the points s, and s;, then using
the series expansion of the exponential
function exp (w(s)) and neglecting the
higher order terms, the integration in

Eq.(14) can be approximated by [16]:
exp[ P ] (17)

J2my” is )

EXP[W(SI )] (18)
,/2mp"is, )

r P, (\f|0n Ydv =

.[.:l PV( (V | ls“| )dV =
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The equation y/(s) = 0 must be solved
numerically. Because wy(s) possesses a
single minimum in 0 < s < o, Newton's
method is most expedient. Starting with
a trial value s, > 0, a new trail value is
determined by s, - W' (so) W (5,), and
the process 15 repeated until the values
of s, cease changing significantly. By
the same way s, can be found, but the
initial trail value should bec negative.
Saddle-point  approximation method
would be inapplicable, if no left-hand
saddle-point exists. Our results showed
that Saddic-point  approximation
method is applicable for all realistic
syslem parameters.

We assume an OCDMA system
with the parameters listed in table 1.
We have considered three different
fiber configurations; the most prevalent
fiber type, normal SMF with D, =17
ps/km.nm, DSF with D, = 3 ps/km.nm,
and a fully DCF, at A = 1.55 um [17].
These types of fiber have been widely
deployed in a variety of

communications networks worldwide

because they are commercially
available. The results of BER in each
condition have been derived for an

optimum threshold value. The BER has

Kuamel Hassan, SM, [EEE, Atef Ghuniem and Asmaa Abd Elftah

becn determined for range of
threshold  values. An  optimum
threshold wvalue will result in

minunum BER.

Tablel. Used parameters for a proposed
FO-CDMA system.

F Parameter Symbol | Assumption
The wavelength | A 1.55pm
The maximum N 27 users
number of
_USCsS
The minimum Fonin 2000
code length
The code K 9
weight
The i} 0.8
photodetector
guantum
| cfficiency |
The iy 160nA
photodetector
dark current
The noise N, 9* ()
power spectral AYHz
density
The maximum [ [JFES 150 km
fiber length
The curves of the mean
photoeleciron count per chip M,

received at different fiber length for the
three configurations; SMF, DSF, and
DCF are shown in Fig.3. It is clear from
this Figure that as the fiber length
increases, the received energy decreases
because increasing the length increases
the pulse broadening due to chromatic

dispersion. The cffect of increasing the
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fiber length is more apparent in the case
of SMF than DSF.

560

] e e T

5 520
-9
E 50

G a0 e
c ey SMF ., J
2 agoll == DsF .,
z — DCF b

0 30 106 150 200 250 400
Flber langth {km}

Fig.3. Dependence of the wean
photoelectron count per chip on the fiber
length. R = 100, Mbps, F =2000, k = 9,
6,=0.001nm, and P, = 40mW.

-----

-~ R=100Mbps
4| ¥ R=400Mbps B

0
Extema??nodulamrzgutpui power {mw) a0

Fig.4. Dependence of BER on external
modulator output power, R = (00, 400
Mbps, F =2000,k =9, ,=0.001, and L =
1 50km.

The dependence of BER on the
cxternal modulator output power P, for

the three configurations; SMF, DSF,

and DCF is shown in Fig4. Two

different values of the bit rate; {00 and

400 Mbps have been assumed. The

performance of the system is enhanced
by increasing P, but it must be noted
that the maximum power lunched on
the fiber which is given by

_ N P _27><P0

max 0

max k 9

(P =3P,)

exceeds Stimulated Brillouin Scattering
(SBS) threshold which is close to |
mW [17]. This threshold value depends
on many paraineters; fiber core
diameter, fiber attenuation, laser
bandwidth, and the wavelength [17].
Hence, SBS threshold will depends on
the fiber type that used in the system. In
all cases, the used power is relatively
high and the effect of SBS must be
suppressed as mentioned in  the
introduction. The results showed also
that DSF and DCF configurations
perform better than that using SMF. As
R, increases from 100 Mbps to
400Mbps the performance is going
worst, This may be explained as
follows; the chip duration decreases so,
the mean photoelectron count per chip
M; will be reduced, consequently the
performance is reduced. On the other
hand, the accumulation of noise will
correlation

decrease  for  passive

recetver which uses a chip time
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intcgrator. However, the reduction in
M, is superior to the reduction in the
noises due to their different relations
with T,. It is clear from Fig.4. that the
effect of increasing Ry, is more apparent
in the case of SMF than in the other

two cases.

— gi~0.041hm
-4 0i=0 01 (M

2 0
0 Exlemal gwodulator gutpm po{ver {mW) an

Fig.5. Dependence of BER on external
modulator output power, R = 100 Mbps,
F=2000,k =9, 6,=0.001, 0.01nm, and L
= 150km.

The dependence of BER on the
external modulator output power P, for
the three configurations; SMF, DSF,
and DCF isl shown in Tig.5. for two
different values of the spectral line
width o, of the LD source; 0.001nm
and 0.0lnm. Increasing ¢, increases
pulse broadening due (o chromatic
dispersion which increases the power
penalty. This degrades the performance
when using SMF and DSF also but in
whereas  the

unapparent manner

increasing of o, has no effect on the

performance when DCF is used.

0 Ex!emal1 g)odulalor?gun_)ul po&?et {mwW) 40
Fig.6.a Dependence of BER on external
modulator output power for DCF, R =
100 Mbps, L= [150km, I =2000, and
06,=0.00 1 nm, for different values of k.

i

| 0
Extemn?ﬂwdulatofzomput poe'\?er {mW) W

Fig.6.b Dependence of BER on external
modutator output power for SMF, R =

100 Mbps, F =2000, 6%=0.00inm, and L
= | 50km, for different values of k.

FFor the case of code length
[=2000, and maximum number of
allowed users Ny, = 27, the maximum
value of code weight k is 9 since the
maximum  number of users s
determined by N, = (F-1)Yk (k-1}

[12]. The dependence of BER on the
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external modulator output power P, for
the DCF and SMF is shown in Fig.6.a
and b respectively for different values
of k. As k increases, the probabihity that
two code words overlap in one bit q
will increase, but it becomes less
probable that multiple users will
occupy the k mark positions of the
intended user and  hence the
performance improves. However, since
the passive correlator receiver is used,
the power of the external modulator
pulse will be divided into N, k* to
form the power of each chip pulse at
the receiver. This means that increasing
k will decrease the mean photoelectron
count per chip Mg which will reduce the
performance. The reduction in M; can
be neglected if the power is increased.
As a result, increasing k enhances the
performance in the two cases when the
power is greater than a certain power
level only. From Fig.6.a and b it can be
shown that this power level is about
7.5mW in the case of using DCF and
IZmW when SMF is used. It is clear
that this power level increases as the
fiber dispersion increase%s because M;
gets smaller as the fiber dispersion geis

higher as it is clear from Eq. (12). We

observe that for a given code length F
and a cerlain power level, there is an
optimum code weight k where the
system achieves the best performance,
and this optimum value of k varies with
the used fiber configuration. This result
is clear in Fig.6.c for the SMF where
the arrows point to the optimum value
of k where the minimum value of BER

is obtained.

BER

— Po=40mW
—= Po=10mW
|| =+ PosSmw e
10 — T

f 2 3 4.5 &
Code weight%(

Fig.6.c Dependence of BER on the code
weight k for SMF, R = 100 Mbhps, F =
2000, o, = 0.001mm, and L = 1 50km, for
different values of extemal moduwlator
oulput power.

For the case of N,,=27 and
k=9, the minimum code length is 2000.
The dependence of BER on the external
medulator output power P, for the DCF
and SMF is shown in Fig.7.a and b
respectively for different values of the

code length F.



E. 30 Kume! Hassan, SM, IEEE, Atel Ghuniem and Asmaa Abd Elftah

10 ———————— e

" —F=2000 |
- ~F23000
...... F=4000
[
gﬂ
--------- :‘:_1
10-10  y

3 ) :
External Eladuia\tor2 gutpul po%n?er {ImW) g

Fig.7.a Dependence of BER on external
modulator output power for DCF, R =
100 Mbps, k=9, 6;=0.001nm, and L
=150km, for different values of F.

10 . T T "
.. — F=200
=== F=3000

I
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External modulator gulput povs?ar {mAr) 0

Fig.7.b Dependence of BER on external
modulator oulput power for SMF, R =
100 Mbps, k=9, 0,=0.00inm, and L
={50km, for different values of F.

As F increases, the probability
that two code words overlap q
decreases which will enhance the
performance. On the other hand, as F
increases, the chip duration decreases
and hence M; will decrease also. The

reduction in M, can be cancelled if the

power is increased. As a result,
increasing F enhances the performance
in the case of using DCF when the
power is greater than a certain power
fevel only. From Fig.7.a it can be
shown that this power level is about
{OmW when DCF is used. However, as
shown in Fig.7.b, the increase of F
degrades the performance in the case of
SMF as the power penalty due to
dispersion effect is high. Based on the
previous results, we observe that for a
given code length k and a certain
rcceived power level, there is an
optimum code length F, where the
system achieves the best performance.

The optimum value of T varies with the

used configuration.

5. CONCULUSIONS

The performance of an OCDMA
passive correlator receiver has been
analyzed. Optical orthogonal codes
(O0Cs) are utilized as signature
scquences. To our knowledge, a
formula for the BER of the system has
been developed considering in our
calculation, for the first time, the effect

of chromatic dispersion. The numerical
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results demonstrated that reducing the
code weight k  enhances (he
performance when the dispersion is
compensated in the system or not at
low power only and degrades the
performance at high power. In other
words, for a given code length F and a
certain power level, there is an
optimum code weight k where the
syslem achieves the best performance,
and this optimum value of k varies with
the used fiber configuration.

Finally, the results showed that
using an QOC with minimum code
length F is the best choice when the
SMF is employed in the sysiem.
However, when DCF is employed, the
minimum code length has to be used at
low power levels only which means
that for a given code weight k and a
certain received power level, there is an
optimum code length F, where the
system achieves the best performance.

The optimum value of F varies with the

used configuration.
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