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Abstract|In this paper a Variable Weight OCDMA (VW-
OCDMA) system using KS code with Dir ect Decoding (DD),
Complementary Subtraction (CS) and AND subtraction de-
tections is proposed. System performance is analyzed us-
ing mathematical approximation and software simulation. In
mathematical analysis, the e�ects of Phase-InducedIntensity
Noise, shot noise and thermal noise are taken into account.
Bit Err or Rate of di�er ent users is plotted as a function of
received optical power per chip with varying the bit rates and
number of active users. It has been shown that for di�er ent
bit rates and number of users, system using DD has better
performance than the system applying CS and AND detec-
tion. Using DD scheme, the number of active users are 100
while this value is 27 and 25 in caseof using CS and AND
detection, respectively, when the received optical power per
chip is {10 dBm.

Keywords|AND detection,directdetection,QoSdi�er entiation,
spectral amplitudecoding, variable-weight OCDMA.

1. Introduction
Recently, Optical Code Division Multiple Access
(OCDMA) systemhasbeenconsideredfor �ber optic com-
municationasit providesasynchronousaccess,privacy, se-
curetransmissionsandservice di�erentiation capability in
metronetwork whereapplicationssuch asvideo streaming
and voice over IP require di�erent amountof bandwidth
portion [1]. In OCDMA system each user has a unique
signaturecode,which distinguishesoneuserfrom the oth-
ers. OCDMA systemshave alsoreceived attentionin opti-
cal sensornetworks [2], [3] andfreespaceoptical commu-
nication[4].
Among the advantagesof OCDMA systems,the ability to
support applicationwith various dataratesandQuality of
Service (QoS) requirementsmadeit an attractive solution
for metronetworksasit dealswith heterogeneoustra�c [5].
Physical layer QoSwasachievableusingOCDMA by sev-
eralmeanssuch asvarying weight [6]{[8 ], length[9], [10]
or both weight and length [11]. QoS di�erentiation with
�x ed weight and varying the numberof existing usersin
matrix constructionwasalsorepresented[12], [13].
SpectralAmplitudeCoding(SAC) systemhasbeenconsid-
ered as a candidateto provide QoS by varying the code
weightsfor di�erent users[14]. This is dueto the fact that
SAC doesnot require a complicatedprotocol or control.

Wavelengthcomponentsof optical pulsesare encodedat
the spectralencoderby obstructingor transmittingspeci�c
wavelengthcomponentsin accordanceof a signaturecode.
In receiver sidea sort of �lters aredeployed to extract the
desiredsignal for each user. SAC was �rs t introducedby
Zaccarin andKavehrad[15], which eliminatestheMultiple
AccessInterferenceby applying the right detectiontech-
niques.Experimentaldemonstrationof QoSdi�erentiation
usingSAC-OCDMA for threedi�erent serviceshave been
recently reported [16].
ThreeSAC detectiontechniqueshadbeendevelopedto de-
codetheusers' data,which areDirect Decoding(DD) [17],
Complementary Subtraction(CS) detection[15] andAND
subtractiondetection[18].
VW-SAC system is proposedin this paper and compar-
ison of such system using three di�erent detectiontech-
niquesis presented.VW-SAC supports service di�erenti-
ation by varying the wavelengthcomponentswhereusers
with higherpriority areassignedhigherweightsin orderto
have lower Bit Error Rate(BER).
First VW-OCDMA system is described in detail and
VW-code construction is demonstrated. Then AND sub-
traction, CS and DD techniques are explained in terms
of their architecture and mathematical representation.
Numerical analysis is proposedto calculateapproximate
Signal-to-Noise Ratio (SNR) and BER of usersof di�er -
ent weights. Finally, resultsare presentedto evaluatethe
performanceof the proposedsystem basedon numberof
active users,received optical power andbit rate.

2. System Description

Thearchitectureof a VW-SAC OCDMA systemfor k num-
ber of userswith codeweight of w is depictedin Fig. 1.
For simpli�cation purpose,only a pair of transmitterand
receiver is shown.
At the transmitterside, power from a broadbandsource
(BBS) spectrum is split among k users. A series of
�ber Bragggratings(FBGs) �lter di�erent wavelengthsof
l 1; : : : ; l w from thespectrum to form thedi�erent signature
codewith weight of w.
A Mach-Zehndermodulator(MZM) is usedto modulate
theusers' binary data,which formedasNon-Return-to-Zero
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Fig. 1. Architectureof a VW-SAC OCDMA system.

(NRZ) signalto theopticalcarrier. Modulatedsignalsfrom
all usersare then combinedusing a power combiner, and
transmittedover the single mode �ber (SMF) basedon
ITU G652.
At the receiver part, one of the detectiontechniques de-
velopedfor SAC-OCDMA may be applied to extract the
desireddata for each user. FBGs were usedto �lter the
signalsfor all detectiontechniques.Each techniquewill be
discussedin detail subsequently.
Among di�erent codesdevelopedfor service di�erentia-
tion in SAC-OCDMA systems are Integer Lattice OOC
(IL -OOC) [6], Variable Weight RandomDiagonal (VW-
RD) [19] and Variable Weight code using Khazani-Syed
(VW-KS) code[5]. In this analysis,VW-KS is useddueto
its ability to maintaina tolerablecodelengthcomparedto
others.

Table1
Comparison of di�erent variableweight codesproperties

Code
No. of code

weights
No. of users

Code
length

Rmax

IL -OOC 4 f 5;4;3;1g 49 28 7

VW-RD 4 f 6;5;4;3g 50 74 5

VW-KS 4 f 8;6;4;2g 50 168 1

Table 1 presentsthe advantages and disadvantages of
VW-KS against its counterparts in terms of code design.
In terms of codesperformance,the evaluation in terms
of mathematicalanalysis will be presentedandelaborated
in Fig. 6 of Section5, subsequently. In this exampleall
codefamiliessupport 50 userswith four di�erent weights.
IL -OOCandVW-RD hasshorter codelengthascompared
to VW-KS code,however Rmax can reach up to 7 and 5,
respectively, which might leadto poor Multiple AccessIn-
terference(MAI) cancelation.AlthoughVW-KS haslonger
codelengththanIL -OOCandVW-RD, yet it guaranteesthe
maximumcross-correlationof 1 betweendi�erent users.
Threeweightsof 6, 4 and 2 are usedto support QoS in
VW-OCDMA system which canbe referred to voice, data
andvideo signals,respectively.

3. SAC OCDMA DetectionTechniques

The detectiontechniquesAND, CS andDD aredescribed
in detail in this section. Thesethreetechniqueswill then
be mathematically analyzedandthe resultsarecompared.

3.1. AND Subtraction Technique

AND subtractionusesbalanceddetectionto eliminatethe
e�ect of MAI. In this technique,two decodersarerequired
in asinglereceiver, which aretheupperandlowerdecoders.
Theupperdecoderdetectsthedesiredcode,x(l ) while the
lower decoderdetectsbinary logical AND of desiredand
interfering code,x(l ) \ y(l ), with y(l ) beingtheinterferer
signalof othercodeshaving overlappingchip with desired
user.

3.2. Complementary Subtraction Detection

Most conventionalSAC systemsdeploy CS usingbalanced
detectionaswell asAND. In this technique,the upperde-
coderhasthesamestructureastheencoderat thetransmit-
ter side x(l ), while the lower decoderis the complement
of the upperdecoderx̄(l ). The decodedsignalsare then
detectedby a balancedreceiver, which performsMAI can-
cellation.

3.3. Direct DecodingTechnique

DD is anothersubtractiontechnique, developedfor SAC
systems, where it only deploys one decoderunlike AND
detection,which reducesthenumberof �lters andreceiver
complexity.
DD only detectsthe non-overlapping code of the desired
signal,which canbe representedby x(l ) � x(l ) \ y(l ).

4. VW-CodeConstruction

VW-KS code will be explained as it is adoptedin this
research. This code was developedbasedon the single
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weight KS code [20]. Firstly, a brief description of KS
codeandits constructionis presented,thenvariableweight
implementationaredescribed in detail.

4.1. Khazani-Syed Code

KS code is basedon matrix construction, where the two
sub-codesA = [110] and B = [011] are usedto construct
the basic matrix. The structure of this code is causing
that the cross-correlationR betweeneach pair of di�erent
users' codesis zero or one, which resultsin reductionof
MAI e�ect.
The size of basic matrix CB for KS code (K � N) is de-
pendingon the codeweight W (W = 2;4;6; : : :), whereK
andN arethenumberof usersandcodelengthrespectively.
Constructionof basicmatrix for KS codeis summarizedas
following steps[21]:

1. Fill the �rs t row with sub-codeA until numberof
chips equal to W.

2. Starting from secondrow, diagonally �ll the matrix
with sub-codeB until last existing column.

3. Fill the emptyspaceswith zeros.

4. Repeatsteps1 to 3 staring from theseconduseruntil
all codesequencesget their weight.

Thecombinationof every threecolumnsneedsto be [121]
in order to be assuredthat the Rxy of one between each
pair of codeswill be obtained. An exampleof KS code
construction with codeweight of 4 is depictedin Fig. 2.
It is seenthat with codeweight of 4, numberof usersand
codelengthare3 and9 respectively.

Step 1

1 1 0 11 0

1 1 0 11 0

1 1 0 11 0

0 11 0 0 0
0 0 0 0 11

0 11
0 11

1 1 0 11 0 0 0 0
0 11 0 0 0 11 0
0 0 0 0 11 0 11

C1

C1

C1

C1

C2

C2

C2

C3

C3

C3

Step 2

Step 3

1 11 12 2

Step 4

(Step 2)

(Step 3)

(Step 1)

(a) (b)

(c) (d)

Fig. 2. Construction of KS [20].

The numberof rows KB, also known as basicnumberof
usersandnumberof columnsNB or basiccodelengthare
calculatedby following equations:

KB =
W
2

+ 1 (1)

and

NB = 3

W
2

å
i= 1

i : (2)

Using mappingtechnique, a large numberof usersK can
be obtainedfrom basicmatrix CB. This is carried out by
repeatingthe basic matrix diagonally by M times, where
M is the mappingsequence.This increasesthe maximum
numberof usersby MKB. The new large matrix resulted
from applying mappingtechnique is

C(M) =

2

6
6
4

CB;1 0 0 0
0 CB;2 0 0
0 0 CB;3 0
0 0 0 CB;4

3

7
7
5 ;

where CB;m is CB at the m-th mapping sequence, m =
1;2; : : : ;M.

Each 0 is a sequenceof zeroswith thesamesizeof CB and
C(M) is thecodeat certain mappingnumber, M. Mapping
of thebasicmatrix, CB of weight two is depictedin Fig. 3,
with M = 3.

1 1  0

1 1  0

1 1  0

0  0  0

0  0  0
0  0  0

0  0  0

0  0  0
0  0  0
0  0  0

0  0  0 0  0  0
0  0  0 0  0  0

0  0  0

0  1 1

0  1 1

0  1 1

C1

C3

C5

C2

C4

C6

M = 1

M = 2

M = 3

R1,2 = 1

R2,6 = 0

Fig. 3. Mappingprocessof KS codeof weight2 usingM= 3 [20].

In the mappedmatrix, as shown in the Fig. 3 the cross-
correlation between each pair of userswithin the same
mappingsequenceis one; in the meantime,Rxy between
two distinct codesin di�erent mappingsis zero.
The maximumnumberof users,Kmax andthe correspond-
ing code length, Nmax obtainedwith mappingsequence,
M canbe derived asfollow

Kmax(M) = M
� W

2

�
(3)

and

Nmax(M) = 3M

W
2

å
i= 1

i (4)

Mappingsequences,M neededfor any speci�c numberof
users,K(M) is given by

M =

&
K(M)

W
2

'

: (5)

4.2. Constructionof Variable Weight KS Code

A mappingtechniquecanbe usedto combineusersof dif-
ferentservice requirements.In this method,codesof dif-
ferentweightsis orderedso that theRxy of oneis obtained.
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This methodis using the mappingtechniques,which was
usedfor extensionof singleweight KS code. However, in
the VW-codeeach mappingsequenceis devotedfor a spe-
ci�c weight. Hence, the numberof supportable usersof
a speci�c weight should �rs t to be determined to gen-
erate su�cient codes.Thesegeneratedcodesof speci�c
weightwill laterbemappedtogetherto form a setof codes
with variableweights.Thegeneralform of theconstructed
variableweight code,CV is given by

CV =

2

6
6
6
4

CW1;M1 0 0 0
0 CW2;M2 0 0

0 0
... 0

0 0 0 CWJ;MJ

3

7
7
7
5

:

CWj ;M j is the speci�c group of codesgeneratedfrom the
j-th weight and mapping, and J is the number of dif-
ferent weights in a system with j = 1;2; : : : ;J. Each 0 is
a sequenceof zeroswith the samesizeof CWj ;M j .

5. MathematicalAnalysis of
VW-OCDMA System

In mathematicalanalysis, the e�ects of Phase-InducedIn-
tensityNoise (PIIN), shotnoiseand thermal noiseis con-
sidered. The noisevarianceof a photocurrent due to the
detectionof an ideally unpolarized thermal light, which is
generatedby spontaneousemission,canbewritten as[22]:

hI2i = hI2
shot i + hI2

PIINi + hI2
thermali ; (6)

whereIshot denotestheshotnoise,IPIIN representsthePIIN
andIthermal is thethermal noise.Thecoherencetime of the
thermal source,t c is given by [23]:

t c =

Z ¥

0
G2(v)dv

� Z ¥

0
G2(v)dv

� 2 ; (7)

where G(v) is the sourcepower spectraldensity (PSD).
The crosstalk from adjacentoptical channelsis ignored
as chips spacingis assumedto be su�cientl y wide [24].
This methodgives an upperboundfor the system perfor-
mance[23], meansthe simulation and hardware results
must be better than the numerical resultscalculatedwith
this method.
This analysis is madewith the following assumptions:

� each power spectralcomponenthasidenticalspectral
width,

� each user receives equal power per chip at the re-
ceiver,

� each bit streamfrom each useris synchronized.

The PSDof the received signalscanbe written as[25]:

r(v) =
Psr

Dv

K

å
k= 1

dk

N

å
i= 1

ck(i)P(i) ; (8)

wherePsr is the e�ective power of sourceat receiver, Dv
is the bandwidthof optical source,K and N are number
of usersandcodelengthrespectively, dk is the information
bit of k-th active userwhich is either \1" or \0" (dke0;1),
ck(i) is the i-th elementof the k-th KS codesequenceand
P(i) is a function de�ned as:

P(i) = u
�
v� v0 �

Dv
2N

(� N+ 2i � 2)
�

�

� u
�
v� v0 �

Dv
2N

(� N + 2i)
�

=

= u
�

Dv
2N

�
;

(9)

andu[v] is the unit step function expressedas:

u[v] =
�

1; v � 0
0; v < 0

: (10)

The following subsectionsexplain andexpandthe analysis
with respectto threedi�erent detectionschemes,AND, CS
andDD schemes.

5.1. AND Subtraction Detection

The VW-KS codeproperties for upperand lower arms of
AND subtractiontechnique canbe written as:

N

å
i= 1

ck(i)cl (i) =

8
<

:

Wk; k = l
1; k 6= l ;Wk = Wl
0; k 6= l ;Wk 6= Wl

(11)

and

N

å
i= 1

ck(i)(cl (i) � ck(i)) =

8
<

:

Wk=2; k = l
1; k 6= l ;Wk = Wl
0; k 6= l ;Wk 6= Wl

(12)

respectively, whereWk is theweightof k-th user. Thenum-
ber of userswith sameweight in a basicmatrix, KBW is
given by

KBW =
W
2

+ 1: (13)

Substituting Eqs.(11) and(12) in (8) andintegrating them
resultsinto the total power incidentat the upperandlower
photodetectors,PIN 1 and PIN 2, respectively which can
be written as:

Z ¥

0
G1(v)dv =

Z ¥

0

"
Psr

Dv

K

å
k= 1

dk

N

å
i= 1

ck(i)cl (i) �

�
�

u
�

Dv
N

� � �
dv =

=
Psr

N

0

B
@Wkdl +

K

å
k= 1
k6= l

dk

1

C
A

(14)
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and

Z ¥

0
G2(v)dv =

Z ¥

0

"
Psr

Dv

K

å
k= 1

dk

N

å
i= 1

ck(i)(cl (i)�

� ck(i))) �
�

u
�

Dv
N

���
dv =

=
Psr

N

0

B
@

Wk

2
dl +

K

å
k= 1
k6= l

dk

1

C
A :

(15)

Let I1 and I2 be the photocurrent at PIN 1 and PIN 2,
respectively. The photocurrent I , therefore, is given by:

I = I1� I2 = Â
� Z ¥

0
G1(v)�

Z ¥

0
G2(v)

�
=

ÂPsrWk

2Nv
dl ; (16)

whereÂ = he=hv is the photodioderesponsivity. Here h
is quantume�ciency , e is theelectroncharge,h is Planck's
constant,andv is the centralfrequencyof optical source's
spectra.k in Eq. (16) representsthe desireduser, with re-
spectto the occurrenceof otherusersof di�erent weights.
Users of di�erent weights is denotedby j = 1;2; : : : ;J
where J is the total number of di�erent weights in the
system andNv is the codelengthof variable weight users
de�ned as[21]:

Nv =
J

å
j � 1

NB j mj ; (17)

whereNB j and mj is the numberof user in basicmatrix
andthe numberof sequencewith weight j.
The noisepower of shotnoisecanbe written as:



I2
shot

�
= 2eB(I1 + I2) =

= 2eBÂ
� Z ¥

0
G1(v) +

Z ¥

0
G2(v)

�
=

=
5eBÂPsrWk

Nv
;

(18)

whereB is half of the bit rate, which denotesthe noise-
equivalentelectrical bandwidthof the receiver.

In orderto calculatethevarianceof PIIN, themeansquared
power of both PIN 1 and PIN 2 is �rs t obtainedby inte-
grating G2

1(v) andG2
2(v), such as[23]:

Z ¥

0
G2

1(v)dv =
Z ¥

0

"
Psr

Dv

K

å
k= 1

dk

N

å
i= 1

ck(i)cl (i)�

�
�

u
�

Dv
N

��� 2

dv =

=
P2

sr

DvN

N

å
i= 1

(

cl (i)

"
K

å
k= 1

dkck(i)

#

�

�

"
K

å
m= 1

dmcm(i)

#)

(19)

and
Z ¥

0
G2

2(v)dv =
Z ¥

0

"
Psr

Dv

K

å
k= 1

dk

N

å
i= 1

ck(i)(cl (i) � ck(i)) �

�
�

u
�

Dv
N

��� 2

dv =

=
P2

sr

DvN

N

å
i= 1

(

cl (i) � ck(i)

"
K

å
k= 1

dkck(i)

#

�

�

"
K

å
m= 1

dmcm(i)

#)

:

(20)

In VW-KS codewhenall usersare transmittingbit 1, the
codesequenceck canbe approximatedas:

K

å
k= 1

ck �
1
Nv

J

å
j= 1

K jWj : (21)

Using approximation in Eq. (21), the varianceof PIIN can
be written as:



I2
PIIN

�
= BÂ

� Z ¥

0
G2

1(v) +
Z ¥

0
G2

2(v)
�

�=

�=
5BÂP2

srWk

2DvN2
v

J

å
j= 1

K jWj :
(22)

The thermal noiseis given as:



I2
thermal

�
=

4KbTnB
RL

; (23)

whereKb is Boltzmann'sconstant,Tn is receivednoisetem-
peratureandRL representsthe receiver load resistor.

Noting that theprobability of sendingbit 1 at any time for
each user is 1

2, the SNR of the VW-KS system deploying
AND technique for userswith weight k can be expressed
as:

SNRk =
(I1 � I2)2

hI2i
=

=

Â 2P2
srW

2
k

4N2
v

5eBÂPsrWk

Nv
+

5BÂP2
srWk

4DvN2
v

J

å
j= 1

K jWj +
4KbTnB

RL

:

(24)

Therefore,usingGaussianapproximation,theBER of users
with weight k for a multiple weight system is given by

Pek =
1
2

er f c

 r
SNR

8

!

: (25)

5.2. Complementary Subtraction Detection

The correlation properties of the VW-KS code basedon
CS detectionschemeuserscanbe written as:

N

å
i= 1

ck(i)cl (i) =

8
<

:

Wk; k = l
1; k 6= l ;Wk = Wl
0; k 6= l ;Wk 6= Wl

(26)
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and

N

å
i= 1

ck(i)c̄l (i) =

8
<

:

0; k = l
Wk � 1; k 6= l ;Wk = Wl

Wl ; k 6= l ;Wk 6= Wl

: (27)

In orderto achieve propercancelationof MAI, thecomple-
mentcross-correlationå N

i= 1ck(i)c̄l (i) is neededto be mul-
tiplied by 1=Wk � 1. This is becauseweightof thecomple-
mentsignal(27) is 1=Wk � 1 timesof theactualsignal(26)
whenck is di�erent with cl .
Therefore, the subtractioncanbe written as:

N

å
i= 1

ck(i)cl (i)�
1

Wk � 1

N

å
i= 1

ck(i)c̄l (i) =

=

8
<

:

Wk; k = l
0; k 6= l ;Wk = Wl

0; k 6= l ;Wk 6= Wl

:

(28)

Equation (28) shows that a strong autocorrelation of the
intendeduser's codeweight Wk is obtained. The MAI is
alsoeliminatedastheweightzerois attainedwhenthecode
sequencesis unmatched.
The total power incidentat the upperphotodetectorPIN 1
is calculatedin (14). PIN 2 canbe derived by substituting
Eq. (27) in Eq. (8) as

Z ¥

0
G2(v)dv =

Z ¥

0

�
1

Wk � 1
Psr

Dv

K

å
k= 1

dk

N

å
i= 1

ck(i)�

�
�
cl (i) � ck(i)

�
�

u
�

Dv
N

� � �
dv =

Psr

N

0

B
@

K

å
k= 1
k6= l

dk

1

C
A :

(29)

Let I1 and I2 be the photocurrent at PIN 1 and PIN 2,
respectively. Therefore, the photocurrent I is given by:

I = I1 � I2 = Â
� Z ¥

0
G1(v) �

Z ¥

0
G2(v)

�
=

=
ÂPsrWk

Nv
dl :

(30)

The varianceof shotnoisein the photocurrent canbe cal-
culatedas:



I2
shot

�
= 2eB(I1 + I2) =

= 2eBÂ
� Z ¥

0
G1(v) +

Z ¥

0
G2(v)

�
=

=
4eBÂPsrWk

Nv
:

(31)

The meansquaredpower of PIN 1 is obtainedin Eq. (19)
and the mean squared power of PIN 2 is calculatedby
integrating G2

2(v):

Z ¥

0
G2

2(v)dv =
Z ¥

0

"
1

Wk � 1
Psr

Dv

K

å
k= 1

dk

N

å
i= 1

ck(i)c̄l (i)�

�
�

u
�

Dv
N

��� 2

dv =

=
P2

sr

(Wk � 1)2DvN

N

å
i= 1

(

c̄l (i)

"
K

å
k= 1

dkck(i)

#

�

�

"
K

å
m= 1

dmcm(i)

#)

:

(32)

UsingapproximationEq.(21),powerof PIIN canbewritten
as:



I2
PIIN

�
= BÂ

� Z ¥

0
G2

1(v) +
Z ¥

0
G2

2(v)
�

�=

�=
BÂP2

sr

DvN2
v

J

å
j= 1

K jWj

�
3
2

Wk +
Wk

2(Wk � 1)
+

+

J
å
j= 1

K jWj � (
Wk

2
+ 1)

(Wk � 1)2

1

C
C
C
A

:

(33)

Noting that theprobability of sendingbit 1 at any time for
each useris 1

2, SNR of systemusingCS canbe written as:

SNRk =
(I1 � I2)2

hI2i
=

=

Â 2P2
srW

2
k

N2
v

4eBÂPsrWk
Nv

+ BÂP2
sr

2DvN2
v

J
å
j= 1

K jWj

�
3
2Wk+ Wk

2(Wk� 1)

�
+ 4KbTnB

RL

(34)

BER of userscan be calculatedby substituting SNRk in
Eq. (34) into Eq. (25).

5.3. Direct Decoding

DD schemeonly detectsthenon-overlappingspectrausing
a single receiver, thusonly half of the weight assignedfor
a particular user is detected(W

2 ). It is assumedthat ck(i)
denotesthe i-th elementof the k-th KS code sequence,
therefore the code properties for the KS code using this
technique canbe written as:

N

å
i= 1

ck(i)cl (i) =
�

Wk=2; k = l
0; k 6= l

: (35)

Using thesamemathematicalanalysisasin Subsection5.1
the PSD at the input of the photodetectorGdd(v) can be
expressedas:

Gdd(v) =
Psr

Dv

K

å
k= 1

dk

N

å
i= 1

ck(i)cl (i) �
�

u
�

Dv
N

��
: (36)
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Therefore, the photocurrentof the desireduser's signal is

Idd = Â
Z ¥

0
Gdd(v)dv =

ÂPsrWk

2Nv
dl : (37)

Sinceonly thenon-overlappingchip is �ltered for DD tech-
nique, PIIN is negligible. The total noisehereis consid-
ered to be only the sum of shot noiseand thermal noise
such as:



I2�

= 2eBIdd +
4KbTnB

RL
=

eBÂPsrWk

Nv
+

4KbTnB
RL

: (38)

Noting that the probability of sendingbit 1 at any time
for each useris 1

2 , theSNRof theVW-KS systemdeploy-
ing DD technique for userswith weight k can be expres-
sedas

SNRk =
(Idd)2

hI2i
=

Â 2P2
srW

2
k

4N2
v

eBÂPsrWk

2Nv
+

4KbTnB
RL

: (39)

BER of userscanbe derived usingEq. (25).

6. ResultsandDiscussion

The parametersusedin mathematicalanalysis arelisted in
Table2, aspublishedby otherresearchers[18], [23].

Table2
Typical parametersusedin the analysis

Symbol Parameter Value

h Photodetectorquantume�ciency 0.6

Dv Linewidth of broadbandsource 3.75 THz

Psr Received optical power {10 dBm

B Electrical bandwidth 622 MHz

l 0 Operatingwavelength 1550nm

Tn Receiver noisetemperature 300 K

Rl Receiver load resistor 1030W

e Electroncharge 1:6� 10� 19 C

h Planck's constant 6:66� 10� 34 Js

Kb Boltzmann's constant 1:38� 10� 23 J/K

In all analyses,the numberof active userswith di�erent
weightsarealmost the same,i.e. each service (voice,data
andvideo) hasthe sameportion of total users.
Figure 4 illustratesthe probability of error for userswith
di�erent weightsversusnumberof active usersusing IL -
OOC, VW-RD andVW-KS, respectively, whereCS is ap-
plied asdetectiontechnique. The SNR equationfor multi-
wavelengthIL -OOC andVW-RD areextractedfrom [26],
[27] and[19], [28], respectively. It is shown that even the
codeweightsof VW-KS users(8, 6 and 2) are less than
IL -OOC andVW-RD (22, 13 and 5), KS still outperform

them. This shows thatalthoughthecodelengthof KS code
familiesarelonger thanothers,performanceof the codeis
betterdueto smallercross-correlation.
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Fig. 4. Probabilityof error versusnumberof usersfor di�erent
codefamilies.
(Seecolor picturesonline at www.nit.eu/publications/journal-jtit)

Figure 5 shows theprobability of errors for userswith dif-
ferent weights versusnumberof active users,employing
CS, AND and DD techniques. The total code length is
increasedby the increaseof total numberof usersin the
system, which reducesBER of all users. Moreover, per-
formanceof system deploying AND and CS is decreased
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Fig. 5. Probabilityof error versusnumberof users.
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further becauseof PIIN which have signi�cant e�ect for
lower weights. It is shown that performance of sys-
tem deploying DD is much better than the system with
AND and CS. The performanceof userswith di�erent
weights is much more di�erentiated employing DD tech-
nique. With referenceto theBER of 10� 3, 10� 9 and10� 12

for voice,dataandvideo,respectively, themaximumnum-
berof active usersthatcanbesupportedin a VW-OCDMA
is 27, 25 and 100 deploying CS, AND and DD, res-
pectively.
Figure 6 illustratesthe probability of error as a function
of probeoptical received power per chip whennumberof
active usersis 11 and bit rate is 1.25 Gb/s. The number
of userswith weight 6, 4 and 2 is 4, 3 and 4, respec-
tively andthe total codelengthis 33. Figure 6 revealsthat
performanceof systems with AND and CS detectionsis
limited even with increaseof received optical power. This
is due to the PIIN noise,as performanceof system with
DD dramatically increaseswith gaining more power be-
causeDD detectsonly non-overlapping signalsand avoid
the PIIN.
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Fig. 6. Probability of error versuse�ective power per chip at
receiver.

Figure7 showstheplot of probabilityof error for thesystem
using DD detectionversusnumberof simultaneoususers
for bit ratesof 2.5, 5 and10 Gb/s,wherePsr is {10 dBm.
It is shown in Figs. 5 and7 that thenumberof supportable
usersfor VW-OCDMA system usingDD technique is 46,
30, 24 and 20 for bit ratesof 1.25, 2.5, 5 and 10 Gb/s,
respectively, for BER of 10� 9 and all userswith di�erent
weights.
Performanceof a VW-OCDMA system with 11 active
usersis also analyzedusing OptiSystem version11 simu-
lation software.The performanceof system is investigated
basedon received optical power. In software simulation
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Fig. 7. Probability of error versusnumberof active usersfor
di�erent bit ratesfor DD technique.

the parametersusedare the sameas parametersused in
numerical analysis. The chip spacingis chosenas0.8 nm
to avoid crosstalk betweenchannels.
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Figure8 shows theBER of userswith di�erent weightsfor
the CS, AND and DD techniques. As mentioned,math-
ematical analysis approximatesthe upper bound for sys-
tem performance. The simulation resultsproves this fact
and also supports the numerical analysis. As depictedin
Fig. 8, DD outperformstheotherdetectionsusingbalanced
receiver in which PIIN signi�cantly reducesthesystemper-
formance.
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7. Conclusion

In this paperperformanceof a VW-OCDMA systemusing
AND, CD and DD techniques was numerically analyzed
and comparedto simulation result. E�ects of di�erent
parametersincluding number of users, optical received
power and bit rate was investigated. It has beenshown
that performanceof system employing DD technique is
much better than system with CS and AND subtraction.
The obtainedresultsshowed that whenreceived power per
chip is {10 dBm, system deploying DD cansupport up to
100 userswhile this amountis 25 and 27 for the system
with CD and AND detections,respectively. The di�er -
encebetweennumberof supportableusersusingCS,AND
and DD becomesfurther di�erentiated by the increaseof
received power. VW-OCDMA with DD technique with
reducedcomplexity andnumberof �lters o�ers a greatpo-
tential in service di�erentiation in physical layer.
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