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ABSTRACT

In this paper, we propose a three dimensional (3-D) codes namely 3-D perfect difference/ multi diagonal
(3-D PD/MD) code for spectral/time/spatial optical code division multiple access (OCDMA) system based
on the perfect difference and multi diagonal codes. The multi-access interference (MAI) is fully eliminated
in the receiver based on this code. The system performance is analyzed mathematically based on the
proposed code under the consideration of the receiver noises, and compared with the systems of , 2-D
perfect difference (2-D PD), 2-D diluted perfect difference (2-D DPD) and 3-D perfect difference (3-D
PD) code. The proposed code reduces the receiver noises by reducing the receiver complexity to 50% of the
3-D PD code. In addition to that, the mathematical results shows that the 3-D PD/MD code system can
accommodate more active users at a bit error rate (BER) of (10”) and data rates of 0.622Gbps and
1.25Gbps. Hence, the proposed system can be more applicable than the former 3-D PD code.

Keywords: Optical Code Division Multiple Access (OCDMA), Perfect Difference (PD) Codes, Phase-

Induced Intensity Noise (PIIN).
1. INTRODUCTION

The concept of optical code division multiple
access (OCDMA) technique was borrowed from
the wireless CDMA during the 8" decade of the
20™ century, in which each user is assigned by a
unique address code in the network. The code is a
sequence of ones and zeros that can be designed by
a mathematical formula or algorithm. The system
performance was affected by the interference from
the other active users which is called multiple-
access interference (MAI), and the receiver noises
represented by the phase-induced intensity noise
(PIIN), shot noise and thermal noise. Initially, the
one dimensional (1-D) codes were proposed by
spreading the optical pulses in one dimension.
Many codes have been presented for incoherent
OCDMA systems based on the time spreading [1]-
[3]. Moreover, another codes exploited the
frequency (wavelength) domain and constructed the
spectral amplitude coding optical code division
multiple access (SAC-OCDMA) systems [4]-[9]. A
drawback of 1-D codes is the increase in code
length as the number of simultaneous users
increases.

The second approach exploiting two dimensions (2-
D) by combining of (time/spectral, spectral/spatial,
time/spatial) codes have been proposed with shorter
code length than the 1-D to enhance the system
performance by mitigating the receiver noises and
increasing the number of active users [10]-[13].
The third approach uses three dimensions (3-D) to
decrease the code length and further increasing the
number of users. Yeh et al. [14], proposed the 3-D
perfect difference (3-D PD) codes with the structure
of a spectral/time/spatial OCDMA system. The
authors proved that the 3-D PD code can achieve
more number of active users compared to those of
previous codes with the same total code size.

In this paper, a new 3-D perfect difference/multi
diagonal (3-D PD/MD) code is proposed to reduce
the receiver complexity and enhance the
performance of the 3D-PD code. The BER
expression of the OCDMA systems based on the
proposed code is presented undertaken the effects
of PIIN, shot noise, and thermal noise. The
comparison results of the proposed code with that
of the related codes, such as the 2-D perfect
difference (2-D PD), 2-D diluted perfect difference
(2-D DPD) and 3D-PD codes revealed that the
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proposed system provides better performance than
the other systems.

2. 3-D PERFECT DIFFERENCE/MULTI
DIAGONAL CODE CONSTRUCTION

The construction of the 3-D PD/MD codes
depends on the PD code [3], and MD code [9].
These two codes are constructed as follows in
subsections (2.1, 2.2) :

2.1 The Multi Diagonal (MD) Code

In 2011, Abd et. al. proposed a new code
for incoherent SAC-OCDMA namely Multi
Diagonal (MD) code to enhance the SAC-OCDMA
system performance with lower complexity. The
MD code has the zero cross correlation property
where it constructed without overlap between any
codeword, not restricted for the number of users
and the value of the weight, therefore a good
system performance was achieved in terms of BER,
number of active users and transmission data rate.
The basic idea of this code based on the
orthogonality between the elements of identity
matrix. An example of MD code for w=2 and the
number of users is 6, is presented in Table 1.

Table 1: 1-D MD Codes Forw = 2
i MD Codes

100000000001
010000000010
001000000100
000100001000
000010010000
000001100000

N |W|IN| =[O

2.2 The Perfect Difference (PD) Code

The generation of the PD codes of
(N,w,1) from the perfect difference sets was
explained in [3].The weight, length, and size of the
code are w,N,and N respectively, where N =

w?- w + 1. Table 2 shows an example of the PD

codes for w = 3. The expression of the correlation

0y, between different codes Cy and C,, is:
w x=y
Oxy = {1 X#Y (1)

Table 2: The PD Codes Forw = 3

i Cyclic PD Codes
Difference
Sets
0 {013} 1101000
1 {026} 1010001
2 {156} 0100011
3 {045} 1000110
4 {346} 0001101
5 {235} 0011010
6 {124} 0110100

2.3 The 3-D PD/MD Code

The 3-D PD/MD code can be constructed
by combining two PD codes for spectral and time
domains, and MD code for spatial domain. Let the
PD codes are X = {xy,%1,..,Xy_1} and Y =
Vo, V1, -, Yy_1} with the code lengths and sizes
, M= wi-w; +1, N= w?- w, + 1 where ,w;
and w, are the code weights of X, and Y,
respectively; and  the MD code is
Z = {29,271, ...,Zp_1} with a code length of
P = P, * w; where wy and P; are the weight and
the size of the code, respectively. The groups of
codes for each domain are X, , Y, and Z; where
e=01,..,M—-1, f=01.,N-1, and
l=0,1,..,P — 1. The system cardinality will be
equal to the multiplication of these three code sizes
MNP;.

The expression of the 3-D PD/MD code is
Bey = XeTYfZl, where Z; is a matrix of Z elements
multiplied by the unity matrix of N X N dimension.
Then, B, s, can be expressed as in equ. (2).

_b()’{)y(), ba]’{),...

b1,0,0’ b1,1v0"""'“"""""’bI,N-I,()’ b[)a], b1'1'1,.......

Be,f,l =

L bM-]y()’()y bM-lJ,O"""' ey

’b(),N—I,()’ b{),(),]: b()”/’], e,

bM—],N—],()’ bM—],O,]’ bM—],],]’

e N1 1 B p Do s pp e e By ]

oDy N Brop Dy pp Dy b

-------- bt vt r Ouaer0p-1Om-1, 100 P s ps
2
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To explain the cross correlation of the 3-D PD/MD

codes, an eight characteristic matrices B%a €
(0,1, ....,7) can be introduced as below:

By, =XiViZ  Bgp =XI%Z,

B =XIvz, B =XIVz

Be(j‘),l = XeTYfZ_l Be(i‘),z = XeTYfZ_l

B, = XIvZ B =KIZ 3)

Where X and Y are the complementary of X and Y,
respectively. Z is the complementary of Z sequence
multiplied each element by the identity matrix with
dimension N X N. So that, the cross correlation

RW(e, f, D)
R©®(e, f,1) — LA R@ (e, f,1) —
(w, = 1) (w; —1)
:{W1W2W3 e=0,f=0,l=0
0 otherwise

between the characteristic matrix Be(‘;)l

code matrix B, ¢, is defined as follows. The cross
correlation properties of the 3-D PD/MD codes are
presented in Table 3 .

and any

M-1N-1P-1
R@ (e, f,1) = > b by @)
i=0 j=0 h=0

Table 3 can be divided into two independent
groups, the upper part includes (R©@(e,f,10),
R®(e, f,1), RP(e,f,1), R®(e,f,1) ) and the
lower part includes (R®(e, f,1), R®(e,f,D),
R® (e, f,1), RP(e,f,1)). However, the groups
are the same, hence any one can be used to
construct the receiver. The receiver equation to
eliminate the MAI according to the upper group is :

R®) (e, f,1)
(w, = 1)

(5)

Table 3: The Cross Correlation Properties Of The 3-D PD/MD Code

RVef) | RV(efD Rt RVt
e=0Nf=0N[=0 WIWIW3 0 0 0
e;t()ﬂf:()ﬂl:() Wows 0 W2W3(W1—1) 0
e=0Nf£0NI=0 WiW;3 wiws3(wr-1) 0 0
e#0NF0NI=0 w3 wi(wa-1) wi(w-1) wi(wx-1) (wi-1)
e=0Nf=0NI#£0 0 0 0 0
eZ0Nf=0NI£0 0 0 0 0
e=0NfAONI£0 0 0 0 0
eF0NfAONI£D 0 0 0 0

RPefh) | RV(efD Rt R7(ef])
e=0Nf=0N[=0 0 0 0 0
eZ0Nf=0NI=0 0 0 0 0
e=0N£0NI=0 0 0 0 0
eF0NfA0NI= 0 0 0 0 0
e:OHf:OHI;tO WiWows 0 0 0
e;t()ﬂf:()ﬂli() Wows 0 W2W3(W1—1) 0
e=0NfAONI£0 WiW;3 wiws(wy-1) 0 0
e;ﬁ()ﬂf;ﬁ()ﬂhﬁ() w3 W3(W2—1) W3(W1—1) W3(W2—1) (W]-I)
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3. TRANSMITER/RECEIVER
DESCREPTION

The transmitter of OCDMA system based on the
proposed code is shown in Figure 1. The operation
of the transmitter is as follows: the optical pulses
from the incoherent light source are modulated
according to the ON-OFF keying format of the data
bits through an electrical to optical modulator
(EOM). Then, three stages are used to encode these
pulses in three dimensions; the first stage applies in
spectral domain by using the Fiber Brag Grating
(FBG) in which the spectral components with
wavelengths matched to ‘1’ of the spectral code
sequence X, are reflected back by FBGtl and the
other wavelengths are filtered out, the reflected
spectral components are passed through the FBGt2
to reflect it again for compensating the run-trip
delay because the FBGt2 has an opposite
arrangement of FBGtl. The second stage encodes
the reflected spectral components of optical pulses
in time domain by using the optical delay lines. The
output of the second stage is split into w, equal
parts and pass through w, optical delay lines with
different time delays according to the code
sequence Y, then it is combined in the other side.
The third stage represents the encoding in spatial
domain where the arrival optical pulses are split
into wy equal parts in order to transmit it to the star
coupler according to the spatial code sequence of
Z.

FBGtl

Xe

EOM

Light source

Information bit

The structure of the receiver according to equ.
(5) is shown in Figure 2, in which it includes a
combiner, two correlators, two balanced detectors
and an integrator. The opposite sequence is adopted
to decode the optical signal in the receiver side. The
combiner is used to aggregate the incoming optical
signals from the star couplers according to the code
sequence Z;. Then, the correlators are used to
dispread the signals in time domain. The correlator
1 and correlator 2 consist of w, and N — w, optical
delay lines of different delays based on the code
sequence Yy and 17f respectively. After that, two
balanced detectors are used to decode the signal in
spectral domain. The decoding process is similar to
the encoding process in the transmitter where the
FBGr2 and FBGr4 are used to reflect back the same
spectral components which are matched to “Is” of
the spectral code sequence X,, while the FBGrl
and FBGr3 are used to compensate the run-trip
delays. Finally the aggregated signal from all
photodetectors is integrated by the integrator over
the chip period.

According to the equ. (5), the output currents
of PDs(0,1,2,3) are respectively proportional to

RO(e,f,1), RD(e,f,)/(w, = 1), RP(e,f, 1)/
W = 1), R®(e, f,1)/(w, = D(wy — ).

FBGt2

|\ to Coupler 1
] —\__ to Coupler 2

v
v
onnds

L\ toCoupler P

Delay lines Z
¥y

Figure 1. The 3-D PD/MD Code Transmitter Structure.
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from Coupler]l ___~ qQ
from Coupler 2 =" ; >
:'-_-;- Jco) Balanced Detector 1
g (@)
from Coupler? _~_|5 Correlator 1
Yy

Z;

1iw:-1)

FBGrl

1 e

Integrator

Correlator 2
¥y

(¢0) Balanced Detector 2

wsi-1)(w2-1)

FBGr3l

1iw>-1)

Figure. 2. The 3-D PD/MD Code Receiver Structure.

4. SYSTEM PERFORMANCE

This section presents the derivation of a
mathematical expression of the signal to noise ratio
(SNR) and the bit error rate (BER) under the
consideration of the receiver noises represented by
the shot, PIIN and thermal noise. The BER is
estimated based on Gaussian approximation. The
SNR is the ratio between the square of the average
current and the total noise currents as follows [6]

I?
SNR = —1— (6)

(iznuise)

Where [, is the average photodetector current, and
(i%,0ise) is the variance of the receiver noises
current which can be expressed by:

:2 — $2 $2 $2
< Lnoise >=< Lpin > +< Lshot > +< Lthermal
>

4KpTpBy

= BWIETT. + ZeBwltotal + R
L

(7

e
593

Where B,, is the electrical bandwidth ,e is the
electron charge , R; is the load resistance , K}, is
Boltzman’s constant, I;,.4; is the total photocurrent
, and 7, is the coherence time of the light which
expressed as [6]:

_ f;o S2w)dv

a [f;o S(v)dv]2

®)

Where S(v) is the single sideband power spectral
density.
The analysis is simplified based on four
assumptions [5]: a) The broadband light source is
ideally unpolarized and its spectrum is flat over
[vo — Av/2,vq + Av/2] and emits equal power,
where v, is the central optical frequency and Av is
the optical source bandwidth. b) Each spectral
component produced by the spectral encoders has
identical spectral width. ¢) Each spectral
component received by a user has the same power.
d) Each bit stream from each user is synchronized.
We defined F (v, ) as follows:
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F(v,i) = {u[v—vo— ZA—;\:[(—M+2i)]—u[v

Av
— Vg — m(—M+2l+2):|}

€
Where u(v) is a unit step function defined as:
M v=0
u@) = T (10)

Based on the assumptions above, the PSD of the
received signals can be written as:

r(v)
_ ST
w2 w3 Av

1M-1N-1

Z d(k) Z Z Z b (KF (v, D)
k=1

h=0 i=0 j=0

(11)

Where P, is the effective source power at the
receiver, K is the number of active users ,d(k) is
the data bit of kth user which can be ‘1’ or ‘0,
M, N and P are the code lengths of spectral, time
spreading and spatial code sequences respectively,
and b;j,(k) is an element of the kth user’s
codeword.

Since all receivers have the same structure and
property, the derivation will be done on
receiver(0,0,0). The output currents of PDs
(0,1,2,3) can be obtained depending on the cross

correlation between B(%)'O and By, as follows:

IO = Rf GO(U)dU
0
_fw RP,
- 0 Waws3Av

K
x Z d(k) RO (i, j, h)F (v, i)dv
k=1

RP, wows (K — 1)(M — 1)
= wyw,M {W3W1W2 T mnNE - D
wawy (K — 1)(N — 1)
(MNP, — 1)
w3(K — DN - 1M - 1)
+ (MNP, — 1) } (12)

Il = Rf Gl(v)dv
0

f (wy — 1)W2W3Av

x Y d(k) RD(,j, h)F(v,i)dv

RPs, {W3W1(K -DWN-1)

T wows M (MNP, — 1)
wz(K — DN - 1M - 1)
(MNP, — 1) } (13)

12 = Rf Gz(v)dv
0

f (wy — 1)W2W3Av

x Z d(k) R (i, j, h)F (v, i)dv

k=1

(MNP, — 1)

wi(K—DW -1DM - 1)
(MNP, — 1) }

RP, (wows(K — D(M — 1)
T wowsM

(14)

13 = Rf G3(U)d17

RPsr
f (wy, — 1)(wy — DwywsAv

x » d(k) R®(,j, h)F(v,)dv

RPy; {Ws(K - DN -DM -

1) c
(MNP, — 1) } (1>

wows M

Where R is the responsivity of the photodiode.
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The average output photocurrent is :-
L.

=RJ{W&W—QWH—WAW—%@HMV

= [10_11_12+I3]
_ RPsrwl
M

The PIIN current is presented as follows:

(16)

(®pun) = ByR*IPt,

Iy 16o@) = 6,(v) = G, (v) + G5 (v)]2dv
(716, = ;@) = G, () + G5 ()] dv)’
= B, R? [["[Go(v) — G,(v) — G,(v) +

G;(v))%dv (17)

=B, R*I?

Since  Gy(v) and G;(v) do not overlap
with G, (v) and G3(v), so that < i3,y > is:

<mmbaﬂﬁfﬁw+ﬁ@+@@
0

+ ng W) —2G,(v)G;(v)

—2G,(v)G3(v)]dv (18)

The integral of each part can be obtained
separately and then combined together under the
worst scenario when all users send bit ‘1’ to get:

MB,, ((Iy — I)? I, — I3)*?
(pn) = Av {( Wi ) +((W1_1))2} (19)

Because of the probability of sending bit ‘1’ or
‘0’ is 0.5 for each user, the < i,y >will be:

(iZPIIN) =

MB,, {(10 -1h)? (I —13)*

2Av w, (wy — 1)2} (20)

Then < i2,,, > with 0.5 probability of sending ‘1’
or ‘0’ can be expressed:

(izshot) = ZeBwltotal/Z

The effect of thermal noise can be expressed as:

.2 4'Kb TnBW
(l thermal) = R
L

(22)

The average signal to noise ratio SNR can be
calculated by substitute equ. (16), (20), (21) and
(22) in equ. (6) :

SNR
_ (%)2
%{w+&l_——ligi} +eB,(ly + 1+, + I3) + _4Kb1€rLBw
(23)
And the BER is [6]:
erfc ( %)
BER = — 24)
Where
2 (@ ,
erfe@ = 1= f exp(=y*) dy. (25)
z

5. NUMERICAL RESULTS

The performance of the 3-D PD/MD code with
(M=7,N=13,Ps=3) and the previously
presented 2-D PD and 3-D PD codes in the
presence of the PIIN, the photodiode shot noise,
and the thermal noise are illustrated in Fig.3 and
Fig.4 for a data rate of 0.622Gbps and 1.25Gbps
respectively. The system parameters used in the
numerical analysis are: Spectral width of light Av=
5THz, Broadband effective power Psr = -10dBm,
Operating wavelength 1, = 1550 nm , receiver
noise temperature T,, = 300 Kelvin , responsivity
of photo detector R=0.75, receiver load resistance
R; =1030Q . The receiver electrical bandwidth
B,, was chosen as 0.5 of the data rate for the 2-D
PD and 2-D DPD codes, and 0.5*N of the data rate
for the 3-D PD and 3-D PD/MD codes.

Figure 3 shows the number of active users versus
the BER for the proposed code and the codes under
comparison with the data bit rate of 0.622Gbps.
The performance of the 3-D PD/MD code is better
than the others. At BER of (10”) the 3-D PD/MD
code can accommodate 180 users in comparison to
165, 135 and 112 users for the 3-D PD, 2-D DPD
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and 2-D PD codes ,respectively. Moreover, Figure
4 shows the same relation with the data bit rate of
1.25Gbps. The figure demonstrates that the system
performance with the 3-D PD/MD code is still
better than the other codes by accommodating more
active users in spite of the increasing the data rate.
However, the increasing of number of active users
of the 3-D PD/MD code over the 3-D PD code is
limited, but the proposed system reduces the
complexity of the receiver by 50% to be more
applicable than the former one.

The relation between the BER and the effective
received power in dBm at a data bit rate equal to
0.622Gbps and the number of active users is 150
for different codes can be shown in Figure 5. It is
obvious that the proposed code has a minimum

10 [ \

BER in the range of -25dBm to -5dBm but the
performance of 3-D PD/MD and 3-D PD are very
closed at high power. That is because the proposed
code has the ability to reduce the effect of the shot
noise by reducing the number of photodetectors
while it has the same ability of the 3-D PD code in
mitigation of the PIIN.

The data rate of each user versus the BER for 150
active users and Psr= -10dBm, is shown in Figure
6. At BER of 107, the proposed code achieves the
highest data rate of 0.8Gbps in comparison to 0.7,
0.55 and 0.4Gbps for the 3-D PD, 2-D DPD and 2-
D PD codes, respectively.

10

—6— 3-D PD/MD (M=7, N=13, Ps=3)
2 || —B—3-DPD (M=7, N=13, P=3)
—&A— 2.D PD (M=91, P=3)

BER

—#— 2-D DPD (M=3"31, P=3)

300

No. of Active users K

Figure 3. The BER Versus The Number Of Active Users With (M=7, N=13, Ps=3 )Of 3-D PD/MD Code When The
Effective Power Py,=-10dBm And Data Rate Is 0.622Gbps
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10° { 1 { { ;
—6— 3-D PD/MD (M=7, N=13, Ps=3) ; ;
—8— 3-D PD (M=7, N=13, P=3) 1 »

10° || —A—2-DPD (M=91, P=3) |- __ o QAT
—— 2-D DPD (M=3"31, P;=3) X '
4 ! X ) \ — : ~-O

0% o~ =y=4- o A .
| / - |
| |
| |
— ! 4 y |

Eo10° S - b -
[a0] | X |
| |
| |

0% KPS S S i
| |
| |
10 | |

100 R R -
| | | |
| | | |
| | | |
10'12 : : I : :

0 50 100 150 200 250 300

No. of Active users K

Figure 4. The BER Versus The Number Of Active Users With (M=7, N=13, Ps=3 ) Of 3-D PD/MD Codes When The
Effective Power Is P,,= -10dBm And Data Rate Is 1.25Gbps

BER

10° -

100 -

—©— 3-D PD/MD (M=7, N=13, Ps=3)
42| | —B— 3-D PD (M=7, N=13, P=3)

10 " —A— 2-DPD (M=91,P=3) [ :777777 :

—4— 2D DPD (M=3'31, P,=3) o

10'14 T i 1 I I : ; :
-40 -35 -30 -25 -20 15 10 5 0 s

Effective Power Psr (dBm)

Figure 5. The BER Versus The Effective Power Py, With (M=7, N=13, Ps=3 )Of 3-D PD/MD Code When The Number
Of Active Users Is K= 150 And Data Rate Is 0.622Gbps.
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Figure 6. The BER Versus The Data Rate With (M=7, N=13, Ps=3 )Of 3-D PD/MD Code When The Number Of Active
Users Is K= 150 And Py,= -10dbm.

6. CONCLUSION

A new family of a three dimensional
spectral/time/spatial code is presented for OCDMA
systems. The generation and analysis of the code
are given. In comparison to the 3-D PD code that
reported previously, the proposed code reduces the
receiver complexity to 50%. However, the
proposed code can't accommodate much more
active users than the 3-D PD code, but the
reduction in the receiver complexity is the attractive
feature that make it more applicable in practical
systems.
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