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We have proposed a new Multi-Diagonal (MD) code for Spectral Amplitude – Coding Optical Code Divi-
sion Multiple Access (SAC-OCDMA). Although this new MD code has many properties, one of the impor-
tant properties of this code is that the cross correlation is always zero. Simplicity in code construction and
flexibility in cross correlation control has made this code a compelling candidate for future OCDMA appli-
cations. The Multiple access interference (MAI) effects have been successfully and completely eliminated.
Based on the theoretical analysis MD code is shown here to provide a much better performance compared
to Modified Quadratic Congruence (MQC) code and Random Diagonal (RD) code. Proof-of-principle sim-
ulations of encoding with 5 and 10 users with 622 Mb/s data transmission at a BER of 10�12 have been
successfully demonstrated together with the DIRECT detection scheme.

Crown Copyright � 2011 Published by Elsevier Inc. All rights reserved.
1. Introduction

The advantages of using Optical Code Division Multiple Access
(OCDMA) techniques are to provide moderate security communi-
cation and allow multiple users to access optical network with a
sharing bandwidth mechanism. Nevertheless, the performance of
time-domain OCDMA systems is limited by the influence of Mul-
ti-Access Interference (MAI) [1]. In a spectral-amplitude-coding
OCDMA (SAC-OCDMA) system, the effect of MAI can, in theory,
be removed by utilizing codes with fixed in-phase cross-correla-
tions [2]. Various codes have been offered [3–5] to remove the
MAI effect. However, these codes suffer from various limitations
one way or another. The code constructions are either with a too
long code length (e.g., MDW code), or variable cross correlation
(e.g., RD code). Long code length is considered disadvantageous
in its implementation, since either very wide band sources or nar-
row filter bandwidths are required. Indeed, in these systems, the
main limit on the system performance is imposed by the phase-
induced intensity noise (PIIN). In OCDMA system, PIIN is related
to MAI due to overlapping spectra from different users [6]. When
incoherent light fields are mixed and incident upon a photo-detec-
tor, the phase noise of the fields causes an intensity noise term in
the photo-detector output, labeled as PIIN [7]. PIIN arises due to
mixing of two uncorrelated light fields that has identical polariza-
011 Published by Elsevier Inc. All r
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tion, negligible self-intensity noise and having the same spectrum
and intensity. The widening of spectrum beyond the maximum
electrical bandwidth and the photocurrent variance is a classic
signature of PIIN occurrence. It is important to note that, MAI
can be solved by electrical subtraction, but the PIIN still remains.
Thus, in OCDMA systems; the inherent PIIN can severely affect
the overall system performance [8]. The code design with zero
cross correlation is required in OCDMA systems since these code
remove the effect of MAI and suppress the effect of PIIN. The effect
of PIIN is ignored and only the effects of thermal noise and shot
noise are considered here due to no cross correlation between
users. In this manuscript we present a novel family of codes for
SAC-OCDMA systems, which gives more flexibility in the selection
of the code weight and number of users. These codes can be ex-
tended in the number of users while their weight is constant; fur-
thermore, the cross correlation remains zero. In addition, the
construction of these codes is easy, compared with the previous
codes. A simple method based on basic mathematics for designing
the codes is offered in this paper. Direct detection of the optical sig-
nal intensity has been established as the most practical in optical
communication. The paper is organized as follows. In Section 2,
we review the MD code construction. Section 3 is devoted to the
system performance analysis and simulation analysis. Finally, con-
clusions are given in Section 4.

2. MD code construction

The MD code is characterized by the following parameters
(N, W, kc) where N is the code length (number of total chips),
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W is the code weight (chips that have a value of 1), and kc is the in-
phase cross correlation. The Cross-correlation theorem could be
defined as follows: In linear algebra, the identity matrix or unit
matrix of size N is the N-by-N square matrix with ones on the main
diagonal and zeros elsewhere. It is denoted by IN, or simply by I if
the size is immaterial or can be trivially determined by the
context.

I1 ¼ ½1�; I2 ¼
1 0
0 1

� �
; I3 ¼

1 0 0
0 1 0
0 0 1

2
64

3
75; . . . ;

IN ¼

1 0 0 0
0 1 0 0

0 0 . .
.

0
0 0 � � � 1

2
66664

3
77775

Using the notation that is sometimes used to concisely describe
diagonal matrices, we can write: IN = diag(1, 1, . . . , 1). An orthogo-
nal matrix is a square matrix with real entries whose columns (and
rows) are orthogonal unit vectors (i.e., orthogonal). Equivalently, a
matrix A is orthogonal if its transpose is equal to its inverse:

AT A ¼ AAT ¼ I: Alternatively; AT ¼ A�1

A square matrix whose transpose is also its inverse is called an
orthogonal matrix; that is, A is orthogonal if ATA = AAT = IN, the
identity matrix, i.e., AT = A�1.

For example, A(N � N) square matrix, A is said to be orthogonal
if AAT = ATA = IN�N.

The cross-correlation theorem states that cretin sets of comple-
mentary sequences have cross-correlation functions that sum to
zero by using all pairwise permutations. Here, all cross-correlation
function permutations are required in order that their sum be
identically equal to zero. For example, if the rows and columns of
a (K � N) matrix are orthogonal and all the columns except one
sum to zero, then the sum of all cross-correlations between non-
identical code words is zero.

So if xij is an entry from X and yij is an entry from Y, then an en-
try from the product C = XY is given by Cij ¼

PN
K¼1xiK ykJ : For the

code sequences X = (x1, x2, x3, . . . , xN) and Y = (y1, y2, y3, . . . , yN),
the cross-correlation function can be represented by: kc ¼P0

i¼104Exiyi: When kc ¼ 0, it is considered that the code possesses
zero cross correlation properties.

The matrix of the MD code consists of a K � N matrix function-
ally depending on the value of the number of users (K), and code
weight (W). For MD code the choice of weight value is free, but
should be more than 1(W > 1).

2.1. MD matrix design

The following steps explain how the MD code is constructed.

Step 1: Firstly, construct a sequence of diagonal matrices using
the value of the weight (W) and number of subscribers (K).
According to these values, the i, jW will be set.
Where K and W are positive integer numbers, (i = 1, 2, 3 . . . ,
in = K) are defined by the number of rows in each matrix, and
(jW = 1, 2, 3, 4, . . . , W) will represent the number of diagonal
matrices.
Step 2: Based on the next equations the MD sequences will be
computed for each diagonal matrix.
Si;jW ¼
ðin þ 1� iÞ; For JW ¼ even number

i; For JW ¼ odd number

(
ð1Þ
Si;1 ¼

1
2
3
..
.

K

2
6666664

3
7777775
; Si;2 ¼

K

..

.

3
2
1

2
6666664

3
7777775
; Si;3 ¼

1
2
3
..
.

K

2
6666664

3
7777775
; � � � � � � ; Si;W ¼

1
2
3
..
.

K

2
6666664

3
7777775
ð2Þ
Any elements of the Si,W matrices represent the position of one in
Ti,W matrices with K � K dimensions.

Where Ti,1 = [Si,1]K�K, Ti,2 = [Si,2]K�K and Ti,W = [Si,W]K�K.
Therefore

Ti;1 ¼

1 0 � � � 0
0 1 � � � 0
..
. ..

. . .
. ..

.

0 0 � � � 1

2
66664

3
77775

K�K

; Ti;2 ¼

0 � � � 0 1
0 � � � 1 0
..
.

q ..
. ..

.

1 � � � 0 0

2
66664

3
77775

K�K

; . . . ;

Ti;W ¼

1 0 � � � 0
0 1 � � � 0
..
. ..

. . .
. ..

.

0 0 � � � 1

2
66664

3
77775

K�K

ð3Þ

Step 3: So, the total combination of diagonal matrices (3) repre-
sents the MD code as a matrix of power K � N.
MD ¼ ½Ti;1
..
.
Ti;2

..

.
� � � � � � ..

.
Ti;W �KxN ð4Þ
MD ¼

a1;1 a1;2 � � � a1;N

a2;1 a2;2 � � � a2;N

a3;1 a3;2 � � � a3;N

..

. ..
.
� � � ..

.

ain;1 ain ;2 � � � ain ;N

2
66666664

3
77777775

KxN

ð5Þ
From the above basic matrix (5), the rows determine the num-
ber of users (K). Notice that the association between code weight
(W), code length (N) and number of subscribers (K) can be ex-
pressed as:

N ¼ K �W ð6Þ

For example, to generate a MD code family according to the pre-
vious steps, let us say K = 4 and W = 3.

Therefore, i = 1, 2, 3, 4, in + 1 = 5 and jW = 1, 2, 3
The diagonal matrices can be expressed as:

Si;1 ¼

1
2
3
4

2
6664

3
7775; Si;2 ¼

4
3
2
1

2
6664

3
7775; Si;3 ¼

1
2
3
4

2
6664

3
7775 ð7Þ

The MD code sequence for each diagonal matrix is shown as:

Ti;1 ¼

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

2
66664

3
77775

4�4

; Ti;2 ¼

0 0 0 1

0 0 1 0

0 1 0 0

1 0 0 0

2
66664

3
77775

4�4

;

Ti;3 ¼

1 0 0 0

0 1 0 0

0 0 1 0

0 0 0 1

2
66664

3
77775

4�4

ð8Þ



Table 2
System parameters.

e Electron charge
I Average photocurrent
B Noise-equivalent electrical bandwidth of the receiver
Kb Boltzmann Constant
Tn Absolute receiver noise temperature
RL Receiver load resistor
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The total MD code sequence will be:

MD ¼

1 0 0 0 0 0 0 1 1 0 0 0
0 1 0 0 0 0 1 0 0 1 0 0
0 0 1 0 0 1 0 0 0 0 1 0
0 0 0 1 1 0 0 0 0 0 0 1

2
6664

3
7775

4�12

ð9Þ

where K = 4, N = 12.
So the codeword for each user according to the above example

would be:

codeword ¼

user1) k1; k8; k9

user2) k2; k7; k10

user3) k3; k6; k11

user4) k4; k5; k12

8>>><
>>>:

The MD code design depicts that changing matrices element in
the same diagonal part will result in a constant property of zero
cross correlation, and it is constructed with zero cross correlation
properties, which cancels the MAI. The MD code presents more
flexibility in choosing the W, K parameters and with a simple de-
sign to supply a large number of users compared with other codes
like MQC, RD codes. Furthermore, there are no overlapping chips
for different users.

Table 1 shows the code length (N), weight (W) and cross corre-
lation value (kc) that is required for each code type to support only
30 users. MQC, RD codes show a shorter code length than that of
MD code, and this will be discussed in further details in this paper.
It will be shown that the transmission performance of MD code is
significantly better than that of MQC or RD codes. This is achieved
through mathematical analysis.
3. System performance analysis

3.1. Gaussian approximation

To analysis our system, Gaussian approximation is used for cal-
culation of BER [3,4]. We have considered the effect of thermal
noise (rth) and shot noise (rsh) in the photo-detector. The SNR of
an electrical signal is defined as the average signal power to noise
power SNR = [I2/r2]. Due to the zero cross correlation property of
MD code, there is no overlapping in spectra of different users. For
that reason the effect of incoherent intensity noise has been
ignored.

The variation of photo-detector as a result of the detection of an
ideally unpolaized thermal light, which is generated by spontane-
ous emission, can be expressed as:

r2 ¼ rsh þ rth ð10Þ
r2 ¼ 2eBI þ 4KbTnB
RL

ð11Þ

where the parameters that have been used in Eq. (11) are repre-
sented in Table 2:
Table 1
Comparison between MDW, MQC, RD and MD code for the same number of users
(K = 30).

Code No. of users Weight Code length Cross correlation (kc)

MDW 30 4 90 1
MQC 30 7 49 1
RD 30 4 35 Variable cross correlation

code segment
MD 30 2 60 0
Let CK(i) denote the ith element of the Kth MD code sequences,
and according to the properties of MD code, the direct detection
technique can be written as:

XN

i¼1

CKðiÞClðiÞ ¼
W; For K ¼ l
0; Else

�
ð12Þ

The following assumptions are made [6,9]:
(a) Each light source is ideally unpolarized and its spectrum is

flat over the bandwidth [vo � Dv/2, vo + Dv/2] where vo is
the central optical frequency and Dv is the optical source
bandwidth expressed in Hertz.

(b) Each power spectral component has an identical spectral
width.

(c) Each user has equal power at the transmitter.
(d) Each bit stream from each user is synchronized.

The above assumptions are important for mathematical
straightforwardness. Devoid of these assumptions, it is difficult
to analyze the system; for example, if the power for each spectral
component is not identical and each user has a different power at
the receiver.

The power spectral density (PSD) of the received optical signals
can be written as [10]:

rðvÞ ¼ Psr

Dv
XK

K¼1

dK

XN

i¼1

cKðiÞrectðiÞ ð13Þ

where Psr is the effective power of a broad-band source at the recei-
ver, K is the active users and N is the MD code length, and dK is the
data bit of the Kth user, which is either ‘‘1’’ or ‘‘0’’.

The rect(i) function in Eq. (13) is given by

rectðiÞ ¼ u v � v0 �
Dv
2N
ð�N þ 2i� 2Þ

� �
� u v � v0 �

Dv
2N
ð�N þ 2iÞ

� �

¼ u
Dv
N

� �
ð14Þ

where u(v) is the unit step function expressed as:

uðvÞ ¼
1; v P 0
0; v < 0

�
ð15Þ

To compute the integral of G(v), let us first consider an example
of the PSD (denoted by G

0
(v) of the received superimposed signal),

which is shown in Fig. 1, where A(i) is the amplitude of the signal of
the ith spectral slot with width of Dv

N .
From Eq. (13) the integration of the power spectral density at

the photo-detector of the lth receiver during one period can be
written as:Z 1

0
GðvÞdv ¼

Z 1

0

Psr

Dv
XK

K¼1

dK

XN

i¼1

CKðiÞClðiÞrectðiÞ
" #

dv ð16Þ

Eq. (16) can be simplified as follows:

Z 1

0
GðvÞdv ¼ Psr

Dv
XK

K¼1

dK :W:
Dv
N
þ
XK

K–l

dK :0:
Dv
N

" #
ð17Þ



Fig. 1. The PSD of the received signal r(v).
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Z 1

0
GðvÞdv ¼ Psr

Dv
XK

K¼1

dK :W:
Dv
N

" #
ð18Þ

In the above Eq. (18), dK is the data bit of the Kth user that is
either ‘‘1’’ or ‘‘0’’.

When all users are transmitting bit ‘‘1’’,

XK

K¼1

dK

" #
¼ ½d1 þ d2 þ d3 þ d4 þ � � � þ dK�1 þ dK � ¼W

As a result,Z 1

0
GðvÞdV ¼ PsrW

2

N
ð19Þ

The photocurrent I can be found as:

I ¼ R

Z 1

0
GðvÞdv ð20Þ

where R is the responsivity of the photo-detectors given by R ¼ ge
hvc

[6]. Here, g is the quantum efficiency, h is Planck’s constant, and vc

is the central frequency of the original broad-band optical pulse.
Fig. 2. Illustration of the block diagram of an MD
Then Eq.(20) can be expressed as:

I ¼ R

Z 1

0
GðvÞdv ¼ RPsrW

2

N
ð21Þ

Substituting Eq.(21) in Eq.(11), we obtain:

r2 ¼ 2eBRPsrW
2

N
þ 4KbTnB

RL
ð22Þ

Note the probability of sending bit ‘‘1’’ at any time for each user
is ½, thus Eq. (22) becomes

r2 ¼ eBRPsrW
2

N
þ 4KbTnB

RL
ð23Þ

Lastly from Eq. (22) and Eq. (23) we can calculate the average
SNR as:

SNR ¼
RPsr W2

N

� �2

eBRPsr W2

N þ 4KbTnB
RL

2
64

3
75 ð24Þ

Using Gaussian approximation, the Bit Error Rate (BER) can be
expressed as [8,11]:

BER ¼ Pe ¼
1
2

erfc

ffiffiffiffiffiffiffiffiffiffi
SNR

8

r !
ð25Þ
3.2. Spectral direct detection

Fig. 2 illustrates the block diagram of the MD code system with
the direct detection technique, whereby only one pair of decoder
and detector is required compared to other techniques that re-
quired two branches of inputs to the receiver like these in comple-
mentary subtraction techniques. There is also no subtraction
process involved. This is achievable for the simple reason that
code system with direct detection technique.
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the information is assumed to be adequately recoverable for any of
the chips that do not overlap any other chips from other code se-
quences, since MD code is designed with no overlapping chips.
Thus the detector will only need to filter through the clean chips
(no overlapping chips) to be directly detected by the photo diode
as normal intensity modulation with the direct detection scheme.
The MAI effect has been successfully and completely been elimi-
nated because only the required signal spectra in the optical do-
main will be filtered. Furthermore, it is important to note that
the whole spectrum still needs to be transmitted to maintain the
address signature. This distinguishes the technique from Wave-
length Division Multiplexing (WDM) technology.
Fig. 4. SNR against the number of active users for various code weights employing
the SAC-OCDMA technique.
3.3. Mathematical analysis

The performance of MD code has been compared mathemati-
cally with the recent codes, such as Modified Quadratic Congru-
ence (MQC) and Random Diagonal (RD) [4,5] code. Using Eq. (25),
the parameters used in our numerical calculation are listed in
Table 3.

Fig. 3 shows the relationship between the number of simulta-
neous users versus the BER for the MD, RD, and MQC code for dif-
ferent values of K (number of active users). It is shown that the
performance of the MD code is better compared to others even
though the weight of other codes is equal or greater than the MD
code weight. The maximum acceptable BER of 10�9 was achieved
by the MD code with 185 active users compared to 53 active users
achieved by RD code and 43 active users by MQC code. This is good
considering the small value of weight used. This is evident from the
fact that MD code has zero cross correlation properties with a diag-
onal matrix design, while RD code has an increased value of cross
correlation in its code segment as the weight value increases. How-
ever, a few code-specific parameters were chosen based on the
published results for these practical codes [4,5] .The calculated
BER for MD code was W = 2, RD code W = 4, and W = 14 for MQC
code.

Fig. 4 shows the system performance in terms of SNR for differ-
ent code weights, W = 6, W = 4, respectively, with an electrical
bandwidth B = 311 MHz, and Psr = �10 dBm. Because of the non-
Table 3
Typical parameter used in the numerical analysis calculation.

Broadband effective power Psr = �10 dBm
PD quantum efficiency g = 0.6
Absolute receiver noise temperature Tn = 300 K
Operating wavelength k = 1550 nm
Receiver load resistor RL = 1030
Electrical bandwidth B = 311 MHz

1E-35
1E-31
1E-27
1E-23
1E-19
1E-15
1E-11
1E-07
0.001

10

0 50 100 150 200 250
Active Users

B
ER RD W=4

MQC W=14
MD W=2

Fig. 3. BER against the number of active users for various codes employing the SAC-
OCDMA technique.
existence of phase-induced intensity noise (PIIN) an increase in
the number of simultaneous users hardly affects the system perfor-
mance. Further, the scope of improvement in system performance
is largely by increasing the effective power from each user at the
receiver end. Moreover, it is also clear from the diagrams that an
increase in code weight causes degradation in the SNR.

Fig. 5 shows the variations of the BER versus the number of
simultaneous users for different values of Psr. In this figure, when
Psr is less than �25 dBm, the recent system using the MQC code
will have the worst performance .This is because the larger value
of the prime number code causes a larger power loss (=1/prime
number) in the transmitter part. The RD code performance is better
than the MQC code. This is because the RD code design has the flex-
ibility with weight number and number of users, therefore RD code
needs a smaller number of weights in comparison with the MQC
code, but it has a large cross correlation value in the code segment
part, which causes a reduction in code performance. Fig. 5 also
shows a better performance for MD code with Psr = �10 dBm and
Psr = �20 dBm, compared with MQC and RD code, especially when
Psr = �10 dBm. That is because of the absence of the phase-induced
intensity noise (PIIN). The MD code with zero cross correlation
property shows excellent performance with spectral amplitude
coded asynchronous optical CDMA systems. It has been observed
that stated code numbers of simultaneous users hardly affect the
system performance and the scope of improvement in system per-
formance is greater by increasing the effective power for each user
at the receiver end.

3.4. Simulation analysis

The performance analysis of MD code was simulated by using
the simulation software, Optisystem Version 9.0. A simple circuit
design consists of five users, as illustrated in Fig. 6. Each chip has
1.E-35
1.E-32
1.E-29
1.E-26
1.E-23
1.E-20
1.E-17
1.E-14
1.E-11
1.E-08
1.E-05
1.E-02
1.E+01

0 200 400 600 800
Active Users (K)

B
ER

MD    W= 4 psr = -10
MD    W= 4 psr = -20
MQC W=14 psr = -10
RD    W= 4  psr = -10

Fig. 5. BER against the number of active users when Psr is different.



Fig. 6. MD code schematic block diagram for five users.

Fig. 7. Eye diagram indicating performance of five users with a weight of four using MD code.
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Fig. 8. Eye diagram indicating performance of 10 users with a weight of four using MD code.
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a spectral width of 0.8 nm. The tests were carried out at a rate of
622 Mb/s for a 40-km distance with the ITU-T G.652 standard sin-
gle-mode optical fiber (SMF). All the attenuation a (i.e., 0.25 dB/
km), dispersion (i.e., 18 ps/nm km), and nonlinear effects were
activated and specified according to the typical industry values
to simulate the real environment as close as possible. The perfor-
mances of the system were characterized by referring to the Bit Er-
ror Rate (BER). As shown in Fig. 6, after transmission we used a
Demultiplexer followed by a Bassel Optical Filter spectral phase
decoder operating to decode the code at the data level. The de-
coded signal was decoded by a photo-detector (PD) followed by a
0.75 GHz low-pass-filter (LPF). The noise generated at the receivers
was set to be random and totally uncorrelated. The dark current
value was 5 nA, and the thermal noise coefficient was 1.8�10–23

W/Hz for each of the photo-detectors. The performance of the sys-
tem was characterized by referring to the BER and eye pattern. The
eye pattern for MD code system as shown in Figs. 7 and 8 below,
clearly show that the MD code system gave a better BER 10�9 as
the number of users was increased. The more the eye closes, the
more difficult it is to differentiate between ones and zeros in the
signal. The height of the eye opening at the specified sampling time
shows the noise margin or immunity to noise.

4. Conclusion

In this paper, we proposed a new code design with zero cross
correlation. In the absence of the phase-induced intensity noise
(PIIN) the zero cross correlation code shows excellent performance
with spectral amplitude coded asynchronous optical CDMA. Based
on the equations and system simulation the results of the system
performance are presented. To conclude, the advantages of the
code can be summarized as follows: (1) zero cross-correlation code
which canceled the MAI (Multi-Access Interference); (2) flexibility
in choosing W, K parameters over other codes like MQC code;(3)
simple design;(4) large number of users in comparison to other
codes like MQC or RD code;(5) no overlapping of spectra for differ-
ent users. The performance of the system with the proposed MD
code is analyzed by taking into account the effect of shot noise,
and thermal noise sources. It is found that MD code is the best in
terms of BER compared to MQC and RD code. Simplicity in code
construction and flexibility in cross correlation control has made
this code a compelling candidate for future OCDMA applications.
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