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Abstract - The main tasks of optical code division multiple access (OCDMA) systems are increasing
transmission capacity while minimizing phase-induced intensity noise (PIIN). In this paper, a novel two-
dimensional spectral/temporal spectral flexible weight (2D-SFW) code for non-coherent spectral amplitude
coding (SAC) systems is given. The code was designed to overcome the limitations of one-dimensional codes
that include system complexity and multiple access interferences (MAI), as well as boost system capacity and
enable a high data rate. Under the impact of capacity rate, and consumed power the proposed code (2D-SFW)
outperforms existing two-dimensional codes such as Dynamic Cyclic Shift (2D-DCS), Multi-service (2D-MS),
and Zero Cross Correlation/Multi-Diagonal (2D-ZCC/MD) codes in terms of bit error rate (BER) and signal-to-

noise ratio (SNR). signals.
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I. INTRODUCTION

Optical communications have grown in
popularity in recent years due to the benefits they
bring, such as the capacity to exchange
information across extended distances and
transport data at extremely fast speeds [1]. The
majority of today's optical communication
systems rely upon multiple access technologies,
especially optical code division multiple access
(OCDMA). Furthermore, the OCDMA system is
employed for allocating each transmission block
(user) a unique optical code, meaning that this
method enables the simultaneous transmission of
numerous users in the same transmission
environment while utilizing the full frequency
range at any moment [2].

Relying on the optical source, the OCDMA
technique is partitioned into two systems:
coherent OCDMA and incoherent OCDMA. The

first category permits the creation of absolutely
orthogonal optical codes using bipolar bits (-1 and
+1), which completely eliminates the problem of
multiple access interferences (MAI) between
users, whereas the second enables the building of
non-strictly orthogonal optical codes using
unipolar bits (0 and +1), leading to the MAI due
to the insufficient orthogonality between codes
[3]. However, by avoiding the overlapping of "1"s
in the sequence of codes of several users, it is
possible to develop unipolar orthogonal codes that
allow the MALI to be controlled [4].

Excessive phase-induced intensity noise
(PIIN) created by multi-users chips interferences
leads to multi-user interference (MUI or MAI),
which largely degrades the performance of the
OCDMA system. Moreover, spectral amplitude
coding (SAC) is a prominent coding approach in
OCDMA systems for producing optical codes and
avoiding MAI problems [5]. For that, several one-
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dimensional (1D) codes have been designed to
minimize PIIN noise and MAI effects.

To avoid these limits, one of the essential
stages in determining overall system performance
is a proper selection of codes with strong
orthogonality. This technical term (orthogonality)
is known as the zero cross-correlation (ZCC)
property.

Nevertheless, an increasing number of users in
one-dimensional 1D-OCDMA systems
necessitate a large number of codes, which means
longer spectral lengths; at this point, lengthy code
length necessitates high power consumption,
which becomes the primary factor degrading the
performance of 1D-OCDMA systems [6]. To
overcome these challenges, the researchers
focused their research on the development of one-
dimensional (1D) codes for the two-dimensional
(2D) domain for the purpose of lowering the
length and increasing the number of concurrent
users [7].

The two-dimensional codes can be developed
by combining two axes (spectral, spatial,
temporal, and polarization), hence, the most
typical approaches for two-dimensional OCDMA
systems are spectral/time and spectral/spatial
schemes. In this context, various 2D codes have
been developed, In [8], the two-dimensional
Extended Enhanced Double Weight (2-D
Extended-EDW) code has been studied to
improve the system's performance of OCDMA. In
[9], a two-dimensional enhanced multi-diagonal
(2D-EMD) code is employed to enhance the
optical CDMA system. In [10], two-dimensional
multi-service (2D-MS) code has been suggested
in order to overcome MAI effects and increase
system capacity. In [11], the two-dimensional
Diagonal Eigenvalue Unity (2D-DEU) code is
proposed to reduce the MAL In [12], the two-
dimensional spectral/spatial dynamic cyclic shift
(2D-DCS) code also has been investigated.
[13],investigates a two-dimensional hybrid
flexible cross-correlation (FCC)/modified double
weight (MDW) code for the spectral/time
OCDMA system, where the first component is
assigned by FCC code and the second axe is
assigned by MDW code.

The setup of a spectral/spatial scheme
typically involves the use of numerous optical
fibers (spatial encoding) between the sending and
receiving ends, increasing the system's
complexity and expense. Using temporal
encoding, on the other hand, is more appropriate
for avoiding employing multiple spatial
components. For OCDMA networks given by
wavelength/time spreading, 2D-spectral/temporal
(S/T) codes are deemed effective, where the
pulses are set in separate chips over the bit period
and each chip has a different wavelength.

In this respect, the current study introduces a
new two-dimensional spectral flexible weight
(2D-SFW) code for spectral/temporal OCDMA
with high multiplexing capacity and simplicity of
construction, enabling a system that consumes
less power due to direct spectral detection at the
receiver. In addition, the recommended code has a
zero-correlation property (ZCC), which excludes
MALI effects and diminishes PIIN noise. By
overcoming PIIN and reducing MAI, the system
capacity is increased by taking into consideration
the impacts of PIIN, shot noise, and thermal noise
at the receiver level (photodetector). The findings
from the analysis show that the proposed code
outperforms the codes discussed in [10,12,14].

The rest of this work is organized as follows:
the second section details the construction of a
new two-dimensional spectral/temporal 2D-SFW
code, the third section presents a 2D-SFW
OCDMA architecture, the fourth section provides
a mathematical analysis in terms of SNR, BER,
and error vector magnitude (EVM) expressions,
the fifth section presents and discusses the results
obtained of our system. Finally, the conclusion
relating to the effectiveness of our model is stated
in the sixth section.

II. DESIGN OF A SPECTRAL FLEXIBLE WEIGHT
CODE

A) One Dimensional Code

The spectral flexible weight (SFW) code is
created by combining three parameters (L, W, K),
where "L" represents the spectral length of each
sequence, "W" represents the number of "1" in
each sequence (code weight), and "K" represents
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the number of users (number of codes). Hence,
the stages of its construction are listed below:

1. Choose the number of users and the code
weight (K, W).

2. Generate two matrices: even weight
diagonal matrix (EWDM) and odd weight
anti diagonal matrix (OWAM), where
EWDM and OWAM are presented as

follows:
rWeven —I
1..1 0 0
EwbM=| 0 1..1 : (D
l : : 0 J
0 0 1. Ueewx
C1 Ci Cg
o 0T
owaM =| o .+ o i=12..K (2
}J 0 O
W odd KxK

3. When the weight is odd, perform the
superposition of the two matrices as follows:

[ (o C; Ck 1
|1 1 0 0 O 1 0]
SFWyw(oaa) = | 0 : 0 é 0 (1) O : | 3)
[: 0 : ¢ 1 : ool
l0 1 0 0 o 0 ™ O 1J

4. When the weight is even, only EWDM is
used as follows:

0
i “
0

1.. 1JK><WK

w
1.1 0
SFWW(EVETL) = (? 1 .:. 1
l 0 0
5. Using the following formulae, determine the

length of the SFW code and its auto/cross
correlation property:

L=KxW
(A=W if i=j (5)
y 1 GGy {/1 =0 if %)

Here 4, and A, are auto-correlation and cross-
correlation, respectively. C;, C; are two sequences
of SFW code. Table I gives an example of a one-
dimensional SFW code (1D-SFW) for K=3 and
W=2 and 3, respectively.

Table I. 1D-SFW spectral code for 3 users

Even weight (K=3, W=2)
| D-SFW T 100 0 0
q 00110 0
code 000011
0Odd weight (K=3, W=3)
DSFWI[f 0 1 0 0 0 0 1 0
1 00011100 0
code 01000010 1

B) Two-Dimensional S/T Code

The 2D-SFW code is derived from the 1D-
SFW code and can be built by combining spectral
sequence (X) and temporal sequence (Y),
:xll—1]

,Yi,-1] be two 1D-

respectively. Let X, represent [xg, Xy, ...
and Y, represent [y, Vq, -
SFW sequences. P; and P, are their code
weights. [; = P; X C; is the spectral length, and
l, =P, xC, is the temporal length, where C;
and C, are the X and Y cardinalities.

The design of 2D-SFW can be stated as

follows [15]:

Agn =YX, (6)
Furthermore, in order to eliminate the

influence of MAI in 2D-SFW, we define four

characteristic matrices A, where d € (0,1,...,3)
[16]:

(A =yT x
AW =yTX
s ST @)
AP =Y X
\4® =7'x

Table II displays the proposed code sequence
designated by Ay, in (7). Table III explains the
new 2D-SFW code's cross-correlation property,
which is as follows:

l1—1wly—1
RD(g,h) = 215 22 alPags gy

={P1P2 when g=0nh=0
0 else

®)

The developed 2D-SFW code's cardinality and its
length are represented as follows:
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C=CxC,
{L=l1><l2 ©)

A 3D graphical representation of our 2D-SFW
code of the first sequence is given in Fig.1

TABLE 2. 2D-SFW CODE FOR (P = €1 = P, = C; =2)
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TABLE 3. CROSS CORRELATION VALUE OF S/T 2D-SFW CODE.

RO(g,h) | RW(g,h) | RP(g,h) | R®(g,h)
iz 0nh PP, 0 0 0
iz onh 0 PP, 0 0
iz onh 0 0 P,P, 0
iz 0nh 0 0 0 P,P,

Spectral

Fig. 1. 3D graphical representation of our 2D-SFW code of
the first sequence of Table II.

1. 2D-SFW-OCDMA MODEL

The schematic architecture of the planned
spectral/Temporal OCDMA model that employs
SFW code through an optical channel is depicted
in Fig. 2. The electrical signal of each user is
modulated and converted into an optical signal
thanks to an external modulator MZM (Mach-
Zehnder modulator) using an optical source.
Secondly, the resulting optical signals are sent to

a two-dimensional OCDMA encoder to
implement the spectral/Temporal coding, wherein
in the first phase the optical signals are connected
with a W-FBGs type spectral coder (fiber Bragg
grating) according to the spectral sequence of
SFW code to form the one-dimensional spectral
coding, then the symmetrically encoded pulses
are submitted to delay lines to implement
temporal coding in accord to the SFW temporal
sequence as clarified in Fig. (2.a), in this point,
the data is spectrally/temporally encoded
according to the optical SFW code respectively.
Finally, the optical signals of all users are
multiplexed into a composite optical signal and
sent to the optical channel.

In the receiver part, the inverse operations of
the transmitter are applied as shown in Fig. (2.b).
In addition, the receiver principle is divided into
two steps. Firstly, the arrived pulse is coupled by
a temporal decoder (delay lines) for decoding by
following the temporal SFW code sequence, then
the temporally decoded pulses are attached by
FBGs to implement spectral decoding by
following the spectral SFW code sequence, in
this case, the pulses are  decoded
temporally/spectrally respectively. Secondly, the
resulting pulses are directly spotted by a single
photo-detector (PD) due to the ZCC property of
our code and converted into the electrical
domain, thereafter, the resulting electrical signal
is filtered by a low pass Bessel filter (LPBF) to
recover the original information and eliminate
unwanted signals.

IV. MATHEMATICAL ANALYSIS

Some hypotheses are presented in order to
facilitate the analysis of the S/T-SFW-OCDMA
system: Firstly, the spectral spread of an
unpolarized optical source is flat and broadband
[vo —AV/2 ,vy+ Av /2],
where v, is the central frequency and Av is the
light source's bandwidth. Second, all of the data

sent by each user to the receivers comes at the

over the interval

same time. Third and fourth, the power and
spectrum width of each transmitter's spectral
components are identical [17].
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Fig. 2. Schematic architecture of the spectral/spatial OCDMA model.

Overall, two main criteria are used to evaluate
the performance of an optical system: BER,
which is defined as the ratio of erroneous bits to
transmitted bits, and SNR, which is the ratio of
received power to total noise power that affects
the system. Furthermore, thanks to the ZCC
feature of the S/T-SFW code, user overlaps in the
optical spectrum are completely ignored,
removing the effect of MAI Thermal noise, shot
noise, and PIIN noise are all discussed in this
context. As a result, the SNR and total variance
noise from the photo-detector are stated as
follows [18]:

12

noise

SNR =

(imoise) = (ifn) + (i&) + (iByn) (11)

Following the aforementioned hypotheses, the
power spectral density (PSD) of the received
signal is written as follows [19]:

r(v) = T Thm dW) B 51 0 i w) [1w,0)

(12)

P, Av, and [](v,i) are the effective received
power, optical bandwidth, and the it spectral
clement of the broadband source (BBS)
respectively. Where [[(v, i) is defined as [20]:

M, i) = {u [v —vo— oo (=2l + zz)] -
[v = —ZA—Z(—M11+ZL'+2)]} =uﬁ—:] (13)

u[v] is a unit step function defined as:

1 whenev € [0,+oo]

0 whenev € [—x,0[ (14)

u(v) = {

The photocurrent delivered by the photodiode
(PD) at the receiver level can be expressed as:

I= f0+°° r(v)dv =

+00 RPsr g L-1gl-1 (0) .
fo PZAS;ZW=1 aw) Zilzo j2=0 a; i ai,j(W) [T, 1)

| = RbsrPy (15)

153

R is the photodiode responsivity given as
R = ne/hv,, where 7 is the quantum efficiency
of the photodiode, % is Plank's constant and e is
the electron charge.

The phase-induced intensity noise variance
(PIIN) is calculated as follows [21]:
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(16)

Where B, is electrical bandwidth, 7. is the light
coherence time which is given as [6]:

2 _pJ2
Ipyn = Brl"t¢

_ f0+°°r2(v)dv

fe= [f(;roor(v)dv]z

7

13,y = BR? f0+°° r2(v)dv
+0o0 - - NE
= BR [ [ 3 dW) T T ) 0 () T, 0]
_ B.R?*P,*Av
XN
Hence :
BrR?Ps* Py
113111\1 = Tll (18)
Furthermore, thermal noise and shot noise are

denoted as [21]:

[(1+0) x (PP,)]?

2 _ 4KpTnBr
Iy = == (19)
I, = 2eB,I = 2¢B, 22t (20)

I

Where K,, T,, and R, are the average

photocurrent, Boltzmann's constant, absolute
temperature, and load resistor respectively.
Lastly, the overall noise is calculated by plugging

(18), (19), and (20) into (11) as follows:

RPsrPy Br:RzPerPl2
1y Avly

.2 _ 4KpTyBr
(lnoise) - RL + ZeBr

€2y

Since the transmission of bits "1" and "0" is
equally probable, (21) becomes:

RPg,-P ByrR2Pg2 P2
sril + T ST 1 (22)

Iy 20wy

.2 _ 4KpTyBr
(lnoise) - Ry + eBr

The expression of SNR is stated as follows based
on the conclusions of (15) and (22).

(-'RPsrpl )2

2 RPsrPy
51

RPsrPy  BrR2Psy”Py?
11 j 2Avlq

SNR = —

(lnoise

(23)

Yy~ 4KpTnBr
Ry, j

eBy

Consequently, the BER is deduced from the
SNR using the Gaussian approximation and is
denoted as:

=1 /
BER = 2erfc SNR/8

According to the BER formula, the EVM (%) can
be stated as:

24

EVM(%) = (=) x 100

V. RESULTS AND DISCUSSION

(25)

The performance of the 2D-SFW-OCDMA
approach is numerically examined in this part by
comparing it to the two-dimensional codes DCS,
ZCC/MD, and MS given in [10, 12, 14], where
all codes have the same length. Table IV also
illustrates the parameters adopted in the
computational calculation. The performance of
our suggested code is mainly assessed using two
parameters, BER and SNR, in terms of the
Rp.
Thermal noise, shot noise, and PIIN noise are

number of active users K and data rate

also considered during the numerical calculation.

Table 3. ADOPTED PARAMETERS FOR NUMERICAL

CALCULATION.
Parameters Value
Photo detector responsivity (R) 0.6
Data rate (Rp) 1Gbps
Electric bandwidth (B,) 0.5 X R,GHz
Receiver Load resistor (R;) 1030 Q
Spectral width of light (Av) 3.75 THz
Effective source power (P.,) -10 dBm
Receiver noise Temperature (T,,) 300K
Electron charge (e) 1.6 x 107 1%
Boltzman's constant (K, ) 1.38 x
10" 25K

== 2D-DCS (11=5
~— 3D-ZCCMD ||
e 2D-MS(I1=57,

AM S AA—

1D-15 -

Fig. 3. BER regarding cardinality.

Figure 3 highlights the BER versus the
number of subscribers when the effective source
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power and bit rate are -10 dBm and 1 Gb/s,
respectively, and all codes maintain the same
length. At an allowable BER = 10~°, the 2D-
SFW code can reach 188 simultaneous users,
whereas the 1D-SFW, 2D-DCS, 2D-MS, and 2D-
ZCC/MD codes can reach 54, 83, 51, and 125
users, respectively. Thus, cardinality boosts 3.48
times of 1D-SFW, 2.26 times of 2D-DCS, 3.76
times of 2D-MS, and 1.5 times of 2D-ZCC/MD
codes, respectively. The SFW code's zero cross-
correlation characteristic explains this efficacy,
which eliminates multiple access interference
(MAI]) and makes the system more appropriate
for a large number of users.

Fig. 4 depicts the alteration of BER wvs
consumed power when the data stream is equal to
1 Gb/s and the number of available subscribers is
fixed at 65. It is clear that our code requires less
power than other codes. The recommended code
consumes a lower power reach of -16.3 dBm at
tolerable BER = 107°, whereas the 1D-SFW,
2D-DCS, 2D-MS, and 2D-ZCC/MD codes
consume power up to -10dBm, -11.3dBm, -10
dBm, and -13.2 dBm, respectively. Hence, the
used power from 2D-DCS can be reduced to -4.5
dBm, -6.3 dBm from 2D-MS, and -3.1 dBm from
2D-ZCC/MD codes. As a result, passing from 1D
to 2D can maintain power up to -6.3 dBm.

‘1003! O O Dt tidh 7 —_,
~&— 2D-DCS (11
== 20-ZCCM|

4 2D-MS({I1=
Y 1D-SFW (V
105F _ ——2D-SFW (I
y  pemmmmmemmmmeegede——-
s
w10 \
10-15 L

Fig. 4. BER regarding received power.

Fig. 5 depicts the BER curve as a function of
spectral width when the number of active users is

set to 65, the data rate is set to 1 Gb/s, and the
effective source power is set to -10 dBm. The
value of BER is obviously inversely proportional
to the spectral width. The suggested code 2D-
SFW requires a narrow spectral width reaching 1
THz with the same code length and at an
acceptable BER = 1079, whereas 2D-DCS, 2D-
MS, and 2D-ZCC/MD codes require a bandwidth
equal to 4.5 THz, 7 THz, and 2.6 THz,
respectively.  Consequently, proposed
approach reduces the spectrum bandwidth in
comparison to 2D-DCS, 2D-MS, and 2D-
ZCC/MD codes to 3.5 THz, 6 THz, and 1.6 THz,
respectively.

our

When the number of active users is set to 65
and all codes have the same spectral/temporal
length, Fig. 6 reveals the resulting PIIN noise
curve from the photo-detector as a function of
transmitted power variation. It is clear that the
intensity of the PIIN noise grows as the system
power increases. Furthermore, our 2D-SFW code
has very low PIIN noise following spectral
detection at the photo-detector (PD) Ilevel,
whereas the 2D-DCS, 2D-MS, and 2D-ZCC/MD
codes have excessively high PIIN noise when
compared to the SFW code. The suggested 2D-
SFW model outperforms the others in terms of
reduced PIIN noise power due to ZCC's ability to
significantly reduce PIIN noise.

10%,

—&—3D-DCS (11=57, 12=3)

oy 2 —— 2D-ZCCIMD (11=57, 2=3)
2D-MS(|1=57 12=3)

—9—2D-SFW (11=57, 2=3)

10%

19
W 1010
o 10

10718

1020
1 2 3 4 5 6 i 8
Spectral Width (Thz)

Fig. 5. BER versus spectral width.
Assuming that all codes have the same length

and that the effective source power and data rate
are -10 dBm and 1 Gb/s, respectively, Fig. 7
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shows the EVM alteration in relation to the
number of active users. Our 2D-SFW-OCDMA
approach can accommodate 216 simultaneous
users at a normalized EVM(%) value in the
communication requirement (10%), while the
1D-SFW, 2D-DCS, 2D-ZCC/MD, and 2D-MS
codes can support 75, 141, 163, and 102 active
users, respectively. Thus, this advantage can be
explained by the ZCC feature of the proposed
SFW code, which limits MAI and boosts the
system's suitability for a high capacity of users as
well as its short spectral and spatial length.

108
10-10}
@
2]
K=}
=
=
o
10718
—&— 2D-DCS (1=
—e— 2D-ZCC/MD
— 2D-MS(l11=5
—Be IMLQFW (11

Fig. 6. PIIN noise regarding effective power.

Fig. 8 explores the alteration of BER
regarding the bit rate when the consumed power
is at -10 dBm and the available subscribers is
fixed at 65. We can observe that the proposed
2D-SFW-OCDMA approach accommodates a
higher data stream in parallel with other codes,
where our code accommodates reach 4.2 Gb/s
data rate, whereas 2D-DCS accommodates 1.12
Gb/s, while 2D-ZCC/MD and 2D-MS codes
accommodate 2.41 Gb/s, 1.11 Gb/s respectively.
Furthermore, the same code in 2D encoding can
accommodate 0.79 Gb/s, thus, the proposed
spectral/temporal 2D-SFW code improved the
data rate by 3.75 times than the 2D-DCS code,
1.74 times than the 2D-ZCC/MD code, and 3.78
times than the 2D-MS code respectively; as well
as, the transit of 1D to 2D encrypting for the
same code enhance the bit rate by 5.31 times
respectively.

20

—&—2D.DCS (1=
—e— 2D.ZCC/MD
— 2D-MS(11=5

4 ML EWA

Fig. 7. EVM (%) regarding active users.

o
0 1p-10
w10
1018 —&—2D-DCS (11=57,12=3)
~e— 2D-ZCC/MD (11=57, [2=3)
+— 2D-MS(11=57,12=3)
1D-SFW (W=2)
——2D-SFW (11=57, [2=3)
1020
0 1 2 3 4 5 ] 7 8 9

Data rate (Gbps)
Fig. 8. BER regarding data rate.

VI. CONCLUSION

This study developed a new two-dimensional
spectral/temporal (S/T) coding family for an
OCDMA network. Through the
application of the ZCC feature, the new designed
2D-SFW
between any two distinct users, minimizes phase-
induced intensity noise (PIIN), and ignores

incoherent

code eliminates cross-correlation

entirely multiple access interferences (MAI).
Each user is allocated a code word constituted of
a spectral code sequence and a temporal code
sequence. According to the numerical findings,
increasing the temporal code length enhances
system performance. Furthermore, the acquired
findings exhibit that the 2D-SFW code
outperforms the 2D-DCS, 2D-MS, and 2D-
ZCC/MD codes, increasing system capacity by
2.26, 3.76, and 1.5 times, respectively, and
consuming less power reaches -16.3 dBm.
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