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Abstract. A hybrid subcarrier multiplexing (SCM) technique incorporating spectral
amplitude coding and optical code division multiple access (SAC-OCDMA)
technologies is investigated using both numerical and simulation methods. The
hybrid SCM/SAC-OCDMA system combines the two above schemes in such a way
that it is robust to multiple access interference and reveals much enhanced channel
data rate. We improve the overall performance of the hybrid SCM/SAC-OCDMA
system based on spectral amplitude coding to suppress a number of impairments and
improve its sensitivity at a bit error rate of 10~°. As a result, the system suggested by
us, which is based on a dynamic cyclic shift code, shows better performance when
compared with the standard SAC-OCDMA systems employing the conventional
code.
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1. Introduction

Extremely large bandwidths and low propagation losses revealed by optical fibres are the
two main reasons why optical local area networks (LAN) have revolutionised telecommunications.
With the present level of technology, however, applications of the LAN are mainly limited by
high costs of their optical components [1]. Optical code division multiple access (OCDMA) has
always been of concern because of its inherent capability to support asynchronous-access
networks, dynamic bandwidth assignment, and ability to support multimedia services [2, 3].
Furthermore, the OCDMA has already been employed for the LAN and for different network
access applications [4—6].

Nonetheless, the OCDMA systems suffer from different noises such as a shot noise, thermal
noise, a dark current, and a phase-induced intensity noise (PIIN). In addition, multiple access
interference (MAI) associated with availability of many users is considered as a dominating
system-degradation factor for the OCDMA networks. Therefore, intelligent design of the code
sequence is important when reducing contribution of the MAI to the total optical power received
[7]. Accordingly, spectral amplitude coding and optical code division multiple access (SAC-
OCDMA) technologies have been introduced, to result in good solutions which have reduced the
effect of MAI by utilising codes with fixed in-phase cross-correlation [8]. Many different codes
have been considered for the SAC-OCDMA networks. These include, in particular, an optical
orthogonal code [9], a prime code [10], a Khazani—Syed (KS) code [11], an enhanced double
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weight (EDW) code [12], a modified frequency hopping (MFH) code [13], a modified quadratic
congruence (MQC) code [14], a random diagonal (RD) code [15], and a modified double weight
(MDW) code [16]. However, all of these codes suffer from some limitations. For instance, the
code length in some cases is too long (especially for the OOC, KS, and EDW), the code
construction is limited by the code parameter (e.g., for the MQC and MFH codes), and the cross-
correlation increases with increasing weight number (e.g., for the prime and RD codes).

Recently, a multi-diagonal (MD) code [17] has been suggested for the SAC-OCDMA
systems of large cardinalities. It is designed such that the cross-correlation effect can be zero.
However, construction of the MD code for a large number of users with zero cross-correlation
would result in too long code lengths. The MD code families are being challenged by several
problems such as rather restricted number of available code weights and time-consuming code
construction. Code designs with a zero cross-correlation are required for the OCDMA systems
since there is no more overlapping between the code sequences, which removes the effect of the
MALI and suppresses the impact of the PIIN in such systems. Consequently, the effects of thermal
and shot noises are only considered for the systems based on the zero cross-correlation code.

Here we suggest a dynamic cyclic shift (DCS) code. This code is closer to any real practical
environment when compared to the MD code family. The DCS code is designed basing on the
Galois field and the cyclic shift methods. The new code has a number of advantages such as

(1) low cross-correlation ( A, <1) that suppresses the MAI; (2) flexibility in choosing the weight

parameter W concerned with chips that correspond to a unit value and the K parameter (a number
of active users), thus giving superiority to the other codes like the MQC, KS and OOC ones;
(3) simple design; (4) support of a large number of users; and (5) less code length comparing to the
MD code. In addition, to study performance of the system with the DCS code, we will take into
account the effect of different noises such as the PIIN, the shot and thermal noises).

A technology of subcarrier multiplexing (SCM) has already demonstrated its great potential
to become a convenient and efficient technique for transmission of analogue or digital information
[1]. Therefore hybrid SCM—OCDMA networks that employ the two efficient techniques, SCM and
OCDMA, should be of a particular interest. The SCM systems have significant advantages since
the microwave devices are more mature than the optical ones, while the frequency selectivity of
microwave filters is much higher than that of their optical counterparts. In addition, owing to low-
cost system implementation typical of the SCM, the latter has been proposed to transmit multi-
channel digital optical signals in the LAN [18].

In this article we suggest a new technique for improving the performance of the SCM/SAC—
OCDMA system. Our system is evaluated basing on the DCS code, in order to mitigate the MAI
effects and increase the number of optical channels. An AND detection technique discussed in
details in the study [12] is used for detecting optical signals, thus reducing the cost and complexity
and improving the overall performance of the system. We investigate the performance of our

™ taking into

hybrid system numerically and with an optical simulator software “OptiSim
consideration the effects of inter-modulation distortion noise. The remainder of this article is
organised as follows. In Section 2 we focus upon the construction of the DCS code. Section 3
presents configuration of a hybrid SCM/SAC-OCDMA system and Section 4 analyses
performance of that system. Section 5 is devoted to simulation model of our system and analysis

of its performance. Finally, conclusions are drawn in Section 5.
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2. Construction of dynamic cyclic shift code
We have developed a new code referred to as DCS, which includes the parameters N, W and 4.,
where N denotes the code length (i.e., the number of total chips), ¥ the code weight, and 4,

indicates the in-phase cross-correlation.

The cross-correlation 4, between any pair of code sequences must be small enough. This
property would ensure that each code sequence can be easily distinguished from every other
address sequence. In other words, we seek to make the MAI which remains insignificant when
compared to the energy contained in the information received. For code sequences

X =(x1,x5,..xy) and Y = (¥, y5,.......Yy ) » the cross-correlation is given by 4, = ZN XY, .

=11
The codes with ideal in-phase cross-correlation ( 4, < 1) are required in the OCDMA systems

since these codes eliminate multi-user interference and suppress the effect of the PIIN. The
technique utilised for constructing the DCS code is detailed further below.

2.1. Algorithm for DCS code design
w-l
The new code family suggested here is represented as (N = 221 +D, W, A.), where

i=1
i={0,1..., W—1}, denotes a positive integer number and D represents the dynamic part. The
next steps are followed to construct the DCS code words:
Step 1
First we construct a sequence S' of integer numbers that are elements of the Galois field
GF(N) = {1, 2,....., N} over an integer number N, using the expression

2'}(mod N), i =0,1
_ ( )mo i 0

Here S', N, and W are the elements over the Galois field GF(N).
Step 2

After that we construct a sequence 7; of binary numbers (0, 1) basing on the generated
sequence S’ and using the mapping method,

i
T = 1, forS. . @)
0, otherwise
Step 3
Now we combine the binary sequence of each 7; that has been generated in the step 2, to get

the first code sequence of the first user. The elements of the first code word are given by
C1:T0+Ti+T2+ ...... +TW—1' (3)

The method for producing the binary sequence (0, 1) based on GF(N) is shown in Fig. 1. We
have also illustrated generation of the first DCS code word sequence in Table 1 for the code
parameters W =3, D=8 and N =22 as an example. In Table 1, C, denotes the first code word of
the DCS code. In Fig.2 we display a procedure of combining the sequences 7; needed for
generating the first code word of the DCS code.
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Table 1. Generation of sequence S' and binary sequence 7; for the case of W =4, D=8 and N = 22.

i | S T,
0 1 1000000000000000000000
1 2 0100000000000000000000
2 6 0000010000000000000000
3 14 0000000000000100000000
C 1100010000000100000000
T; Si1(1,2,6,14)

ry \\
4joJofJoJoleFo[ofoJofoJolofJoTiJoJoJoJoJo]oJo]o
6§ (0|00 o|1%o0|ojofo]Jofofo|Oo|OojOofO]jO]|O|OD|O]|D
210 Fo[oJofofofo]ofo|oJofofolo]ofololofo]o]o
11‘000000000000000000000=

Fig. 1. Generation of sequence T; for the case of N =22, D=8 and W= 4.
Si(1,2,6,14)

t /]
1400}'00\6\0000000_0_“‘100000000
6OQOOU‘]OOUUOOU}UOOUOOUUO
2 llOOU OOUUOOU]’UOOUOOUUOT
1 q000 0000000000000000:

ulllll LI [T T T 1] |

000 0 0000O0CO0OCIIT OO0OCDO0OOO0OOOO

Fig. 2. Combination of sequences T; used for producing the first code word.

After generating the first code sequence, we use a cyclic shift method to produce the code
sequence for the rest of the users. There are N — 1 different sequences which can be generated from
the first code sequence. The number of the code sequences is equal to the code length (K = N). In
order to achieve the cyclic shift property with a minimum cross-correlation (A, <1), we always

consider the D values given by the inequality D > 7. Otherwise, the cross-correlation value would
have been larger than one.

In our code, the number of users can be increased by increasing the dynamic sequence D
only, while the weight sequence part remains unchanged. An example is presented in Table 2 for
K = 14 subscribers, where W =3 and D = 8.

Table 3 shows the weight W, the code length N, and the cross-correlation 4. for 30 users. It is
clearly seen that the DCS code can be generated with lower code weights (W = 2) and less lengths,
when compared to the other codes. It is also seen that the DCS code reveals better cross-
correlation values (A1, <1). Furthermore, if the chip width (i.e., the filter bandwidth) of 0.8 nm is
used, the spectral widths required for the OOC, RD, MDW, MQC, KS, MFH and DCS codes are

291.2, 28, 44.8, 72, 115.2, 33.6 and 24 nm, respectively. As evident from Table 3, there is no other
code that can be generated with the code weight equal to two, except of the DCS code.
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Table 2. DCS code words for the case of W =3, D=8 and K= 14.

Subscriber code word
G={1100010O0O0O0OO0OO0TO0OQO0:
G={01100O01°O0O0O0O0OO0O0TO0:} | A.=1
G={0011000100O00O00
C,={0001100010O000

/ Cs={00O0O0T1TT1TO0O0DO0 0
Ce=1{ 00 0 0 0 1 1%0 0 =1
Ae = CG={000O0O0O0OTI1I%T 00O0T1O0O0}
G={000O0O0OO0OO0OT1T1TO0O0OQO0
C={000O0O0O0O0OO0OT11 1}

Co={1 00O0O0O0OO0OO0OO0T1I1L 00 0}

\Cll ={0100O0O0O0O0O0OO0OO0OT1TT1TUO0T0O0}

C,={0010O0O0O0O0O0O0O0ODO0OT1T1 0}

Cz3={ 0001 0O0O0O0O0O0OO0OO0OT1T1}

C4={1 0001 O0O0O0O0O0OO0OO0OTO0TI }

Table 3. Comparison of different codes used for the SAC-OCDMA system.
Number Codes Number of Weight W Code length N Cross-correlation
users K Ae
1 00C 30 4 364 1
) RD 30 4 35 Variable A, in the
code segment
3 MQC 30 8 56 1
4 MDW 30 4 90 1
5 KS 30 4 144 1
6 MFH 30 7 42 1
7 DCS 30 2 30 <1

3. Hybrid SCM/SAC-OCDMA system configuration

In this section we demonstrate a hybrid SCM/SAC-OCDMA based on the DCS code. Fig. 3
illustrates schematic diagram of the SCM/SAC—OCDMA transceiver system. In a transmitter part,
electrical data are modulated with subcarrier frequencies. All the modulated subcarriers are then
combined using an electrical adder. The optical external modulator is then used to modulate the
combined modulated subcarrier frequencies with a distinct code sequence. On the other hand, each
code word of the SAC-OCDMA based on the DCS code consists of different wavelengths. An
optical multiplexer has been used for combining all the modulated code sequences and sending
them out through single-mode optical fibre.

In a receiver part, a de-multiplexer is used to separate different modulated code words. A
code sequence received is filtered out with a fibre Bragg grating filter based on the AND
subtraction technique. The signals are thus de-multiplexed, decoded and separated by the AND
detection technique. After a photo-detector, electrical splitter and bandpass filter are used to split
the SCM signals and reject the unwanted signals. To retrieve the data sent originally, a local

16 Ukr. J. Phys. Opt. 2012, V13, Nel



Enhancement of performance

microwave frequency f; is mixed electrically with the incoming signal and then filtered by a low-

pass filter.

-—'® Transmitter
fi J _I . "
-

Receiver

N Subtraction

Fig. 3. A block diagram of SCM/SAC-OCDMA system that uses DCS code and AND detection technique.

4. System performance analysis
4.1. AND subtraction technique
The AND subtraction technique [12] has been used as a detection method. This technique is fully
capable of eliminating the MAI, reducing complexity of receiver and improving performance of
the system. In the frame of this technique, a spectral amplitude signal at the receiver side is split
into two branches. The upper branch is the signal for a user X associated with cross-correlation
between X and Y, and the lower branch should be a cross-correlation result from the AND
operation between X and Y, which have the same cross-correlation magnitude associated with the
signal in the upper branch. The technique can be best described using Fig. 4.

TRANSMISTTER SECTION

Optical Source

ENCODER2

EXTERNAL

=] MODULATOR

OUTSIDE PLANT RECEIVER SECTION
DECODERI1

SUBTRACTOR

@ 1 spLirter

FIBER DECODER2

SUBTRACTOR

Y RECEIVER2

PIN [==i BER
FILTER PHOTODIODE ANALYZER

Fig. 4. Schematic diagram of AND detection scheme used for the DCS code.
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4.2. Bit error rate performance analysis
We consider the effects of an incoherent intensity noise (ip;y), a shot noise (i), an inter-

modulation distortion (if,;p) in a photo-detector, and a thermal noise (i,zhe,,ma,). The detection

scheme employed for our system is based on the AND detection technique that uses a fibre Bragg
grating followed by a photo-detector. A Gaussian approximation can be used when calculating the
bit error rate (BER).

When incoherent light fields are mixed and incident upon a photo-detector, the phase noise of
those fields causes an intensity noise in the photo-detector output [13]. Here the source coherence
time 7, is expressed as [15]

TGZ (v)dv

c T ¢
{ | G(v)dv} ’ ©)

where G(v) denotes the single-sideband power spectral density of the thermal source. The Q-factor
performance provides qualitative description of performance of the optical receiver. The latter
should depend on the signal-to-noise ratio (SNR). The Q-factor suggests a minimum SNR required
to obtain a specific BER for a given signal [15]. The SNR of an electrical signal is defined as an

average signal-to-noise power SNR = [1 2 / 0'2] , where o is the variance of the noise source

(notice that the effects of dark current of the receiver and amplification noises are neglected in our
analysis), which is given by

0 = (iGo0) + S )+ Shermat) + $ifuap) - Y

The first, second and the third terms in the r. h. s. of Eq. (7) result from the shot noise, the

effect of the PIIN and the thermal noise, respectively. The fourth term represents the inter-
modulation distortion in the subcarrier channels in the both photo-detectors. Let Cy (i) denote the

ith element of the Kth DCS code sequence. The code properties for the AND subtraction technique
can therefore be written as

N W, forK =1,
D Cx (DG (i) =41, for K =/ and Cx ()C)(i) =1, (8)
=l 0, for K #/and Cx (i)C;(i) =0
and
K+1, if K<,
N I,for K =1, and KT = .
K-1,if K>1, )
D Cxr (D) (Cx () Gy (D)) = Kol if K<l The AND operation of
5 +1, 1 <,
=1 I, for K #1, and KT = )
K-1,if K>1.

Cxr (D) (Cg (D)o G (i)) is valid for K =/ and K #/ (see Eq. (8)), while the cross-correlation of
Cx()C @) is W if K=[. The MAI can be fully eliminated when subtracted from
Cir () (Ck (i) # C;(i)) for the case of K # /. Then we obtain

S y W1, for K=1,
;CK@CI@ —;CKT(i)(CK(i)OC,(i)) ={0’ bor &

(10)
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Hence, the weight is zero when K =/, thus meaning that the MAI is fully eliminated if the AND
detection technique is used.

To analyse the system that includes both transmitter and receiver, we assume that the spacing
of optical channels is significantly wide so that the effect of cross-talk from the adjacent optical
channels is negligible [19]. Furthermore, the subcarrier channels have the same speed. In addition
to the same assumption as used in [13, 15], in the analysis of our system we suppose the following:

1. Each light source is ideally unpolarised and its spectrum is flat outside the bandwidth
[vo— AV/2, vy+ Av/2] where v, is the central optical frequency and Av the bandwidth of
optical source expressed in Hertz.

2. Each power spectral component has an identical spectral width.

3. Each user gets the same power at the receiver.

4. Bit streams from each user are synchronised.

The above assumptions are important for mathematical simplification of the system, which can
easily be analysed using the Gaussian approximation. Otherwise, it would have been difficult to
evaluate the system performance.

The power spectral density of the received optical signals can be written as [13, 14]

r(v) = Z dKZcK (Drect(i) , (11)

Vk=1 =l
where P, is the effective power of a broadband source at the receiver, K the number of active
users, N the DCS code length, dy the data bit of Kth user which is “1” or “0”, and dg denotes the

modulation data of nth subcarrier channel in the Kth optical code word, which may be expressed as
[19]
Nc
di(6) =ty g (O)m, g COS(W, 1) . (12)

n=1

Here u,, g (¢) is the normalised digital signal in the nth subcarrier channel of the Kth code word,
w,, the angular subcarrier frequency, m, x the modulation index of the nth subcarrier of Kth user,

and N, the number of subcarrier channels in each code word [19-21]. Let us assume an identical

modulation index for all the subcarrier channels:

0<m, g < NLS
The rect(i) function in Eq. (11) is given by
rect(i) = u{v—vo —ZA—NV( —-N+2i —2)}—u{v—vo _2A_Nv( —N+2i )} = z{%} , (13)
where u(v) is the unit step function:
u(v) = {1, v=0, (14)
0, v<O.

The total incident powers at the input of some positive intrinsic negatives PIN 1 and PIN 2 (see
Fig. 4) are given by

) 0 P K N Av P P K
GWdv=||-X>d Cx (DG (i u{—}; dv= =z d 15
{m ILVKZJ; K<)1<>{ - N Z x (15)

0
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and
0 0 P K N
IGz(v)dv = J. A” z dKZCKT(l)(CK (i) Cl(l)){ [%}} dv
0 oLV k=1 =1 (16)
P p, &
= Sy s dg .
N N K:IZ,;<¢I £

Since the signal from a desired user is obtained as a difference 7 of the two photodiode currents,
one can write

I=1-1,, a7
where /;,/, denote the currents at the PIN 1 and the PIN 2, respectively. Combining Egs. (15) and
Eq. (16), we obtain

Dy, g (t)m, x cos(w,i), (18)

n=1

= i]{j G (v - Gz(v)dv:l _ BB (V- S

0 0
where R means the response of the photo-detectors (R = ne/hv,.), n the quantum efficiency, e
the electron charge, / the Planck constant, and v, the central frequency of the original broadband
optical pulse. At the RF demodulator, the signal is coherently mixed with a local oscillator
2cos(w,t) [19]. As aresult, Eq. (18) reduces to

I= #Zun x (O)m,, g cos(w,)[2cos(w,1)],
n=1
I= (W by z ni (Om,, g [1+cos2w,1)].

Since the double-frequency component is filtered out with the low-pass filter, the modulator
output will become

N

un,K (t)mn,K . (19)

The power of the shot noise can be expressed as
w w W43
(i2h) = 2eB(I} + 1) = 2eBER[ [, Gy + [ 7 Gdv } 2eBR {(T*)} . (0)

Using the methodology similar to that used in Ref. [12] and approximating the summations

as z x=1€ ﬂ and Z k=1 CKT = %, one can express the noise power as

. 2
(ipun) = BIfte + Bl3tes,

(iZgy) = Bm2|: j:c;f(v)dv + jgo G2 (v)dv }

P2 N K K
(ipmy) = BR® - z{c,m{z dKCKa)HZ dmcm(z')}
K=l m=1
2 N K K
+BR? NX Z{CK@-CIU){Z dKCKTa)HZ dmcma)}},
=1 K=1

m=1
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BR?P2 Y kw | &
(ipy) = NA;’E{CI@X N xLZZICK(i)ﬂ

BR’pP2 X Kkw | &
+ NAVSr i:]{CK(i).CZ(i)X N XLZZ:ICKT(I')}}-
, BR*P: [KW
{ppn ) = NAv [ N }KZ‘,ILZ;,CK(UC/(I)}

BER2P2 KW
TTNAY NAv [ N };{;CKT(Z) Ci(i)e Cl(,))}

BR>P2 KW(W+3)

iy ) = @n
PIIN NZAy
The thermal noise is given as [13]
. 4K,T,B
<lt2hermal> = b (22)
Ry

where e is the electron charge and K, the Boltzmann constant and the inter-modulation distortion is
expressed as [20, 21]

Iy = P2R*m® { 5t (23)

Dy D2,1:|
Here Dy is the three-tone third-order inter-modulation at f; + fx — f,

B

Dy = %{(NS - N, +1)+%{(NS -3)° _5} _%[1_(_1)N5 :I(_l)NC+NS

and D, represents the two-tone third-order inter-modulation at 2 f; — fx,

1 1
D, = E{Ns -2 _E[l — (=D=M

From Egs. (20)—(23) one can compute the average SNR of the SCM/SAC-OCDMA system
for the DCS code, noticing that the probability of sending a bit ‘1’ at any time for each user is %
[15]. Finally, the SNR of the AND detection system can be expressed as

(‘J%Psr(W—l)j2

I N

SNR=— = > (24)
o' eBRR, (W+3) BR P2KW(W +3) © P2 {Dm Dz,l}+4Kb7;,B

N N2Av 32 64 R,

Eq. (24) is a general relation used for calculating the SNR for the AND detection system and
the DCS code. Since no pulses are sent for the data bit ‘0’, the formula used to calculate the BER
in the frame of Gaussian approximation stands as [13, 14]

BER = —erch,/ NR) (25)
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5. Numerical and simulation analyses
5.1. Numerical analysis

The performance of the DCS code has been compared numerically with the recently suggested
codes such as the KS code, the EDW code, the MFH code, and the MQC one. We evaluate the
BER and the SNR using Egs. (24) and (25), respectively. The parameters used in our numerical
calculations are gathered in Table 4.

Table 4. Typical parameters used in our numerical analysis and calculations.

Symbol Parameter Value
n Quantum efficiency of photo-detector 0.6
P, Broadband effective power —-10 dBm
B Electrical bandwidth 80 MHz
Ao Operating wavelength 1550 nm
Ry Data bit rate 155 M bit/s
T, Receiver noise temperature 300K
R; Receiver load resistor 1030 Q

Fig. 5 shows the relationship between the number of simultaneous users and the BER for the
DCS, KS, MFH, and MQC codes. It is clearly seen that the performance of the DCS code is much
higher when compared to the others, even though the weight of the other codes is greater than that
of the DCS one. The maximum acceptable BER is 10~ that we achieved by the DCS code
compared. We can ascertain from this fact that the DCS code has a small length, the number of the
active users is equal to the code size and the cross-correlation is .= 1 or A.=0, while the other
codes like MQC, MFH and KS have longer lengths. Specific parameter values have been chosen
basing upon the results published for these practical codes [14, 19]. The BER calculated for the
DCS code has been W =4 for the KS, W= 12 for the MFH, and W= 14 for the MQC code.
However, the system that uses the DCS code can support 160 active users, whereas the KS, MQC
and MFH can support 114, 91 and 58 users, respectively.

1.00E+00 -
1.00E-03 -
1.00E-06 -
1.00E-09 -
1.00E-12 4 —e— DCS code W=4
1.00E-15 —s— KS code W=4
1.00E-18 - —x— MQC code W=14

1.00E-21 1 —%— MFH code W=12
1.00E-24 -

1.00E-27 4
1.00E-30 -
1.00E-33 ‘ ‘ ‘ ‘ ‘ ‘ |
20 40 60 80 100 120 140 160
Number of active users

BER

Fig 5. BER versus the number of active users for different codes employed in the frame of
SAC-OCDMA technique (155 Mb/s).
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The dependences of the BER on the number of users are shown in Fig. 6 for the cases of the
both DCS and KS codes employed by the SCM/SAC-OCDMA technique. These codes use the
same AND detection technique to detect the optical signal. Fig. 6 testifies that the performance of
the SCM/SAC-OCDMA system based on the DCS code is higher than that based on the KS code.
Nonetheless, in order to make our comparison fairer, we compare the DCS-code system with the
KS-code one under the conditions of the same code weight number. We find that the DCS-code
system is better. Moreover, the performance of the DCS code is still higher, though the number of
subcarriers is greater than that used in the hybrid KS-code system. This is achieved due to specific
properties of the DCS code. Hence, the DCS code can be used when improving performance of the
hybrid SCM/SAC-OCDMA systems.

1.00E+01 ~
1.00E-01 A
1.00E-03 -
1.00E-05
1.00E-07 -
1.00E-09 - —e— DCS code W=3, Nc=2,Ns=2
1.00E-11 - —e— KS code W=4.Nc=2,Ns=2
1.00E-13 4 —a— DCS code W=4, Nc=2,Ns=2
1.00E-15 -
1.00E-17 A
1.00E-19
1.00E-21 A
1.00E-23 T T T T T T T !

0 20 40 60 80 100 120 140 160

Number of active users

BER

Fig. 6. BER versus the number of active users for the hybrid systems employing the DCS and
KS codes (Ps; =—10 dBm).

Fig. 7 depicts the performance of the hybrid system that uses the DCS code for different data
rates. The data are compared for the cases of 622 Mb/s and 1.25 Gb/s. In addition, the effective
source power (Py,) is fixed here at the value —10 dBm in order to show the performance of the
system at low effective-source power. Furthermore, the system is also tested for different weight
numbers (W =5 and W= 6) of the DCS code, in order to observe the effect of the latter on the
capability of the hybrid system.
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1.00E-13 4 —e— 622 Mb/s and W=5
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1.00E-34 $ T
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Number of active users
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Fig. 7. BER versus the number of active users for different data rates for the hybrid DCS code
system at Ps, = 0 dBm.
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It is obvious that the BER variations observed with increasing number of users and increasing
data rates result from the effects of two- and third-tone inter-modulation distortions of the third
order. On the other hand, the number of users with an acceptable BER (the maximum 107) is 35
for the minimum weight number and 1.25 Gb/s. It should be noted that, although the BER can go
down when the weight number increases up to six for 1.25 Gb/s, the number of active users then
increases to 55.

It is evident from Fig. 8 that the thermal noise represents a main factor that limits the system
performance. We also see that the effect of the shot noise is smaller when compared to the thermal
noise, at least at the power source P.=—10 dBm.

1.00E+00
1.00E-03 -
1.00E-06 -
1.00E-09 -
1.00E-12 1
1.00E-15 + —e— PIIN,Thermal Noise and IMD
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1.00E-24 - —a— PIIN,Thermal Noise and Shot
1.00E-27 Noise

1.00E-30 -
1.00E-33 ;

0 20 40 60 80 100 120 140 160
Number of active users

BER

—a— PIIN,Shot Noise and IMD

Fig. 8. lllustration of BER variations occurring with increasing number of active users for different noise
conditions at Ps, = —10 dBm.

5.2. Simulation analysis

The hybrid system has been simulated using the software “OptiSim™", Version 9. The simulation
is implemented for the two-subcarrier channel basing on the DCS code. Here we adopt the data
rate 155 Mbit/s for each subcarrier channel. Furthermore, the subcarrier frequencies are set to be
equal or larger than two times (the Niquest frequency) the bit rate. Each optical channel has the
spectral width of 0.8 nm. The simulation has been carried out for a standard single-mode optical
fibre ITU-T G.652. All the parameters that describe the attenuation (0.25 dB/km), the dispersion
(18 ps/(nm x km), and the nonlinear effects (four-wave mixing and self-phase modulation), have
been activated and specified according to their typical industrial values, in order to simulate a real
environment as close as possible. The noise generated at the receivers has been set to be random
and totally uncorrelated. The dark current value has been put to be 5 nA. We have also used the
thermal noise coefficient 1.8x10 % W/Hz for each of the photo-detectors. The performance of the
system has been characterised by referring to the BER and the eye diagram pattern.

Fig. 9 shows the effect of fibre distance on the performance of our system having two
subcarrier frequencies for different light source powers. It is clear that the dispersion has
significant impact on the system performance when the fibre length increases. Our simulation
results indicate that the system performance is deteriorating by about more than one order of
magnitude, whenever the dispersion effect is activated in the simulation model. In addition, our
results testify that the system performance is worsening as the fibre length increases from 20 to
50 km.

Our system based on the DCS code achieves the BER < 107 at 20, 25, 30 and 35 km for the
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particular case of 622 Mb/s, when the light power source is characterised by the value —1 dBm. In
fact, the light power source should increase with increasing fibre length, in order to recover
degradation of the signal form. Thus, in order to design and optimise the link parameters, one
should adopt as short a maximum fibre length as possible, for using low-power sources and
achieving a desired system performance without any dispersion-compensating devices.

1.00E-01
1.00E-03
1.00E-05
1.00E-07 ——20 km

1.00E-09 —=—25 km

BER

1.00E-11 —— 30 km

1.00E-13 —x—35 km

1.00E-15
1.00E-17
1.00E-19 - : ; ; ; ; ; '
5 4 -3 2 -1 0 1 2 3
P,,(dBm)

4

Fig. 9. Dependences of BER on the P parameter observed for different fibre lengths for the
hybrid SCM/SAC-OCDMA.

6. Conclusion

In the present study we have analysed numerically the SCM/SAC-OCDMA system that uses the
DCS code as a signature sequence code. The performance of the system is revealed to improve
significantly, because the total loss is reduced as the AND detection technique requires less
number of filters in the decoder. In addition, making use of the code words with less cross-
correlation value mitigates the PIIN, which improves the overall system performance.

The hybrid system based on the DCS code has also been simulated using the “OptiSim™"
software. The simulation results show that the system performance with the data rates of 622 Mb/s
and 1.25 Gb/s are affected by the attenuation the dispersion effect and the fibre length. We have
found that —1 dBm is an optimum power of light source needed to achieve the minimum BER for
the transmission fibre lengths of 20, 25, 30, and 35 km. Consequently, use of the DCS code as a
signature sequence for the case of SCM/SAC-OCDMA systems proves to be very promising
solution. It suppresses the MAI, as compared to the system that uses the other SAC codes, and
enables carrying large numbers of code words and subcarrier channels.
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Anomauin. 3 BUKOPUCMAHHAM YUCETLHUX MemOoOi8 1 MOOen08anHs 6 pobomi O0CHi0NCEHO
2ibpudny mexuonoeito  myavmuniexcyeanus nionecyyoi (SCM), exmouaiouu cnexmpanvhe
KOOYBAHHS AMNIIMYOU | ONMUYHUL MHONCUHHULL 0OCMYN [3 KOOOGUM po3nodiiom kananié (SAC—
OCDMA). Tiopuoni cucmemu (SCM/SAC-OCDMA) noeouyroms 06i euuje32adani cxemu maxum
YUHOM, WO BOHU € CMIUKUMU 00 306HIUHIX 8MPYYAHDb | NPOAGIAIOMb OLIbULY WBUOKICIb Nepedadi
Odanux. Mu noxpawunu egpexmusenicmo podoomu 2iopuonoi cucmemu - SCM/SAC-OCDMA Ha
OCHOBI CHEeKMpPAIbHO20 KOOVBAHHA AMNAIMYOU Ol 3MEHUIEHHS YUCAA 8MPYYAHb I NOJINUEHHS
yymausocmi npu KoepiyicHmi nOMuaiKosux 6imig 10°. B pe3ynrbmami, 3anponOHO6AHA HAMU
cucmema, aKka 6a3yemMvbCs HA OUHAMIYHOMY YUKIAIYHOMY KOOI, € e(eKmusHiuio y NOPIHAHHI 31
cmanoapmuumu cucmemamu (SAC-OCDMA) y axux uxopucmosyecmscsi 36UtatiHuLl Koo.
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