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Abstract: - In this paper successive interference cancellation (SIC) based on optical code division multiple access
(O-CDMA) systems has been investigated. SIC scheme refers to a family of low complexity multi-user detection
(MUD) methods for direct sequence CDMA systems. Performance of optical CDMA system is influenced by
multiple access interference (MAI) resulted from the overlapping between the users. This kind of noise is became a
primary concern in optical CDMA systems. To overcome this problem, we applied successive interference
cancellation technique to a spectral amplitude coding (SAC) system that uses modified quadratic congruence
(MQC) codes as signature sequence codes, taking into account the effect of all major noise sources, such as phase-
induced intensity noise (PIIN), shot noise, and thermal noises. Furthermore, in SIC scheme we have taken into
account the impact of imperfect interference cancellation. The system is analyzed for two cases: same effective
power for all the users and different effective power from each user. We have successfully shown that under ideal
effective power the SIC/SAC optical CDMA systems have potential to suppress the intensity noise and mitigate
multiple access interference. Hence, using SIC/SAC cancellation scheme, the system can accommodate much more
number of users as compared to the one without cancellation. Further, under ideal power the system using SIC
scheme with direct sequence encoding (SIC/DS) shows much lower BER performance as compared to the one
without cancellation (i.e. conventional receiver) or to SIC/SAC cancellation scheme. Hence, much more number of
users can be accommodated by SIC/DS receiver system. Furthermore, SIC/DS scheme still shows much lower BER
performance as compared with SIC/SAC scheme under different effective power.

Key-Words: - Optical code division multiple access (O-CDMA); successive interference cancellation (SIC);
spectral amplitude coding (SAC); multiple access interference (MAI); modified quadratic congruence (MQC).

optical CDMA technique because optical intensity

1 Introduction signals can not be negative. This means, that codes

The code division multiple access (CDMA) systems based on +1/-1 signals, which are used in wireless
permit multiple users to simultaneously access the CDMA system, cannot be applied in optical system.
same transmission medium with no waiting time. In A good optical CDMA code has much more 0’s than
optical code division multiple access (O-CDMA) I’s in each codeword, while a well-correlated
systems, the public codes used is unipolar sequences (+1/~1) sequence typically has about the same
instead the bipolar code words like wireless number of +1’s and —1’s. Many codes have been
communication. That is related to the optical signal is produced and applied for optical CDMA systems; in
equivalent to the instant power which is nonnegative. 1989 Chung produced optical orthogonal code
On the other hand we can say code sequences (00C) [1], which became a public code used in
developed in wireless communication filed, which are optical CDMA systems, and some codes inspired
usually unipolar, can not be directly used in incoherent from OOC [2-3]. Prime sequence code families like,
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modified prime code (MPR) [4], modified quadratic
congruence codes (MQC) [5], and modified frequency
hopping codes (MFH) [6-8], Hadamard codes [9] have
been tested in this technique also. KS (Khazani-Syed)
[10] code which is a unified code construction based
on DW and MDW codes [11].

Performance analysis of such systems with various
receiver structures was the subject of many articles
such as Salehi and Brackett [12] have used an optical
hardlimiter. Double optical hardlimiters placed before
and after the optical correlator have been proposed in
[13]. Lin and Wu in [14] have proposed a synchronous
OCDMA system with an adaptive optical hardlimiter
placed after the correlator receiver, they show the
performance can be improved, compared with system
with double hardlimiter. Recently one technique
inspired by radio frequency communications, which is
called multi-user detection (MUD) technique which
typically employed in optical CDMA [15], to improve
the capacity and overall throughout of the system, and
it is known that optimum multi-user detection (MUD)
has a much better theoretical performance than
conventional detection [16]. Inspired of MUD we have
been introducing the successive interference
cancellation (SIC) [17]. In [18-21] we have analyzed
SIC scheme with optical orthogonal codes (OOC)
codes, modified prime codes, Hadamard codes and
modified quadratic congruence codes using OOK
modulation, it is found that the proposal of SIC
receiver is effectively cancelled MAI and significantly
BER performance improves at each stage of
cancellation process. However, the results of this
analysis show that the system with SIC cancellation
scheme has much lower bit error rate (BER)
performance as compared with the one without
cancellation [18-21].

Alternative optical CDMA systems occupy
spectral amplitude coding (SAC) get more attention by
the researchers since this scheme multiple access
interference (MAI) can be completely eliminated. SAC
optical CDMA system was first investigated by
Kavehrad and Zaccarin in 1995 [22]. Fig. 1 shows
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the principal structure of this technique. It was
shown that the system can cancel multiple access
interference (MAI) by using code sequences with
fixed in phase cross correlation, but the phase—
induced intensity noise (PIIN) in spectral amplitude-
coding system limits significantly the system
performance.

Many codes have been proposed to suppress the
intensity noise and mitigate MAI. One code has been
introduced in [23] based on the theorem of block
designs. It has been found that the intensity noise
can be effectively suppressed by using this code and,
hence, a higher signal-to-noise ratio (SNR) results.
The higher SNR is in fact due to the higher ratio of
the autocorrelation peak to the fixed in-phase cross
correlation as compared with -sequence or
Hadamard code [22]. However, no clear code
construction approach was presented in [23]. In [5-8]
series of new codes for each prime number based on
the quadratic congruence (QC) codes in [24] have
been proposed. It has been shown that these new
codes have similar properties with the former code
in [23].

In recent years fiber Bragg grating (FBG) has
been used to implement the encoder and decoder for
optical CDMA systems. The transmitter and receiver
structure for an SAC technique based on FBGs has
been proposed in [5] using some of prime codes
taking into account the effect of PIIN, shot noise,
and the thermal noise. The concept of this system
with FBG is simple, where the transmitter sends a
pulse only when the bit is “1”, otherwise no optical
pulse is sent. In the transmitter side two FBG’s are
needed, where the optical pulse passes through the
first FBG’s groups and correspondent spectral
components are reflected. Hence the second FBG’s
groups are used to compensate the round trip delay
of different spectral components. The received
signal will be reflected back from the FBG’s A(V),

and as well as it’s complementary A(V)will be
getting out from the other end of the grating group

[5].
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In [25] we have showed our proposed receiver
structure for optical CDMA technique, combining both
of FBG/SAC, and SIC. We consider the proposed
receiver for the entire system, and just send the
detected signal to each receiver. In this case we would
not need power amplification, since we have power
splitting once. The concept of this system with FBG is
simple, where the transmitter sends a pulse only when
the bit is “1”, otherwise no optical pulse is sent. In the
transmitter side we need two FBG’s, where the optical
pulse passes through the first FBG’s groups and
correspondent spectral components are reflected.
Hence the second FBG’s groups are used to
compensate the round trip delay of different spectral
components. The received signal will be reflected back
from the FBG’sA(V), and as well as it’s

complementary A(V)will be getting out from the

other end of the grating group. The system shows that
the proposed system offers significant improvement in
terms of bit error rate and system capacity (number of
users).

In the ideal spectral amplitude coding some
assumption should be taken, source spectrum is ideally

flat over a bandwidth of VvV, + AVZ , whereV, is the

central optical frequency and Av is the optical source
bandwidth in hertz (spectral width), and should be
identical for each user as shown in Fig 1.

In this paper, we compare the performance of both
a SIC scheme and a hybrid SIC/SAC scheme. We
show that SIC optical CDMA system has a much
lower BER performance as compared with SIC/SAC
in both cases of same and different effective power for
each user.

The rest of this paper is organized as follows.
Section 2 is devoted for the description of the system
architecture and the discussion of its basic principles.
The performance comparison between receiver
structures is given in Section 3. In Section 4, we
present our theoretical results with more discussion
taking into consideration the interference effect, Shot

ISSN: 1109-2742

670

and thermal noise, and PIIN noise. Finally the
conclusion is given in Section 5.

Amplitude Mask
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Fig.1 Block diagram of SAC technique

2 System Description

In this section we present the function of a SIC
scheme and how it works with a SAC technique. In
multi user detection (MUD) receiver, the received
signal is fed into a bank of SAC receivers, Fig.2.
Each bit of data received is be split and detected by a
complementary scheme [22]. The main idea of SAC
technique that the receiver filters the incoming
signal with the same filter (direct decoder, A(V))

used at the transmitter as well as its complementary
filter (complementary decoder, A(V)). Hence, the

outputs from the SAC filters are detected by the two
photodetectors connected in a balanced fashion.
After complete detection and demodulation by the
user’s codes, the strongest user will be selected,
regenerated, and subtracted from the original
received signal to get a new received signal. Then
the strongest received signals are subtracted from the
original signal one by one until all users have been
detected, and demodulated. The algorithm used in
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SIC scheme is summarized as follows (i) Recognize
the strongest signal with maximum correlation value;
(i) Decode this strongest signal; (iii) Regenerate the
strongest signal using its chip sequence; (iv) Subtract
it from the original signal; and (v) Repeat until all
interfering signals of users are canceled [17-21].

Bank of SAC recewers
nit)|Recerved |
Simal
At

- bits out {user n)

Selext :
Mg L EncoderModulator |

Cancellation 1 2 Mol Mopeical
| | |frequency

Fig.2 SIC/SAC receiver scheme.

3 Performance Comparison

SIC scheme based on direct sequence (DS) optical
CDMA systems analysis is simple. In this paper we
have theoretically analyzed and presented the SIC
scheme more in details on both direct sequence
and based on spectral amplitude coding (SAC)
optical CDMA systems with modified quadratic
congruence (MQC) code. More details of MQC
can be found in [5]. The MQC code, length is
p> + pand its weight is (p+1). This allows a total
number of users N=p® Therefore under the worst case
i.e., 7,= 0, for all n, synchronized condition [26], the

cross correlation function Iy between any pair of code
sequences x and y is given by [5]:

p+L x=y
I, =40; x and y areinthesamegroup (1)
I; xand y areindifferent group
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.JI

(Reg, Decoded signa

671

The received signal at the receiver can be
written as follows:

p’+p

r()=3"""P, b, -7, Set-z)+nm @

Where; P

er(n)

is the signal strength of the n®

user; by(t) is the bit sequence of n" user; C, () is the
spreading chip sequence of the n™ user; n(t) is the
noise signal (thermal noise); and 7, is the time

delay of the n™ user.

Once the strongest user has been detected and
demodulated, the result is used to regenerate this
user. Then the regenerated signal is subtracted from
the original signal. In general for the j" cancellations
we get:

PZ+p

KM =r,®-2;.2c;) 3)

After complete detection of all users’ signals,
the decision variable for the (j+1) ™ user, where j"
refer to cancellation number, can be expressed as:

Per(j+l)b

N=p?
(j+1) 1
— . ° F[ Z I:)er(n)bn I n,j+l (Tn,j+1 ) -

p n=j+2

Zj+l =
i

Z il 7)1+ 0 (O

i=1

“)

In eq (4), the first term refer to the desired user,
the second term is MAI of the uncancelled users;
and the third term is due to cumulative noise from
imperfect cancellation. The negative effects of shot
noise, effect of the receiver’s dark current, and other
sources of noise are neglecting in order to focus only
on the interference (i.e., MAI), created by other
simultaneous users, in addition, the thermal noise.
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Detailed analysis of the SIC scheme can be found in
[17-21].

In a SIC/SAC CDMA system analysis, we have to
take into account the effect of PIIN noise. In fact it is
the dominated noise in SAC techniques. The cross
correlation function |y, between any pair of code
sequences x and y is given by:

RSP [pHL x=y

;cx(l)cy(l)—{l, ‘ry (5)
p2+p L 0’ X=y

;cxo)cy(l)—{p, ey (6)

Assuming that each user has the same power at the
receiver, the variance of the photocurrent current can
be expressed as [5, 9]:

(i*) = 2eIB + 1’Bz, +4K,T,B/R, 7

Where, the first term is due to the effect of shot
noise, the second term is due to the effect of PIIN
noise, and the last term is due to the effect of the
thermal noise, B is the noise-equivalent electrical
bandwidth of the receiver, e is the electron’s charge,

k, is Boltzmann’s constant, T, is the absolute receiver
noise temperature, R,is the receiver load resistor,

AV is the encoded optical bandwidth in Hertz; N is the
number of active users, € electron’s charge; |

average current; 7, is the source coherent time, given
by[5, 91
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0

G*(v)dv
="t (8)

{ TG(v)dv}

Where G(V)is the one-sided source power

spectral density (PSD), expressed as a function of
sum of the user’s signals at the receiver side as
follows:
p N=p® F=plsp
rvy=—- > b, c, ().
v n=1 i=1

c

Av 2 A
v—vo—2p2 (—=p +2|—2)}— (9)

V-V, — sz (-p° +2i)}

c

2p

Where; P

erny 18 the effective power at the

receiver side, including some losses related to
transmission and coupler; by(t) is the bit sequence of
n™ user; C,(t) is the spreading chip sequence of the
n™user; and U(V)is the unit step function expressed
as:

0, v>0
u(v)={1_ o (10)

The received signal is fed to a bank of receivers,
one for each user. The sign of the output of the
receiver is the corresponding user decision. Detailed
analysis of the SIC/SAC cancellation scheme can be
found in [25]. The responsivity of the photodetector
is given by‘R = 776/ hv., where 7 is the quantum
efficiency, €is the electron charge, h is Plank’s
constant, and V, is the central frequency of the

c?

original broadband optical pulse.
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Table 1 SNR Equations of Cancellation Schemes.

Cancellation SNR
Scheme
SIC Scheme gﬁpei( j+l/

2

SNR;,, = e Ny jp . n
Wit o BT P,
SIC/SAC o P
Scheme SNR;,, = T T Bﬂf{ZNPzp N_1 14
ey NPT RL D  a p FP N T D aKTB IR,

The SNR ratios for both SIC/DS and SIC/SAC
systems are listed in table 1. Therefore, the

probability of error after the jth cancellation can be

estimated using Gaussian

the
approximation BER;,, = Q(JSNRJ-+1 )

4 RESULTS DISCUSSION

In this section, we present some performance results
for our proposed system with typical system
parameters as listed in table 2. In Fig. 3 the BER
function for the system with and without
cancellation has been plotted for the sake of
comparison using modified quadratic congruence
code MQC code), with effective
power P, =-20dBm. It is clear that, SIC/SAC

optical CDMA system can suppress the effect of
PIIN noise and thus improve the BER performance.
However, the figure also shows that our SIC/SAC
receiver scheme (i.e. with cancellation) has a better
performance than the one without cancellation. It is
also shown that the SIC/DS cancellation scheme has
better performance than conventional scheme and
SIC/SAC scheme. For example by setting the prime
number to 7, it is clear that for similar BER
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performance (10”), less than 10 users can be active with
both conventional scheme and SIC/SAC cancellation
scheme. However, with SIC/DS cancellation scheme,
the number of users can be increased to 25 users giving
substantial increase in capacity.

Comparison of BER performance

Conve:)rrional ;
(No cancellation) '

Poopa : i (= P13

T sisa

or rate (BER)

canceflation scheme

- peT

Bit err

| p=td

SIC caicellation scheine

‘ Modified étladraric Cong;ruence
i Codes(MQC codes) !

e I | | 1 |
0 il 40 0 =] 100 1m 140 160
Number of active users

Fig.3 Comparison of BER performances under ideal
effective power (-20dBm).
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Table 2 Typical Parameters Used For Calculation

Parameter Value
Operation Wavelength 193.1 THz
PD quantum efficiency 0.6

Receiver noise temperature 300 k
Receiver load resistor 1030 Q
Electrical equivalent bandwidth 80 MHz
Line-width of the thermal noise Av=3.75 THz

Fig. 4 shows the bit error rate (for SIC/SAC
system) versus number of effective power from each
user, when the number of active users using MQC
codes is 49, 121, and 169. It is clear that the BER
increases when the effective power is less than -
35dBm. That is the system with SIC/SAC scheme
has much better performance at 49 active users as
compared with the one at 121 and 169 active users.
This is because the large value of prime number
causes large loss, which makes the shot noise and
thermal noise affect the system when the effective
power is low, and the PIIN noise becomes the main
limitation factor of the system when the effective
power is large. Also Fig. 4 shows the quick increase
of BER when the effective power is less than -
35dBm, and the worst system performance when the
effective power is less than -52dBm. This comes
from the largest power loss, and the system being
affected by both the thermal noise and shot noises.
Fig. 5 shows the BER versus the effective power
from 49 users at different code lengths (p=7, 11,
13). It is clear that at (p=11, 13), the system has the
same BER performance which is much better than
the system with (p=7). This is because of the few
users used with large code length.

In Fig. 6, we compare the BER versus number
of users under different effective power per user. It
is clear that using different powers for each user in a
SIC/SAC system can make the system unstable,
and low power dominates on the system
performance. The figure also shows the BER
performance for SIC/DS scheme using different
effective power. It is clear in this figure that the
BER curve suddenly changed at 10 active users. On
the other hand we can say that, for small number of
users N, the BER improves as N increases. The
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question is why BER curve was improved as N
increases till it reaches 10 users. First factor comes from
dominating of thermal noise on the system because of
the different effective power, interference caused
between the overlapping optical pulses with the same
wavelength, this interference can be a high factor
limiting the system performance, because the sharing
wavelength carrying different data with different power.
Hence, using few users with (P? +P) code length (large
enough) makes the MAI decreases until certain value of
users, after that the MAI increases which affects the
system and the BER start increasing.

BER Pedoimance of SICSAC scheme:

Bit ol

i} 3 k1]

4 # %
Filective pawer hom each wser

Fig.4 BER versus effective power when number of
active users 1s 49, 121, and 169.

Fig. 7 shows the SIC/SAC optical CDMA system is
affect by the intensity noise, shot noise and thermal
noise, which become the main limitation factor of the
system performance when the Pg=-30dBm, and the
main reason of that came from the large number of
prime code, which causes a large power loss at the
transmitter part.
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Fig.5 BER versus effective power when number of
active users is 49.
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Fig.6 Comparison of BER performances under
different effective power per user.

5 Conclusion

In this paper, we proposed to mitigate multiple
access interference (MAI), and suppress the
intensity noise using successive interference
cancellation in both direct sequence and with
spectral amplitude coding (SIC/SAC) for optical
CDMA system. The system has been tested with
modified quadratic congruence (MQC) code,
and the system shows a much lower BER
performance as compared to the one without
cancellation. Further, it is shown that a SIC/DS
scheme has a much lower BER performance as
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compared to the one without cancellation and to
SIC/SAC cancellation scheme. Hence, much more
number of users can be accommodate by a SIC/DS
system. In addition, SIC/DS and SIC/SAC optical
CDMA systems have been tested under different
effective power from each user, and it is shown that the
system with SIC/DS scheme still has a much better
performance than the one with SIC/SAC scheme.

Comparizon of BER pedfamance

o'l [ i i i i i
1] K 40 B = m 120 140 16l
Numbes of active users

Fig. 7 Comparison of BER at P, = -30dBm.
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