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Abstract: In this study, the authors investigate the performance of optical code-division multiple access (OCDMA) systems with
belief propagation (BP)-based receivers. They propose three receivers for the optical fibre channel that provide a trade-off between
detecting complexity and system performance. The first proposed receiver achieves a performance very close to the so-called
known interference lower bound. The second receiver exhibits a considerably less complexity at the expense of a slight
degradation in performance. They show that the third BP-based receiver, which is a simplified version of the second receiver,
is surprisingly the same as the so-called multistage detector in OCDMA systems. They then study the problem of finding
proper spreading codes for the proposed receivers. BP-based receivers perform well if the graph corresponding to the
spreading matrix has no short cycles. The probability of existence of short cycles directly depends on the sparsity of
the spreading matrix. Therefore they look for sparse spreading matrices that are also uniquely detectable, that is, the
corresponding input data vectors and the output spread vectors are in one-to-one correspondence. The existence of random
uniquely detectable matrices (for which the elements are binary with equal probability) has already been proved by Edrés and
Rényi when the dimensions of matrix tend to infinity. In this study, they prove the existence of sparse uniquely detectable
spreading matrices in the large system limit, when the number of users and the number of chips approach infinity and their
ratio is kept constant. For finite length systems, they propose to use optical codes with one chip interference between codes

and show that they exhibit a better performance than random sparse codes.

1 Introduction

Code-division multiple access (CDMA) is a well-known
multiple access technique which has extensive application
in wireless and optical communication systems. In a CDMA
system, all resources such as time and frequency are
available to all users simultaneously. Each user is assigned
a unique spreading code (signature) to be distinguished
from other users. Consequently, any CDMA system is
represented by a matrix called the spreading matrix. Each
column of the spreading matrix is a spreading code.
[Throughout the paper, these two terms, spreading matrix
and spreading codes, are exchangeably.] The transmitted
CDMA signal can be represented as the multiplication of
the data of different users by the spreading matrix. In
fibre-optic networks, optical CDMA (OCDMA) can be
considered as a high data rate multiple access scheme
because of its ability to establish a robust multiple-access
environment for a number of users [1].

OCDMA can be used in both asynchronous and
synchronous scenarios. Asynchronous OCDMA does not
require any time synchronisation among users. In this
regard, OCDMA systems with optical orthogonal codes
(O0Cs) were introduced by Salehi et al. [1-6]. Another set
of codes for asynchronous OCDMA are known as prime
codes (PCs) [7]. For both schemes, simplicity at the
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receiver is achieved at the expense of degrading the spectral
efficiency compared with other multiple access techniques
such as time-division multiple access. In other words, the
maximum number of users in asynchronous OCDMA is
considerably smaller than the number of chips. In
synchronous OCDMA systems, the time synchronisation
between users is required. For synchronous OCDMA,
modified PC (MPCs) and transpose MPC (T-MPC) are
proposed in the literature, which are developed based on PC
[8, 9].

The optimal detector in a CDMA system is
computationally complex to implement and therefore many
suboptimal receivers have been proposed for CDMA
systems [10]. For OCDMA systems in particular, they
include the correlator receiver, correlator with hard limiter,
chip level detector, multistage detector, successive and
parallel  interference  cancellers, and  expectation
maximisation-based multiuser detection [11-17].

Recently, a new method for multiuser detection, called
sparsely spread CDMA, has emerged in the literature
[18-24]. This technique utilises belief propagation (BP)
algorithm with near-optimal performance, which is a lot
more computationally efficient compared with the optimal
detection in [10]. The main idea is to use the sparse
spreading code that is inspired by the successful deployment
of the BP decoding in low-density parity-check (LDPC) codes.
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The methods in [18-24] are developed based on the
assumption of a channel with additive white Gaussian
noise. Moreover, the receiver is assumed to know channel
state information. Therefore in optical CDMA systems
where there are other sources of uncertainty such as Poisson
channel and also some non-additive noise sources such as
dark current noise, the receivers proposed in [18-24] cannot
be directly applied.

In this paper, we propose a BP-based scheme that is
devised particularly for OCDMA systems. The proposed
BP-based scheme includes three receivers with different
complexity/performance specifications. We show that the
first proposed receiver can achieve a performance very close
to the known interference lower bound. In this lower
bound, it is assumed that all users know the information
bits of other users [11]. In the second algorithm, we
propose to use an approximated version of the BP
algorithm to considerably reduce the complexity at the
expense of slight degradation in the performance compared
with the first receiver. In the third proposed receiver, we
use some more approximations to the algorithm in the
second receiver to further reduce the complexity. This
causes more performance degradation. Surprisingly, we
observe that the third receiver, which is still a simplified
version of the BP algorithm, is in fact identical to the
multistage detector introduced in [11].

The main contribution of this paper is to provide
algorithms with practical complexity that perform
reasonably well in the overloaded region. For example, in a
system with 64 chips over ideal fibre, the first proposed
algorithm can support as high as 86 users with a bit error
rate (BER) as low as 107°. The performance of other
implementation-efficient algorithms in the literature is far
from that of our scheme in both over- and underloaded
regions.

We also study the choice of codes for the proposed
receivers to have the best performance. In general, there are
two sources of errors in the BP-based receivers in addition
to the channel noise. The first source of error is the cycles
in the factor graph representation of the system [25] and the
second one is the existence of multiple user data vectors for
a given spread vector. The first source of error can be
removed by choosing random sparse matrices based on
asymptotic cycle free (ACF) property [26] to avoid cycles
with length shorter than a desired value. The second one
can be removed if the spreading matrix is uniquely
detectable [By uniquely detectable matrix, we mean an
injective matrix, that is, the inputs and outputs are in
one-to-one correspondence.] [27-29]. It is notable that the
second source of error is more dominant in the overloaded
systems, where the loading factor, that is, the ratio of the
number of users to the number of chips, is >1. To remove
both sources of error, we have to look for sparse spreading
matrices that are also uniquely detectable. The existence of
random uniquely detectable matrices (for which the
elements are binary with equal probability) is proven by
Edros and Rényi in [30] when the dimension of matrix
tends to infinity. Moreover, based on the results of [31],
under certain conditions, the so-called ‘optimum asymptotic
multiuser efficiency’ for random i.i.d. codes is 1 in the
large system limit [By the large system limit, we mean the
case where the number of users and the number of chips
approach infinity while their ratio is kept constant.], which
also implies the existence of uniquely detectable spreading
matrices. However, the conditions in [31] are not satisfied
in our case where the random sparse unipolar matrices are
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used. In this paper, we rigorously prove that a random
sparse spreading matrix chosen based on the ACF property
can be uniquely detectable almost surely in the large system
limit.

Our results on the existence of uniquely detectable sparse
spreading matrices are valid in the large system limit. In the
finite length systems with random sparse codes, short cycles
in the factor graph are inevitable. Thus, we propose to use a
different class of codes based on OOC [1, 2] for which we
can avoid cycles of length four. We show that such codes
outperform finite length random codes.

The rest of this paper is organised as follows. Section 2
gives a description of the OCDMA system model. In
Section 3, maximum a posteriori probability (MAP)
detector in an OCDMA system and its factor graph
representation are described. In Section 4, the BP-based
receivers for multiuser detection in optical fibre channels
are presented. Section 5 is dedicated to the choice of proper
codes for the proposed receivers. Section 6 presents
simulation results in the optical fibre channel and Section 7
concludes the paper.

2 System model

We consider a bit synchronous OCDMA system in which
users transmit signals simultaneously with on—off keying
(OOK) modulation. It is important to note that this
assumption is only for simplicity and the proposed scheme
can be generalised to asynchronous OCDMA systems. In
this system, each user has a unique spreading code of
length L and the signal of the ith user in 1 bit duration time
can be written as

L
x(O)=X dpp(t—1T,), 0=<t<T,=LT, (1)
=1

where X; is the ith user’s binary data, cf is the /th component
of the spreading code, T is the chip time interval, 7, is the bit
period and py (7) is a rectangular pulse defined as

L, 0=<t<T,
pr0) = { 0, otherwise 2)
In the noiseless channel with K users, the received signal at
nth time interval (nT, <t <(n+1)7},) can be expressed as

K L
) =YY cXpy (t—IT, — nTy) 3)
1 /=1

=

This model can be considered in the ideal optical fibre
channel in which the performance of the system is limited
only by the multiple access interference. In such a channel,
the effects of optical sources and the photodetector and the
effects of all sources of noise are not considered. Therefore
the sampled received signal can be written in discrete
matrix form as

Y =CX “4)

where C is a binary matrix whose columns are the spreadin%
code and X is a binary column vector, where X=[X1, ..., Xx]
and Y=[Yy, ..., Y;] is the received vector.

In a non-ideal optical fibre channel, we must consider the
effect of noise and the channel model. We consider a
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Fig. 1 Block diagram of receiver in each chip

receiver as shown in Fig. 1 that includes a photodetector and
an integrator for each chip. We sample the output at the end of
each chip. The sampled output for the ith user at the /th chip
can be modelled by a Poisson distribution with mean XA, T,
where

r=2p h (5)

X w av hv

In (5), P.y, A, 1, v and & indicate, respectively, the average
received signal power on the photodetector area, the
photo-electron count rate of the received signal, quantum
efficiency, optical frequency and the Planck constant.
Parameter w is the weight of spreading codes which will be
defined more precisely later. We consider the effect of dark
current noise and neglect the effects of other sources of
noise such as thermal noise and beat noise. Dark current of
photodetector can be modelled as a Poisson process with
mean A,T,, where

A, = (6)

In (6), A, igc and g are the photoelectron count rate of dark
current noise, the dark current of photodetector and electron
charge, respectively. Hence, the received signal with K
users in the /th chip can be modelled by a Poisson random
variable with mean (m;(X)A,+4,)7T., where my(X) is the
number of users which send ‘1’ in the /th chip duration. In
this case, the /th element of vector ¥ defined in (4) has a
Poisson distribution with mean (m;(X)A, +A,)T.

3 MAP detection and its factor graph
representation

Let vectors X and ¥ be defined as in (4) and assume that we
have received vector ¥ and want to estimate X, the ith
element of X, given Y. Individually optimum MAP detector
estimates X; by maximising its a posteriori probability as

X, = arg max P(X|Y) @)

Equation (7) can be written based on the marginal functions
of the joint a posteriori probability as

X =
.= arg aren{%ﬁ} 2[; P(X|Y)
xe(0,1}X X=a
Cem Y PO O
gaE{O,l} P(Y)

X€{0,1}X X;=a
By eliminating the constant term P(Y) from the denominator,
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Fig. 2 Factor graph model of the bit synchronous OCDMA system

the MAP rule can be simplified as

X =
j=arg max ) P(YIX)P(X)
XE{0,1}¥, X;=a
= P\ Y, ..., Y i X)PX 9
arg_max Z ({r, .. JIX)PX) (9

Xe€{0, 1Y%, X;=a

It can be seen that given X, ¥;’s are independent of each other
and therefore P(¥|X) =[], P(Y;|X). Moreover, X;’s are
independent of each other and hence we have

Y [Tr[Ir(x) o)

Xe{0,1}K X=a ! k

X; = arg max
a€{0,1}

which shows the MAP detection can be converted into finding
marginal functions of the following function [25]

& =[TPox [P (1n
! i

Marginal functions of f(X, Y) can be found by the BP
algorithm on the factor graph model [25]. A factor graph is
a bipartite graphical representation of a mathematical
relation between some variable nodes and some factor
nodes. We can realise the factor graph representation of an
OCDMA scheme as depicted in Fig. 2. Each user bit X is
represented by a circle, called the variable node or the
symbol node. Each received signal entry Y, represented by a
square, called the factor node or the chip node. For any &
and /, symbol node k and chip node / are connected by an
edge if Cjy, the element in /th row and the kth column of
matrix C, is equal to 1. Consequently, the MAP multiuser
detection of OCDMA can be efficiently implemented using
the BP algorithm.

4 Proposed BP-based multiuser receivers for
OCDMA systems

In this section, three BP-based multiuser receivers for
OCMDA systems over an optical fibre channel are
proposed. The BP algorithm can be performed on the factor
graph representation as follows. Each iteration of the BP
algorithm has two halves. In the first half iteration,
messages that are in the form of probabilities are sent from
symbol nodes to chip nodes. Each chip node then computes
the output message based on the received messages and
sends it back to the symbol nodes to be used in the second
half iteration. Therefore the BP algorithm at #th iteration can
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be written as [20]

Plafral) = sullP (e ) 0
P’“(Y,|Xk, { ,#1}) =aj Y P(YIX)

{Xm #* /c}

x HP’(XM{YHH}) (13)

m#k

where a, » and Bz & are constants for normalisation and {¥;

/) is a vector of all of ¥;’s excluding Y. P‘(X;/") [or P* (Yk/ )]
indicates the cond1t10nal probability that X; (or Y;) has a
certain value in rth iteration. A posteriori probability, P/(X;/Y),
can be obtained as

P(x17) —akl"[P(nIXk,{ Val) a4

Since we consider OOK signalling, the probabilities in (12) and
(13) have to be computed twice for X; =0 and X; = 1. Instead of
doing so, we can use log-likelihood ratio value of the messages

as
P =1fr.)) )
=)

I LG 71)) R
Pt<Y1|Xk =0, { j#—l})

where V}_, represents the message from symbol node & to chip
node / and ¥}, represents the message from chip node / to
symbol node k at the #th iteration. From (15) and (16), the
first half iteration of the BP algorithm, (12), can be written as

Viei= Y Vi (17)

JEdk\

where ok denotes the subset of chips connected directly to user
k which is referred to as neighbourhood of the symbol node £.
Also, let 0k\/ denote the neighbourhood of symbol node &
excluding chip node /. Then, the second step of the algorithm
in the /th chip can be written as (see (18))

The conditional probability distribution of Y;, P(Y|X, {X;}:ear
©)» 1s Poisson with mean 4,(X)T; and is given by

exp(—A(X)T,) (AX)T,) "
<Y1|Xk>{ }teal/k) ol & (Y,))!(l ! (19)

where A(X)=m(X)A,+A, in which m/(X) is the number of
users which send 1 in the /th chip. In the rest of the paper for
simplicity, we show A(X) and myX) by A, and m,
respectively, and without loss of generality set 7.=1. By
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substituting (19) into (18), we have

V= (A> (20)

where

_ exp(=A) ()"
A__{&agixkl[ (7)! } jaJJ%I p(V )

20

and
P

| T1 exp(V]g ,) 22)
JE/kX=1

By eliminating (¥;)! from numerator and denominator and using
the approximation

In (Z exp (r[)) ~ max (r;) (23)

(20) can be written as

t+1 t
ViZp = max | Y, In(A)— A+ 1
Xicoik | » JEB/k, X;=1
X,=1
t
— max [Y,In(A) — A+ Vi
Xicak f» JEbl/k, X;=1
’Yk:0
(24)

We can summarise the operations in Algorithm 1 (see Fig. 3):

Two maximisations in the fourth step of Algonthm 1
(Fig. 3) in each iteration are done between 24" terms in
the /th chip, where {; is the number of variable nodes
connected to the /th chip node. If the values of (/K are
small for all /€ {1, ..., L} and the algorithm converges
with finite number of iterations, the algorithm uses a
number of operations that is linear in the number of chips.
However, Algorithm 1 is more complicated than many
conventional algorithms in OCDMA systems. In fact, the
second stage of the BP algorithm [(18)] makes it too
complicated. Now, we try to simplify (18) to obtain a
simpler algorithm. It can be seen that (18) can be converted to

Pl Z[}ke{o,...,éﬁl}P(yﬂXk =1, [t)P(lltk)
Viip=1In ; (25)
Ypefo..q1y P(YIX =0, 1) P(T})

> {Xieal/k}P<Y1|Xk =1

e ]) [P (4171} )|

+1 _
Vl»k
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Z{ Eal/k}P(Yl|Xk =0,

{Xteal/k}) [Hiea,/kP’(Xil{Yi#l})]

(18)
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Initialisation:

1. for all [,k do Vj_,;. + 0.
Main iterations:

2. for { =1 to T (the number of iteration) do 3.4.

3. for all £ .1 € Ok do
Vi = Z Vi (25)
JEOK\L
4. for all [ , k € Jl do
lir—u =  Jnax Yiln(A) — N + Z [;’;_’I — max Yiln(A) — A+ Z I-”;_’I)
{.\‘,\’T-i-.._lk}- jeotEx,=1 {\,\TL;; e
(26)

5. Return ‘;\ = zf’:fﬂr I;:_”‘
6. If V. = 0 then X, = 1, else X, = (.

Fig. 3 Algorithm 1

where

—_Jt
ZL:EBl\k X=I

P(I}) = (26)

P

One can interpret /), as the total interference caused by all
users excluding the kth user. From (26), it can be seen that
I, is a Poisson Binomial random variable [The Poisson
Binomial distribution is a discrete probability distribution of
a sum of independent Bernoulli trials with unequal
probabilities.] which can be approximated by a Gaussian
distribution N (uj, o‘,zkt) in the large system limit, where

pr= Y Pr( —1|{ 1})
u€ol/k
— exp(Vu—>l) (27)
u€dl/k exp(Vu—>1) +1
and
7= 3 P (=111
u€al/k

exp(Vu—>1)
ueaUk (exp(Vi_,) +1)°
(28)

(=P =11{ra])) =

simple functions as

pr= ) U(Vie) (29)
uEal\k
and
o=y F(V, (30)
u€al\k
respectively, where
0, x<0
U@:{L x>0 (1)
and
—0.09]x] +0.29, —-322<x=<322
F) = { 0, otherwise (32)

By substituting Gaussian approximation of P(I,'k) and (19)
into (25) and using approximation (23), we have (see (33))

where Ilk and I,k maximise the first and the second terms in
the right-hand side of (33), respectively. Therefore I,k and
I} can be obtained by setting derivatives of the first and the
second terms in the right-hand side of (33) equal to zero,
respectively. Then, by some simplifications we have

—A Ulzkt()‘ FIRA A+ A )+ Y,Ao%,

11 t
Equations (27) and (28) can also be approximated by two (’\ +Ilk’\ +A )(Ilk V“lk) =0 (34
( I Mf )2
ViR = Lo+ I+ A) + Y, In (A, + TiA, + A) — 0
20—12/([ It :1,1
k—1
( t t
— 1=+ IA) + Y In (A, + IiA,) — (33)
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and

005 (N + I + YAag, — (A, + IRA) (T — wi) = 0
(35)

Equations (34) and (35) are two quadratic equations that can
be solved easily. One can simplify (33) more by assuming
large average rate of photoelectron (4,) as

A+ IRA +A)

s _ (g0 _ gt Y1 (
Vit =l —Ix)A + Y In (n, + 190 (36)

To simplify more, we approximate V;,, by
Vi=> s Vios This assumption is valid in the large
system limit. Therefore, in each iteration of the algorithm,
only K messages (¥;) have to be updated. Moreover, we
should update uj, and o7, in each iteration with much less
complexity than the update process in step 4 of Algorithm
1 (see Fig. 3). The proposed simplified algorithm can be
summarised in Algorithm 2 (see Fig. 4):
we will show in simulation results that Algorithm 2 (Fig. 4)
performs pretty closely to Algorithm 1 despite the
considerable reduction in its complexity.

We now make some more simplification to Algorithm 2

www.ietdl.org

and (42) (see Fig. 4) can be easily obtained as

I = 37)

and

I} = (38)

Hence, step 4 in Algorithm 2 can be simplified by substituting
(37) and (38) into it as

1
Vit =y"—A +Y In[1 4+ ——F— (39)
= (Aa/Ay) + pt

1€k

As a result, step 3.2 and the variance update in step 3.1 are
removed from Algorithm 2. In this new algorithm, two
variables ¥} and u}, have to be updated. It can be observed
that Algorithm 3 is the same as the well-known multistage
detector introduced in [11]. In other words, the multistage
detector can be considered as a simplified version of the BP
algorithm. It is important to remind that this result is based
on the assumption that o‘lzk, « 1 and it can be easily seen
that in the beginning of the algorithm, this assumption is
not valid. For example, in the first iteration, it can be seen
from (28) that

which results in a new algorithm called Algorithm 3. To do o = ) (40)
s0, we assume that o7, < 1, therefore the solutions of (41) lk1 4
Initialisation:
1- for all k do V}? « 0.
Main iterations:
2-for t =01to T — 1 (T is the number of iteration.) do 3, 4
3-forl=1to L and k € 9l do 3.1, 3.2
Mean and Variance calculation:
3.1-
Hie = Z U(vh, (39)
ucdl\k
T = D F(Vy), (40)
uedl\k
Interference approximation:
3.2- Solve
it (Dn b Bids 20+ Yidod, = (An+ T de + 2 (I —ub) =0, 41)
and
=20t (An + IRNG) + Yidol, — (On + IR — uh) = 0. (42)
4- for all £ , do
, L v 1 et A )
LF:+1 = ZIE:'H\‘ (1;‘;) - Itfﬂ{)A-l" T }I In : f;n‘i'ﬁfm;.—r] * (43)
5-If V' > 0 then X, = 1, else X} = 0.
Fig. 4 Algorithm 2
IET Commun., 2013, Vol. 7, Iss. 18, pp. 2102-2112 2107
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where {; is the degree of the /th chip. Equation (40) clearly
shows that the assumption o7, < 1 is not valid. As
iterations continue, the value of o7, starts to decrease
making this assumption valid for larger number of
iterations. This inconsistency causes the performance of
Algorithm 3 to be worst than the two former algorithms.

To summarise, Algorithms 1, 2 and 3 (see Figs. 3 and 4)
can provide a trade-off between complexity and
performance of OCDMA detection.

5 Spreading code design

It is known that the BP algorithm performs optimally on
graphs that are cycle free. However, for some of the most
important applications of the BP algorithm such as
decoding of LDPC codes, the underlying factor graph has
cycles. Extensive simulation results show that for graphs
with no short cycle, the BP algorithm can achieve
astonishing performance [25]. Consequently, in graphs
corresponding to OCDMA systems, we must choose the
ones with no short cycles. In order to satisfy this condition,
the spreading matrix should be sparse. In sparse matrices, if
the average number of non-zero elements in each column of
spreading matrix grows as slow as o(L"*) with L (the
number of chips), the probability that a variable node is
involved in a cycle of length shorter than ¢ approaches zero
in the large system limit [26]. This is often called the ACF
property. From ACF property, it can be observed that the
number of short cycles decreases if the weight of spreading
codes decreases. However, when the weight of codes
decreases, the transformation between the user information
bits, X, and the channel output (in the noiseless channel),
CX, may not be one-to-one anymore. This is particularly
more probable in the overloaded case, where the number of
users is greater than the number of chips.

In general, the spreading matrix C is called uniquely
detectable if there is a unique solution for ¥ = CX, that is

CX,=CX, =X, =X, (1)

For OCMDA systems with OOK modulation, we have Xj,
X, € {0, 1}*. Moreover, we can write (41) as follows

CX,—-X,)=0=>X,-X,=0 (42)

By defining Z=X; — X, € {* 1, 0}%, one can represent (42)
as

CZ=0=2Z=0 (43)

Another way to show (43) is [27-29]

null(C) () {£1,0}* = ¢ (44)

where null(C) is the null space of C and ¢ indicates the empty
set. In [30], authors prove that random uniquely detectable
matrices (when the entries of matrix are chosen randomly
from {0, 1} with equal probability) exist even for large
loading factor when the dimensions of matrix tend to
infinity. Moreover, in [31], it is proved that under certain
conditions, the so-called optimum asymptotic multiuser
efficiency of a CDMA system with a spreading matrix C
with i.i.d elements tends to 1 if the loading factor = K/L is
kept equal to an arbitrary constant when K tends to infinity.
This implies that for such a system, the spreading matrix C
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is uniquely detectable in the large system limit. However,
the conditions in [31] are not satisfied when the spreading
matrix is chosen based on the ACF property, for example,
when the matrix is sparse. In the next theorem, we prove
that in the large system limit, choosing random sparse
matrices based on the ACF property, will result in uniquely
detectable matrices with probability tending to 1.

Theorem 1: Let A be an L X K binary random matrix whose
elements have Bernoulli (p) distribution [If z has a
Bernoulli (p) distribution, its value is 1 with probability p
and 0 with probability 1 — p.] such that the average number
of 1’s in each row, that is, Kp, satisfies the following equation

Kp = K1/ (45)

where « is a finite real number greater than 1. If K and L tend
to infinity such that the loading factor is kept equal to an
arbitrary constant, then A4 is uniquely detectable with
probability approaching 1.

Proof: See the Appendix.

Theorem 1: Implies that if we select an L x K random matrix
whose elements are in {0, 1} and the average number of
non-zero elements in each row is equal to K'* for some
a>1, it is uniquely detectable with probability 1 in the
large system limit. Moreover, based on the ACF property
such a matrix has no cycles of length shorter than o/4.

In a system with finite length, choosing the value of « is very
important. It can be seen that in the finite length systems, there
is in fact an optimum value for a. In other words, there is an
optimum value for the average number of non-zero elements
in each row. In simulation results section, we show this fact
for the first proposed receiver.

In the finite length systems as opposed to large system
limit, we cannot guarantee that there is no cycles shorter
than a given length and this can degrade the performance.
Therefore, for the considered OCDMA system, we
investigate the existences of graphs for which we can
guarantee that there are no cycles of length 4. To do so, we
need sparse codes that have at most one chip interference
with each other. A natural choice of codes that satisfy this
condition are OOC with low weight and their shifted
versions when the maximum cross-correlation between
codes is set to 1. We abbreviate such codes by shifted
optical orthogonal codes (SOOC).

In general, an (L, w, 4,, 1) OOC is a family of (0, 1)
sequences of length L and weight w with maximum auto-
and cross-correlation A, and A, respectively. These codes
are designed for asynchronous OCDMA systems. For
synchronous OCDMA systems, the OOC codes and their
cyclically shifted versions can be used. This makes it
possible to significantly increase the number of codes
compared with the asynchronous case. We use OOC’s with
small values for w (around 4 in our case) and A.=1. In
such a case, the maximum number of codes is obtained by
Johnson’s bound as follows [32]

N, < [5 [—L _ lﬂ (46)
wlw—1

In the simulation results section, we compare the performance
of the random codes with that of SOOC codes.
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6 Simulation results

In this section, simulation results are presented to demonstrate
the performance of the proposed receivers in optical fibre
channels. First, the performance of Algorithm 1 is
investigated for random codes and SOOC codes in the
noiseless channel. A noiseless channel can be easily
obtained by letting 4, =0 and A, > 1.

Fig. 5 shows the BER performance of Algorithm 1 against the
number of iterations using random codes of weight 5 for a
system with L =64 chips and with K=80, 92 users in the
noiseless channel. To do so, we have randomly generated the
spreading matrix while guaranteeing to have exactly 5 ones on
each column of the matrix. From Fig. 5, it is observed that a
few number of iterations is enough to obtain the best
performance of Algorithm 1. To achieve BER of 1077, the
number of users is limited to 80, which is still in the
overloaded region; however, we show that SOOC codes can
accommodate a larger number of users to achieve the same BER.

In Fig. 6, we plot the BER performance of Algorithm 1
against the number of users for the random codes with
different weights in the overloaded region. Moreover, the

|0 T s L Ty s T Fr——————— F———————
—#— Algorithm 1, random code, weight=5, K=

921

i == Algarithm I, randorm code, weight=5, K=80|]

(%]
w|
F

Number of iterations

Fig.5 BER results of Algorithm 1 against the number of iterations
(L=64,4,=0and A, > 1)

% —e— weight=4 i
—de— weight=5 |
—&— weight=6 |
weight=7 |
76 80 84 88 92 96 100 104 108
Number of users

—— weight=3]

Fig. 6 BER performance of Algorithm 1 for random codes (L = 64,
An=0and A, > 1)
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number of iteration is set 10 to obtain the best performance.
As can be seen, there is an optimum value for the row weight
of the spreading matrix, which is 5 in this case. The existence
of this optimum weight is because of two sources of error in
Algorithm 1 in the overloaded region. The first source of error
is the cycles in the factor graph representation of the system
[25] and the second one is the existence of multiple user data
vectors for a given spread vector. The probability of having
cycle increases when the weight increases. However, the
probability of the second source of error decreases when the
weight increases. Therefore there is an optimum weight that
results in the best BER. Note that this optimum weight
depends on the code length. In fact, for each code length L,
there is an optimum weight that minimises the probability of
error. Our simulation shows that the optimum weight for
random codes with length 64 is 4.

Fig. 7 shows the performance of Algorithm 1 for the SOOC
codes. In this figure, the same parameters as in Fig. 5 are used.
We have also included the best random code from the
previous figure. It can be observed from Fig. 7 that SOOC
has a better performance than the random codes in terms of
number of supported users. It is notable that the optimum
value of the weight of codes for SOOC codes is 4. We also
compare the performance of Algorithm 1 with that of
conventional correlator and a new interference cancellation
method presented in [33]. It can be observed that Algorithm
1 has a performance much better than the two other methods.

In the remaining parts of the simulation results, we
investigate the performance of the proposed receivers in a
real optical channel, that is, non-zero 4, and finite 4, and
consider the effect of different system parameters, namely,
number of iterations, number of chips, number of users and
average photoelectron count on the BER performance of the
three proposed algorithms. In the simulations, SOOC codes
with weight 4 are used because of their superior
performance as shown in Fig. 7.

In Fig. 8, we have investigated the BER performance of the
proposed receivers against the number of iterations for
different number of users. We have set L=128, 1,=0.1
and A,=5. Fig. 8 shows that the three proposed algorithms
converge in a few number of iterations.

In Fig. 9, we have investigated the BER performance of the
proposed methods against the number of chips for 20 users.
We set 1,=0.1, A,=5 and T the number of iterations to 10.
From this figure, we see that the performance of Algorithm

B —H- F e~ 2 k- e - - A e —d - k- F Kk k- A ok

24 —e-0- 0 -0
v SEEPSI R LE e i . 4

—5%— Algorithm 1, random code, weight=5
—&— Algorithm 1, SOOC, weight=3
= B - Algorithm 1, SOOC, weight=4
—#— Algorithm 1, SOOC, weight=5
=% - Correlator, SOOC, weight=4 4
o = © - lterative [33], SOOC, weight=4
80 85 90 95 100 105 110
Number f users

Fig. 7 BER performance of Algorithm 1 for SOOC (L = 64, A,,=0
and A, > 1)
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| - % - Algorithm 3, K=25/]
9 - B - Algorithm 3, K=20 |{
: —— Algorithm 2, K=25 ||
" —&— Algorithm 2, K=10 |/
A —6— Algorithm 1, K=25 ||

: —de— Algorithm 1, K=10
v - - Algorithm 3, K=10

* * L3 L3
5 6 7 8 9 10
Number of iterations

Fig. 8 BER results of the proposed receivers against the number of
iterations for various number of users (L =128, A, =5 and A,,=0.1)

—&— Algorithm 1, K=20 ]
-+ - Known interference, K=20 |
—#— Algorithm 3, K=20 '
—&— Algorithm 2, K=20

-4

10

3z 48 64 80 96 112 128
Number of chips

Fig. 9 Performance comparison of the proposed receivers against
the number of chips (A, =35, A, =0.1 and K =20)

1 is very close to the known interference lower bound for
large number of chips. We also see that the performance of
Algorithm 2 is pretty close to Algorithm 1 and the
performance of Algorithm 3 is considerably worst than
Algorithm 2. This is because of the approximation used in
Algorithm 3 which results in (37) and (38). On the positive
side, the complexity of this algorithm is less than that of
Algorithm 2. Therefore the proposed BP-based receivers
present different complexity/performance specifications.

Fig. 10 investigates the BER performance for the proposed
receivers against the number of users when L (the number of
chips) is set to 128. In this figure we set 4,=0.1 and 4, =5.
As it can be seen from this figure, the performance of the
proposed receivers is in similar order as Fig. 9.

In Fig. 11, we have investigated the BER performance
against the average photo-electron count in each chip. We
have set L=128, K=30, 1,=0.1 and the number of
iteration to 10. As Fig. 11 shows, the performance of
Algorithm 1 is very close to the known interference lower
bound and Algorithms 2 and 3 have worst performance
than the known interference lower bound as predicted. By
increasing the average photoelectron count which can be
achieved by increasing the transmitted power, BER improves.
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Fig. 10 Performance comparison of the proposed methods against
the number of users (A, =0.1, A, =5 and L =128)
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Fig. 11 BER performance of the proposed receivers against the
average of photo-electron count in each chip () for 30 users
(An=0.1 and L =128)

7 Conclusions

In this paper, three multiuser receivers for OCDMA systems
based on the BP algorithm were proposed. The first
proposed receiver was shown to exhibit a performance close
to the known interference lower bound. The second receiver
was obtained by applying some approximations to the first
receiver to make it considerably simpler at the expense of a
slight degradation in performance. It was shown that the
third receiver is in fact identical to the multistage detector
already proposed for OCDMA systems. We then
investigated the spreading codes that can perform well with
the proposed receivers. Consequently, we looked for sparse
spreading matrices that are also uniquely detectable. We
proved the existence of such matrices with probability
approaching one in the large system limit. Nevertheless,
systems with random sparse spreading matrices with finite
dimensions can also exhibit a pretty good performance. For
spreading codes of finite length, we also investigated the
performance of SOOC codes when the maximum
cross-correlation between codes is set to 1. In this case,
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there is no cycle with length 4 in the factor graph
representation of the corresponding spreading matrix. It was
shown that the proposed SOOC codes outperform random
codes.
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10 Appendix
10.1 Proof of Theorem 1

Suppose that P(B) is the probability that A4 is a uniquely
detectable matrix. 4 is not uniquely detectable matrix if there
is at least one x € {0, 1, —1}%, x# 0k 1, such that Ax=
0z x 13- Therefore by using the union bound we can write

P(B) =1 — P(B)

> 11— 3 P(Ax - o{m}) 47)
x€{0, 1, =135 x#£0,5 1,

It can be proven that P(Ax = 0y « 1}) is the same for all x’s with

the same weight and the same number of 1’s. [By the weight of

a vector, we mean the number of non-zero elements in it.]

Therefore the summation in (47) can be changed into two

summations and we have

P(B) < i (%)

k=1
s
x ;<7>P(Ax =0l =k, [, = 1) (48)

where w, is the weight of the vector x and /, is the number of
I’s in x. The elements of each row of 4 are independent.
Therefore P(Ax=0y; « 1y/wx=k, [,=1) in (48) can be written
as

P(Ax =0l =k, [ = 1)

K L
=|P A, x; =0lw, =k, [, =1
=1
min( k=D 1\ L
= > ( )(—)pz’(l -p (49)
r=0 r r
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Now we try to find an upper bound for (49). The maximum
value of (49) is obtained when /= [k/2]. We only obtain this
upper bound when £ is even. For odd %, the upper bound can
be obtained in a similar way. For an even k, we can write

min (I, k—1)
k—=1\(1\ » o
> ( )(—)ﬁ (1-p>
r r
r=0

k/2\ k/2—1'
< 22V (1 = )2

< r/e{g,l?’fk/z}( - >p (I-p)

K2 k2
SR

r=0

_ k/2 7 k/2—r
_,E{é??,"k/z}< p >p (I-p) (50)

It can be easily proven that the maximisation of (50) happens

when
r= [%} (&2))

Thus using (48)—(51), we have

K L
i< 33 2 (g Jot =t 07

=1
(52)

Let ko be an integer number such that if k£ < k, then [kp/2] =0.
Hence (52) can be written as

ko

P(B) < Z(i)zk(l _p)(kL/Z)
k=1
K /K k)2 t
+ 2k [kp/2] 1— k/2—[kp/2]
k_%;( k) [([kp/Z] )p (1—p)
(53)
Let z be defined as
z=k/K (54)

We first calculate the first summation in (53) in the large
system limit as

K
fim 20: B)2ta - pyen
K,L—» —~ k ( )
) 55
K

~ lm l[o/ QKH()+Kz+(1/2)KzL logy (1-p) g 4.,

K,L— 1/K

In (55), we used the following asymptotic approximation

K\ _ A kHE
( kz) ~2 (56)
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where H(f)= —t logy t— (1 —¢) log, (1 —#). Since based on
(45), p tends to zero in large system limit, we can use the
following approximation in the large system limit

log, (1 —p) >~ —p log, (e) = =K/ log, (&)  (57)

Using (57), the right-hand side of (55) can be written as

ko/K Ve
lim j 2K(H(z)+z—(l /28K Yz log, () K dz (58)
K,L—o0 1K

For finite values « and f, it can be easily proven that for
z€e[V/K, ky/K]

HE) +z— il(“/@z log, (e) <0 (59)

and therefore the limit in (58) is equal to zero.
For the second summation in (53) in the large system limit,
we have

. S QW k/2 (p/2) k/2—[(hp/2 '
K,ILHEOO Z (k)z |:<[kp/2]>p[ 7/ ](1 - /2]
< lim ) (I;)z"[\/wkp(l—p)]%
v

= lim jl 2K[H(z)+z7(1/23)(logz (WK(I/a)))]K &
K,L—o0 (k()-H)/K
(60)

where we used the following inequality

( g) <259 /(/3aka(1 — 2) (61)

For finite values of a and f, it is easy to prove that for z €
[(ko + 1)/K), 1]

H(z)+z— i log, (m2K"/¥) <0 (62)

and therefore the right-hand side of equality in (60) is equal to
zero. Since both terms in the right-hand side of (53) tend to
zero in the large system limit, we conclude that

(lim P(B)=0 (63)

and consequently

K,II{IEOO PB)=1 (64)

This proves the theorem.
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