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Abrrracl- 10 this paper, we introdace several EM- 
bnsed multiuser detectors for an optical CDMA system. 
The detectors haw mil soft and hard slages. In soft stage, 
n son eslimation of the interference i s  oblaiued by solving 
an unconstrained maximum-likelihood (ML) problenl via 
iterative EipertHtion-Maiimiration (EM) algo~-ithnl. 
Then, the hard stage detects the user inlormatien bit by 
solving a one-dimensional Boolean constrained problem 
conditioned on knowing the interference, Our resulb 
reveal that the proposed detectom have. very low 
complexi~ and nibust agsinst changes in parameters. 
Moreover. the numerical results illustrate that despite of 
their simplicities, our detecton subsbantially oufperfornl 
other ~vdl-hown suboptimum detectors, such as mnlti- 
stage and decorrelating detectors. 

index Terms-Optical CDMA nctn'orls, multiuser and 
blind detection, interference cancellation. 

1. IN~IRODIIC:I'I~X 
N aiw multiple-access system, the availahle 

users. In code division multiple access (CDMA) 
systems all resources in principle are availahle to all 
users.. simultaneously. The w e t s  are distinguished 
lion1 each olher by uqer specilic signature sequence 
(PN sequence). In a fiher optic network, CDMA is 
considered as a viable multiple-access technique due 
to its ability to establish an asynchronous and robust 
inultiple access system for a oumher of users. 

In [ I ) ,  Salelli proposed optical orthogonal codes 
(OOCs) as spreading codes ror intensity 
modulationldirect detection (IMIDD) oplical CDMA 
networks, wli ich yield low crosscorrelntion and out of 
phase autocorrelation, and therelore suitable for high 
sperd asynchronous networks using conventional 
comelation detectors 121. The colrelation detector, 
which has a very low complexity, is optimal for a 
single user system. However, as the iiuinher of 
siniultancous users increases, the siinplc correlation 
detector perlormance seriously degades. This is due 
to the lact that the correlation detector does not take 
into account the cxistence of multiple-access 
interlcrence (MAI) and treats (hem as a iioise. 

111 order to overcome this deiiciencyl Verdb I;] 
proposed optimal multiuser detector. which is a 
maximum-likelihood (ML) detector for an 
cqiriprohable channel input dala. The optimum 

I -  resources are shared in some ways among all active 

detector, which is the solution or a Boolean 
constrained M L  prohleni, provides a, perfonnance 
comparahle to that ol'a single user system, hul at the 
expense of a computational complexity that is known 
to he NP-hard. Therefore, the optimum detector is i n  
gencral too complex I'or practical optical CDMA 
sys~ems, even with a moderate ntimkr of users. To 
circumvent the cmnplexity prohlein. much eftorts have 
been devoted to developing suhoplimum receivers. 

In  this paper, u'e propose several suhopiiuin 
multiuser detectors for an optical CDMA system. In 
order to reduce the complexity of the optimum 
receiver, we Rrst solve an unconstrained ML prohlein 
on R,' in wvhicli the synibols can take any positive real 
value (soli decision stage). We then use these sol i  
decisions as an estimate oflhe interference and solve a 
one dimensional Boolean constrailit ML problem, 
conditioned on kno\ving the interhence. This stage 
called hard decision stage. By applying Ihis approach, 
several new mulhuser detectors are introduced. 

For sohing the iinconsrrained ML problem, we use 
the expectation maximiration (EM) algorilhln. This 
algorithm provides an iterative approach to likelihood 
based parameter estimation where direct maximization 
o r  the likelihood function inay not he feasible 17). 
Previous studies 011 the applications of E M  algorithm 
for multiuser detection in  CDMA systems. in the best 
knowledge of the authors, have been in radio 
fi-equency domain. In this paper. we use EM algorithm 
for the iterative soft decision stage as described above. 
Numerical results show that only a few ilerations are 
required for practical convergence of the EM 
algorithm in our applications. 

The rest of this paper is organized as follows. 
Section II describes the system model for an optical 
CDMA network. Section 111 introduces several 
inultiuser deteclors with two soft and hard stages, in 
which the soft stage utilizes the EM algoritlmn. Finally. 
numerical results are presented in Section IV, and a 
conclusion is then given in Section V. 

Throughout tlus paper, scalars are lowercase, 
vectors are holdfaced lowercase, and matrices are 
boldlaced uppercase. The notatioii (5) and (6) are used 
for soft and linrd estiinatioii operators, respectively. 
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11. SYSTEM MODEL 

W e  consider an intensity modulation!direct detection 
(IMIDD) optical C.DMA network with A f  users. Each 
user uses an onloll’ keying (OOK) modulation Sor 
transmittiiig independent and equiprohable binary data 
over a common optical channel. The signature 
sequence is OOC with properly (F, I$’, A,,, Le)” , where 
F is the signature code length (or Iprocessing gain,) and 
w is  the weight ofcodes. 

Let 6,[1]e {(),I} be the transmitted bit of the ith u s a  
at /th bit internal and c;:~>[c,,> .... c,, ,..., C,:J 1’ be its 
signature code. Then the received intensity signal can 
he writteii as 

x ( r )  = CCC.1,4[/1r.,~n(r-/r-r,)+a, , (1) 

where 2 ,  and 7 , ~  [O,n are the signal strength and the 
relative tra~smission delay of user i, respectively. The 
term l.,, represents the dark current eftect. Il(r) is a 
rectangular waveform with amplitude one and duration 
T. 

For simplicity of presentation, the system is assumed 
synchronous. The generalization to the asyiichronous 
case is straightforward and wi l l  not be considered here. 
For a synchronous system, a more convenient form of 
( I )  is in discrete vector notation as follows 

(2) 
where c=[cl c2 ... c,~], h=[h h2 ... b,,,]? and A=diq(%,, 
. , represent the signature sequences matrix, 

users hits vector, and users power matrix, respectively, 
and U denotes a vector of all one. Also x, is the 
received intensity at chip interval j ,  for j=l,2, ...,F. 
Note that in a fiber optic system, the backgound noise 
is weak, and thus it is neglected in (2). Fig.1 shows an 
equivalent discrete model of this network. Received 
signal is passed through photo detector. We usually 
expect a Poisson process at the output of a photo 
detector. That is if the photo counts collected from a 
chip position j is denoted hy 4. then )j s can he 
modeled as Poisson random variables, i.e., 

(3 
where x is given by (2). 

hit based on the fiillowing decision rule 

i 11 

j - . ,  ii, I 

x =[x, ,I) ,..., x f  1 7  = ACb + Lou, 

y = [y , ,  y2 ._._. >,F]’ = / ’oisso~l(x) , 

The correlation detector for user i detects the user‘s 

‘$hl l ,  14) 
where q is a threshold which depends on the user 
power iind dark current intensity. This simple detector 
is optiinal only in a single user system. The ML 
detector decides hased on the following rule [3] 

( 5 )  b=arg  tnax L?(Ii), 
k ( 0 .  I )I: 

Fig. 1. The direrrle model ofsn uptical CDMA system. 

where 

L, (b)= logj‘(ylb), (6)  
is the log-likelihood function and .fy/b) denotes the 
density knction of y conditioned on b. This detector 
incidentally is identical to the MAP detector for an 
equiprobable channel input data. The computational 
complexity of this detector is k n o w  to be NP-hard. 
Several suboptimum multiuser detectors fur mitigating 
the complexity of the optimum receiver have been 
proposed. These detectors mostly have the following 
structure 

(7) 

where ,s! s are the weighting cwffiicients. In this 
structure, those chips obsewing stronger interference 
iire weighted smaller compared to the other chips. 

111. MIJLTIIISER DETECTION 

In this section, we propose several EM-based 
multiuser detectors. uhich contain tn’o soft and hard 
stages. The soft stage is implemented iteratively using 
EM ;11gorithm. We describe the soft and hard decision 
stages in  part A and B, respectively. In pait C we 
suinniarize some advantages o f  the new detectors. 

A. Si$ dccbion stage 
111 this stage, we relay Boolean constrained in ( 5 )  

and assunie that the transmitted bits vector b belong to 
R?. With this assumption, the log-likelihood hmction, 
i.e., L,(6) ,  is concave [ 5 ]  and bounded below, 
therefore it has only global maximum that can be 
found via EM algorithm. and in sequel the 
convergence to the glohal maximum is guaranteed [ 7 ] .  

Fig.2 shows a new equivalent mathematical model 
for the network. Note that the models of Figs.1 and 2 
are eqtiivalent if we set 

. .  
where %!: is the dark current assigned to the ith user. 
The photo counts of each itser, i.e., n,=[N,,, 
&,...,;\;F,]T> plays the role of the complete data, where 
3; rcpresents the photo counts duc to ith user collected 
at jth chip interval. The whole complete data is 
represented by z={N,r;, where N=[n, U> n ~ ]  is photo 
counts iniatrix with the colunins as described abovc. 
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Fig. 2. Thc complete data for the EM hived uliiltiurer detector. 

and I.=[I.,. r2, ..., rF]' is the photo counts vector due to 
j,,,. The observable data (incomplete data) is related to 
the complete data uith the folloving many to one 
mapping 

i 

yii=C:\iii + r ,  f i r  j=1,2 ,..., p .  (9) 
,=I 

the EM alsorithrn is implemented in tu'o steps, 
expectation and maximization, as follow. 

The E-step is defined hy Q function 
Q(b,X,, 1 $", $I) = E[L,(G; x,,) 1 y.c'"', $:'I, 
uhere LX6, Id )  = logj?zl 6, j d ) .  

By taking the expectation, we simply obtain 

~ ( h , ~ , ~ ~ l ~ l , ~ ' ~ ~ ~ ~ ~ ~ , ~ a , , ~ " ~ ( b , ~ , + ~ ~ ' ) - ~ ~ . ~ ~ ~  

(10) 

6 3, 

' (11)  
,.~, ,.~, 

+-j-[&I.g-.s,-;i,] 
;PI 

(the symbol 'e denotes the equivalcnt up to a 
constant term which is independent from b), where in 
appendix A we show 

Since the Q fitnction in ( I  1) is a separable fiinction of 
6,, h,..,, 6,,, 2.1, the follow in^. roblcm in the M-step: ._ 

(14) 
[6'"",$"'] = arg,man Q(b,/l, I L"',$;'), 

bE Ri-' 
2<SA, 

has a closed fomi solution for 6, s and .?d. After some 
alzebra, \re ohtaiii 

The equations (12), (13), (IS), and (16) cat1 be used 
iteratively to obtain the unconstraint M L  solution. 

\&'e can divide tlie dark current among the users, i.e., 

>:?s in (8), in two ways as follows: 
I) Cma I: known dirk ciwlonl 

following division 
M i e n  the dark-current intensity is known. we do the 

(17) 

111 this case. the detector is impleoiented iteratively 
using equations (12) and (15). and equations (13) and 
(16) arc not used. also ( I  1) is modified as 

Q(bF'") = cir [cz j ,  logh,A, - b,A, I .  ( I  8) 

I1 - Ad . - ai, - - ,  & = 0 .  M 

i :w ~~ 

,-, i . 4  

2) Caw II: unknown durk cirrrent 

must he estimated siiiiultancously, and thus we set 

Now the detector is iniplemented iteratively wing 
eqitations(l2), (13), (15), and(l6). 

B. Hard dici,siivi stuge 
In this stage, the solution of the soft decision stage, 

i.e. 6, is converted oiitii a salid data point tliroitgh a 
suboptimum mapping_ as follows. Interference at the 

j t h  chip of user i is estimated using the soft decisions 

In this case, infomiation symbols and dark current 

.- 
ay = 0 ; A,, = A,, . (19) 

as: 

I, ,  

where i, can be replaced with LI if the dark current is 
unknown and must be estimated by (16). Then, the 
user i's hit is detected by solving tlie following one- 
dimensional Boolean constrained ML problem 
conditioned on having interference as (20) _. 

h, = arg b,E$.ll ni x ~ogf(y  j 1,.4). (21) 

where i,=[i,,. i>(?...: Li]. Solving the above prohleni 
leads to 

C. Advuntuges l!fproposed detector 
The proposed detector has some crucial advantages 

as follows: 
- Low coinplerihi: there is not any comparison 

required at soft decision sta$e. Only at hard decision 
stage, :W wmparisons are required; one for each user. 
Moreover, the numerical results show that two or three 
iterations are sufficient for the EM algorithm 
convergence. 

- lhiqie (mwer;ec.nce: in contrast to the multi- 
stage receiver, the perfortnance of this detector does 
not depend on the initial estiinstion at first iteration, 
;ind global convergence caii he achieved for any iiiitial 
values. 

- Hohwliwss: in this detector. the knowledSe ofthe 
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dark current intensity is not required ancl in fact the 
h r k  current can be estiinated simullancously. 

- Bliridiress: there is n \ , c y  interesting result from 
(12). ( I ? ) ,  and (Is), as follows. Il'\ze want to decode 
infomiation hit cif onl) one user, we do not iieed ti1 
know the powers a id  bits of the interfering users, 
separately. We actually need to estimate &=&A,. By 
suhstirutitip~,in(12). (13),;1nd (1S)wc iiblain 

1v 

Now, the interference can he estimated as 
I, .~ 

I ,  =cc,l&+A,, *-, 
k r ,  

The final hard stage can be implemented by Eq. (22). 
This detector requires the same knowledge as required 
hy the decorrelating detector; even though; as our 
simulation results iiidicatc, it substantially outperforms 
the decorrelating detector. 

1V. NIiMRRICAI. KESIJI :IS 

In this section, some numerical results are presented 
to demonstrate the perfoimance of our proposed 
detcctors. Fur simulation, we consider ii chip 
synclronous OOK-CDMA with OOC sigiiature 
sequence (200.3,1,1). The maximum number of' user is 
33 [I]. The bit errnr rates ofthe proposed detectors are 
obtained .by Monte Cxlo siniulatioti and then 
compared with those of various previously proposed 
detectors, namely the decorrelating, multi-stage. and 
linown interference detectors. Note that the 
perfonnance of the known interference delator is a 
lower bound for the perforniance of the optimum 
detecror 141. lntetisity of all users is assuincd to be 
identical and the dark current intensity is chosen to be 
0.1. As mentioned before, in our proposed detectors 
the initial value of the wansmitted hits at soft stage can 
he chosen arbitrary. In simulation, w c  havc. however. 
set the sofi initial values of the other user bits equal to 
h;ilfv;iluc of the desired user (user one) piiwcr. 

It must be noted that although the average 
performmce of the systeni depends on the nuniher of 
siinultan~o~is uscrs. the performance at a particular 
instance is dictated by the interfercnce pattern. So. \vc 
consider three interference p;inerns. First, ue consider 
weak interferelice pattern in which only one 

734 

ofthe three niarked chips of the desii.ed user signature 
code collides ulth interfering pulses. In the second 
pattern. we assunic only hvo niarked chips collide with 
interfering pulses, and in last pattern, we consider the 
case in which ;ill three marked chips will collide with 
interference pulses. 

Figs. 3-4, present the plots of bit error rate versus 
the user's powers for cases 2-3. respectively. As can 
he observed, for all cases, EM multiuser detector 
substantially outpcrforms the niulti-stage and 
decorrelating detectors. 

I n  the above simulations. we have ;issunied that the 
dark current intensity is known. To investigate the 
robustness of the above receivers, we have ev;iluated 
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Fig. 5. hit error probnhilig sf user eiie VP~OIS intcnrity fur EM- 
Multiuser defector in mn CYSCS: b iuwn drrk-current and 
u n b w n  dark-current, where F=IOU, w-3, and M=X, 

the perfomlance of the detectors when the dark cunent 
intensity is not known and must be estimated. Fig. 5 
illustmtes the perforin;incc of tile prnposed detectnrs 
for two cases, namely knoum and unknown dark 
current intensity. respectively. As expected. the 
perfonnance f r s  the ahove two cases are almost the 
same. 

V. CONCLUSION 
In this paper, we have introduced several multiuser 

detectors for an optical CDMA syslcn~ based on EM- 
algorithm These detectors have hvo stqes in which at 
soft stage a sofl estimation of the interference is 
obtained by solving an unconstrained likelihood 
function throush EM algorithm. Then, at hard stage by 
solving a nile-dimensional conssained Boolean 
likelihood function conditioned on knouing the 
interference, the input bit is detected. 

The derived detectors have a v e g  low 
computational complexity and 3re robust against the 
channel parameters variations. Our simulation results 
have shown that the proposed detectors substantially 
outperforin the conventional, nlultistage. and 
decorrelating tletcctors in the cases considered. 
Morcovcr. tile numerical resulfs have indicated that at 
the soli stage, only a few iterations are required for the 
EM algorithm convergence. 

AI'PLNDIX A 
Liprpectation romputution 

In this appendix, we derive the eqiiation (12). First, 
the probahility density fiiiictioii (pdf) nf jy, 
conditioned on I; and biil is coinputcd. From Baye's 
limiula, we liiive 
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By denoting the intensity at thejth chip position 21s 

and the intensity ofdesircd user. uscr i; as 
I ;; = c j ; p L ,  + A;' , (A.3) 

it can be easily shown that 

. .  

By substihaing these equations in (A. I ) ,  we obtain 

u4we p=I,,/l,. Thus. K,, conditioned on?.; and h'*' has a 
binomial distrihution with parameter p. As a result. the 
expectation of"$, coiiditioned on!; and b I k l  is as 

E[. + ',,I. .. 1,. ,., h'*'] = mz i' W.8) 
and then (12) is derived. 
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