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Cochannel Interference Reduction
In Optical PPM-CDMA Systems
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Abstract—A multiple-user interference reduction technique The process of interference cancellation or reduction is not
is proposed for optical code-division multiple-access (CDMA) an easy task in general because it involves estimations of
systems. Data symbols from each user are encoded USING gj515 symbols for each subscriber. This obviously increases

pulse-position modulation (PPM) scheme before multiplexing. ) . .
Modified prime sequences are adopted as the signature codes int€ complexity of the receiver as the number of subscribers

the multiplexing process. An interesting property of this code increases. Modified prime codes have an interesting property
is the uniformity of the cross correlation among its sequences. where the entire set of codes can be divided into groups. The
This property is the main key in constructing the multiple-access ysers within one group are completely orthogonal whereas
interference canceler. In addition to its simplicity, this canceler any two users from two different groups are not orthogonal.

offers a great improvement in the error probability as compared . - . . . ;
to the system without cancellation. A simple modification to this N this paper we utilize this property in developing a simple

canceler that enhances its performance is proposed as well. interference canceler.

Index Terms—Cochannel interference reduction, code division To further improve the performance of the CDMA_system,
multiple access, direct-detection optical channel, optical CDMA, the data symbols are encoded using a pulse-position modu-
pulse-position modulation, spread spectrum. lation (PPM) scheme before multiplexing. We have studied

extensively the performance of optical PPM-CDMA systems
| INTRODUCTION without cancell_ation in [3]. qu main advantages of PPM-
' CDMA over binary on—off keying CDMA (OOK-CDMA)
HERE IS AN increasing interest in utilizing code-divisionsystems have been recited. Namely, under bit-error rate (BER)
multiple-access (CDMA) techniques in fiber-optic loconstraint, the maximum number of simultaneous users can not
cal area networks (LAN's) [1]-[16]. This is because of thge increased in the case of OOK-CDMA without increasing
wide bandwidth offered by the optical components. Botihe average power. In the case of PPM-CDMA, however, we
synchronous [1]-[6] and asynchronous [7]-{16] techniquegn increase this number by increasing the pulse-position mul-
have been studied in literature. Synchronous optical CDM#ylicity A7 and preserving the average power fixed. Moreover,
has some advantages over asynchronous CDMA [2]. Namelywe increased the average power, we still may not be able
both the possible number of subscribers and the numbertgfaccommodate all of the subscribers in the case of OOK.
simultaneous users (that can be accommodated for a giy@swever, for PPM we can accommodate any number of users
probability of error) are greater in the case of synchronogs increasingV/. Of course, increasing the system complexity
CDMA. Synchronization subsystems, however, are mandatqgythe price to be paid in order to gain these advantages. In
for the synchronous system. Thus, in high-data-rate apgij we have developed three types of interference cancellation
cations where synchronization can be achieved easily, e@n OOK-CDMA systems under the restriction of using ideal
LAN’s, synchronous optical CDMA stands as an attraCtiVShotodetectors.
candidate. In this paper we suggest simple direct-detection optical

Degradation in the performance of optical CDMA system®pp-CDMA systems with interference cancellation. We em-
even for ideal ones, is essentially due to the multiple-accgsgy the modified prime sequences as our signature codes. The
interference. This type of interference results from the incorpryisson effects of the photodetection process is considered in
plete orthogonality of the used signature codes. If the receiygs, analysis. Comparisons between systems with and without
is able to extract an estimate for this interference, it can canggerference cancellation are examined as well. From the
or reduce its effect and performance improvement can Pfnlementation point of view, the complexity of our canceler
achieved. is only sublinear in the maximum number of subscribers.

Namely, the complexity of the system is proportional to the
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upper bound on the probability of error for this canceler = T'/M. Symboli € {0, 1, ---, M — 1} is represented

is developed in this section as well. Numerical results afy signaling a single laser pulse of widifh = 7/p? at the
performance comparisons are demonstrated in Section IV.leéading edge of slot. This pulse is further spread ingolaser
simple modification to the above canceler is introduced pulses;p is a prime number. The spreading process could be
Section V. Finally, our conclusions and findings are giveperformed with the aid of a splitter, a tapped delay line, and a
in Section VI. combiner. The width of each of the resulting pulses is diso

The relative positions of these pulses are determined according
to the corresponding signature code. Thus, the underlined slot
contains a sequence of optical pulses representing the code,
and all other slots contain nothing.

We start by recalling some of the properties of the modified Let D, be a vector of length\/ representing the data
prime sequences. The interested reader may refer to [2] fmbol for usern. If user n wishes to send symbal €
further details. Let a prime numberbe given. There arg? {0, 1, ---, M — 1}, then each entry irD, will be equal
modified prime sequences that can be generated. Each ci®igero, except theth entry will be equal to one. That is,
sequence has a weight equalgt@nd a lengthp?. The codes Dn,i = 1 and Dy, ; = 0 for everyj # 7. As explained in
are divided intop groups; each group consists pfdifferent [3], receiver 1 correlates the compound received sequences of
codes. The cross correlatiof’(,,,) between coden and code laser pulses, in each slot, with the corresponding signature

Il. OpTICAL PPM-CDMA WITHOUT
INTERFERENCE CANCELLATION

n is given by code. This results in the collection o¥/ photon counts.
) We denote byY; ; the photon count collected over slot

Db, ifm=n for every i € {0,1,---, M — 1}. Moreover, we denote

Crnn = {0’ if m andn share the same groupamdz n - py the vectorY, the collection of the random variables
1, if m andn are from different groups. L (Y0, Yi1, -+, Y1 a—1) over all slots. Thus{Y; ;}225* are

Since we have at most® sequences, the total number 0]Lndependent Poisson random variables afidis a Poisson

subscribers is thus equal 8. Out of this number we assumerandom vector. We denote the mean of this random vector by

that there aréV active (simultaneous) users and the remainint e vectorZ;. Whence

p? — N users are assumed idle. Each active user is assigned °

a code sequence randomly with a ur_m‘orm distribution. This 7, = QpDy +Q Z Cin Do
sequence is called the address, or signature, of the user. We oy

define a random variablg,, » € {1, 2, - -+, p?} as follows:

where(@ denotes the average received photon count per pulse.

Yn = { 1, ?f usern ?S active The last term in the above equation is due to the interference
0,  ifusernis idle. and will be represented by the random vectofThus
Thus
. Z, =QpD: + @k
p
Z Yo =N where, according to (1)
n=1

We assume for simplicity that user one is the desired user dof v
(v = 1). Let the random variablé’ represent the number of h= Z Dy
active users in the first group n=ptl

dor & In the subsequent analysis we assume equally likely data
r= Z YTn- (2) symbols. Thus, gived’ = ¢, it is easy to check thak is
n=1 a multinomial random vector with probability
It is easy to check that the probability distribution of this 1 (N — 1!

random variable, given that user 1 is active, can be written as  p,,.(ly, -+, lyy_1|t) = VLR AT P (4)
T todbre i1

2
p =p\(p—1
<N—t> <t— 1) where "Mt = N —¢
PT(t): 1=0 k3 .

-1 ’
<N - 1) A. The Decision Rule
t € {tmin; tmin+ 1, -+ tmax}  (3) We employ the following decision rule. Symbiols declared
to be the correct one ¥y, ; > Y; ; for everyj # i. The

where i )
probability of bit error can, thus, be lower bounded as follows:
tmin def max{N +p — p*, 1} timax def min{N, p}. ,
M max
- - i i i Pp=——— Pt Pr(t
In AM-ary PPM-CDMA signaling format [3], a time frame of b= S 1) t; 1 Pr(t)

duration?’ is divided into/ disjointslots, each having a width
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Fig. 1. Direct-detection optical PPM-CDMA system model with interference cancellation.

where
M-1

PL=) Pr{Y1; > Yy, somej #iT =t Dy ; =1}
=0
M PI‘{DLZ‘ = 1}

IPI‘{YLJ > Yijo, Somej 7& 0|T =1, Dl,O = 1}
>Pr{Yy 1 > Y1 o[ =t D1,0=1}

:Z P"@lT(1|t) Pr{Yi,l 2 Yl,O|T - t, R = 17 Dl,O = 1}
1

wherel denotes the vectaiy, /i, ---, {p—1) and

Pr{Yi1.>2Yi 0T =t, s =1D; 9=1}

= i QU @y i e~ Qo) M'
!

!
y1=0 Yo=0 Yo

It is obvious thatP} decreases a€ increases. Taking the

limit as @ — oo, we obtain the following lower bound:
N—t N—t—l
N—-t) 1 1 .
T > _ =
ez > (") (- 5)
=
min{l; —p—1, N—t—14
{ ”21: =hi <N—t—ll> 1
_ {
1p=0 lo (M 1) !
1 N—t—lg—11 (N—t+p)/2
-<1—M_1> +0.5 Z
lLi=p
N-t) 1 (1 Nty ey
I Mh M li—p

N—t—2l1+p
1 1 1 (5)
(M —1)b—» M-1)"

IIl. I NTERFERENCEREDUCTION IN PPM-CDMA

To understand the basic idea of our interference canceler,
we notice that the mean vectof&,, }© _, for the photon count
vectors {Y,, }* _, collected by the users sharing the same
group with user 1 are given by

Z, = QpDy, v, + Qr.

That is, the average photon counts due to the interfererace
the same for all users in one group. This suggests constructing
the vectorY; as follows:

- 1 P

Yi=Y, —-— Y.. (6)

p- 1 n=2
The block diagram of this canceler is shown in Fig. 1, where
in this case the decision rule for user 1 is processed aided with
the entries ofY; rather thanY;. Of course, we assume that
all of the signature codes of the same-group users are known
to each other.
We define the random vectd as

X &t EP: D, .

n=2

GivenT =t, it is easy to check thaX is again a multinomial
random vector with probability

1 (t—1)!

M1~

Px|p(xo, -+, xp—1lt) = (7)

370!371!---.’17]\4_1!

whereS" ! z; = t—1. Moreover, define the random vector
R, as
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Given s 1 and X = x, it is obvious thatR; is an
independent Poisson random vector with mean vector

b
=3 Z,=QpX+Q(p- ).

n=2
Y, in (6) can now be written as

R,

Y, =Y, - )
1 1 p—l

A. The Decision Rule

Similar to the case without cancellation, we adopt the
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value. Performing the expectation yields

log ¢(t, 1, x) < log(M — 1) — QI (1 — 2)
—Qp+lo)(1 -2
— Q[(p — Do + pzo)][1 — 22/ @]
— Qllp — Dy + pr {1 — »~ B/ =11,

Settingz = 1 + 6, whered > 0, we obtain

9)

Aoy s 0

1—z1>6-6% 1—
p—1
6 p6?

1 /-1l '
7 “p—1 20p-1)2

following decision rule. Symbal is declared to be the correct
one IfY1 >V , for every;j # i. We derive an upper bound Substltutmg in (9) and searching for the tightest (optimum)

on the bit-error probability as follows:

tmax

Py = Z:%H~ 8)
t—tmm
where
M—1 } }
PL= Z Pr{Y1 ; > Y1 i, somej # il =t, Dy ; =1}
1=0
- PI‘{DLZ‘ = 1}

=Pr{¥1,; > V1,0, SOmej # 0T = t, D1, = 1}
=Y Px,r(zo|t) Pr{}1,; 2 Y10,

zg
somej 7£ 0|T =t, Xg=xg, D1 0= 1}
SPXolT( — 1|t Z PX0|T .T0|t
zoF#Ep—1
'Pl‘{f/l,l > 571,0|T =t, Xo =0, D10 =1}
<Py r(p=1[8)+(M—=1) Y~ Pur(Ut) Pxjr(x[t)

1, x:
wg#p—1

Pr{Y1 1>V oT=t, k=1 X=x,D; =1}
<Pxyr(p=1)+ > Puyr(lt)Pxir(x[)¢(, 1, x)
s¥pt
where

Bt L, )= (M - 1)Pr{Yy, 1 2 V10T =t k=1,

X = X, Dl,O = 1}
1 denotes the vectofly, Iy, ---, lp—1) and x denotes the

vector(xo, 1, -+, xp—1). Of course,Px, |7 (p —1]t) = 0 if
t # p. ¢(t, 1, x) can further be upper bounded as

R
<W¢@4M4w{nr S0
-

k=1LX=x,D 9= 1}
< (M . 1)E{Z[YLI_RL1/(p—1)—Y1,0+R1,0/(P—1)1
AT =t,k=1,X=x,D 0=1}

6 yield
P(t, 1, x) < (M —1)e™9%¢
where
£ :0.5|:p+ . e —xo)}
p+ P (21 — x0)
5= p-1

p p '
2[p+lo+2(p—1) <h+p—1xl>}

From the above discussion, the upper estimaté’pmmeduces

to
2.
g, 11,20, @1

rq#Ep—1

Py ey rlo, L) Px,, x, 10 (w0, x1|t) €

We notice that is always positive as long as # p — 1.
Thus, as@Q — o~

P < Py r(aolt) + (M — 1)

“@¢. (10

o {0, if t<p
B Px,r(p—1lp) = = if t=p
Whence if N > p, then
("))
S By < <;];V2_]1)> '2(M-11)Mp—2'
N-1

IV. NUMERICAL RESULTS

Performance comparisons between optical PPM-CDMA
systems with and without cancellation have been evaluated
numerically with the aid of previous sections. For the system
with cancellation, upper bounds on the BER have been
evaluated. For the system without cancellation, however,
lower bounds have been calculated. Moreower,s taken
equal toco in the case of no cancellation. Demonstrations
about these comparisons are given in Figs. 2-5. In Figs. 2
and 3 the BER is plotted versus the average photons per nat
w. This is related toQ by p = Qp/log M. It is obvious

for every z > 1. We remark that the last inequality can bdrom these two figures that the error probability improves
justified by using Chernoff bound arfd denotes the expectedremarkably with cancellation especially for large values of
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Average photons/nat, u Fig. 4. PPM-CDMA BER variations versus the number of simultaneous

users forp = 11 and M = 8. For the system without cancellation, a lower
Fig. 2. A comparison between lower bounds on the BER of PPM-CDMABound is evaluated gt = oo. For the system with cancellation, an upper
systems without cancellation and upper bounds on the BER of PPM-CDM#und is evaluated gt = 500.
systems with cancellation fgg = 7 and N = 40. The lower bounds are
evaluated afx = oo.
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without cancellation for the case of full capacit)¥ (= p?). For the system
without cancellation, a lower bound is evaluateduat= co. For the system

Fig. 3. A comparison between lower bounds on the BER of PPM-CDMWIth cancellation, an upper bound is evaluatediat 500.
systems without cancellation and upper bounds on the BER of PPM-CDMA

systems with cancellation fgr = 11 and N = 100. The lower bounds are . . .
evaluated at — oo. Furthermore, with cancellation, the performance improves as

p increases so that an arbitrary small error probability can be

. In Fig. 4 we plot the BER versugv. It is clear that, achieved withp large enough.

without cancellation, the system becomes not reliablévas

increases. With cancellation, however, reliability is preserved V- MORE INTERFERENCEREDUCTION IN PPM-CDMA

as long as: and/orM are large enough. Fig. 5 compares the In the previous canceler (called canceler 1 here) a linear
performance for the case of full logddv = p?). This is plotted combination of some users has been subtracted from the
versus the prime number. Again, significant improvement desired user in a way so asasymptoticallycancel the effect
appears with cancellation, making the system even reliable fifrthe interfering vector. This leads to the appearance of a
the full-capacity case. Conversely, with no cancellation, omew interfering vectoX, which affects conversely te. This

can not reach the full load and retain reliable transmissiovector, howeverpvercancelsx, and to reduce its effect we

Average photons/nat, u



804 IEEE TRANSACTIONS ON COMMUNICATIONS, VOL. 46, NO. 6, JUNE 1998

introduce a scalaf < 1 in (6) as follows:

/3 r g &g-—-‘* """ Boo—eem e eyt Ao -2
Y =Y - p—— 1 2:22 Y. (11) 1.E-05 E < S A ts Nt
Optimization overs in a way so as to enhance the cancellation 2 :
effect is then needed. To simplify the analysis in this section = | ¢
we assume perfect optical-to-electric conversion. That is, we = p M=32
assumeY, = Z,, n € {1,2,---, p?}. Of course, our 38
assumption becomes true 5 — oo. Equation (11) thus & - i
reduces to g
- pﬁ *Q,::) E N=pl,u=w
Yl = Qle - Q p— 1 X + Q(l - /j)ﬁ . é —--—- without cancellation
LE-23 § ————with canccllation
We also employ here the same decision rule as canceler 1. nh "a‘_ ®
Thus, the BER is as given in (8) but with i cancefaion @)
M1 - . 1529 F . . \ A . . X
PL = Z Pr{Y, , > Y1 ;, somej #i|T =t, Dy ; =1} 2 4 6 8 10 12 14 16 8
=0 Prime number, p
-Pr{D; ;=1
r~{ L - } Fig. 6. A comparison of the performance of PPM-CDMA systems with and
=Pr{Y7 ; > Y1 o, somej #0[T =¢, D1 o =1} without cancellation (cancelers 1 and 2) for the case of full capadity=(p2)
3 and p¢ = oo.
=Pr{pp%1 (Xo — X;) + (1= A)(s; — o) 2 p,
40 12) which is consistent to our previous result in Section 11l with
somey Oth}. 1 Q — oo and
Here three cases may arise. <P2 _P)
Case 1-+< p — 1: In this case we have N-p 1
= b canceler 2 — . Prx,; >
> | ler 2 21\ 2(M = M2 {k;j = Ko+Dp
E(XO—XJ)‘F(l—ﬁ)("%—"EO) N-1
3 somej # 0|7 = p}.
< Py ra-pw-n e
p _/3 This can be upper bounded as
P
< E(p—2)+(1—/3)p(p—1)- <p2 —p)
N—p
o . . - 1 N —
The expression in the right-hand side can be set less ghan P, |canceler2 < ]\27 b M2 Z < l p)
if we choose <p - 1) 2 li—p 1
PP —3p+2 N-l .
/3 > pr — 3p T 3 1 1 N—p—t; min{li—p, N—p—I:}
i 2 2 i ¢ MU <1 B M)
Hence, choosing = (p*—1)/p*, for example, yields’, = 0. 1o=0
Also, if we choose3 = 1 (canceler 1), we get same result. N-p—-1 1
Case 2—+=pand Xy, < p—2: This case is similar to ’ lo _(M — 1)
Case 1 and we gefy ., ., , = 0. 1\ N-p—lo—t
Case 3—+=pand Xy, = p — 1 Inthis case (12) reduces to . <1 -5 1) )

P£|X0:P—l = PI‘{(]_ - [3)(53] — Iio) 2 p(]_ _ [3)7

. The above results have been evaluated numerically and the
somej # 0|7 =p}.  BER's have been plotted in Fig. 6. It is clear from this

If 3 =1 (canceler 1), thenP?, — 1. On the other figure that canceler 2 performs better than canceler 1. For

|Xo=p—1

hand, if 8 = (p? — 1)/p® (canceler 2), then smalll va}lges of M, the improvement over .canceler lis
not significant. However, this improvement increasesMas
Phix,=p_1 = Prir; — ro = p, somej # 0|T" = p}. increases.

Combining the above results yields
VI. CONCLUSION

2 _
<]J)V _ p) 1 Two different interference cancellation techniques have been
Pylcanceler1 = —— b/ . = proposed for synchronous optical PPM-CDMA communica-
<p - 1) 2(M - 1M tion systems. Both techniques utilize the grouping property of
N -1

the modified prime sequence codes. Since the signature codes
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of the same-group users are orthogonal, the desired subscribgr D. zaccarin and M. Kavehrad, “Performance evaluation of optical
collects photodetector outputs from those users and subtracts CDMA systems using noncoherent detection and bipolar codgs,”

Lightwave Technal.vol. 12, pp. 96-105, Jan. 1994.

them from a scaled _VerSion of the received signal. BER’S, fOfo] E L. Walker, “A theoretical analysis of the performance of code
systems with and without cancellation, have been derived and division multiple access communications over multimode optical fiber

compared. Our results demonstrate significant improvement

channels—Part I: Transmission and detectiof5EE J. Select. Areas
Commun. vol. 12, pp. 751-761, May 1994.

in performance when using cancellation. Namely, we hays] g. L. walker, “A theoretical analysis of the performance of code
shown that a prime sequence code always exists so that all division multiple access communications over multimode optical fiber

of the subscribers are able to communicate simultaneously

channels—Part 1l: System performance evaluatioEEE J. Select.
Areas Commun.ol. 12, pp. 976-983, June 1994.

with arbitrary small error probability. Moreover, we havei4] C.-L. Ho and C.-Y. Wu, “Performance analysis of CDMA optical
shown that the complexities of the aforementioned cancellation communication systems with avalanche photodiodek, Lightwave

Technol, vol. 12, pp. 1026-1072, June 1994.

tec,hmques are only sublinear II_’] the mgan_um number Pf useh%] H. M. Kwon, “Optical orthogonal code-division multiple-access sys-
This offers a great advantage in practical implementation. Our tem—Part I: APD noise and thermal noisdEEE Trans. Commun.
systems stand as attractive candidates in very high—data—rﬁ%? vol. 42, pp. 2470-2479, July 1994.

__, “Optical orthogonal code-division multiple-access system—~Part

LAN’s. II: Multibits/sequence-period OOCDMA,IEEE Trans. Communyvol.

(1]

(2]

(3]

(4]

(3]

(6]

(7]

(8]

(9]
(20]

42, pp. 2592-2599, Aug. 1994.
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