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Abstract—A comparison between the perfor-
mance of traditional optical code-division multiple-
access correlation receivers and that of recently
proposed chip-level receivers is presented. The
performance is measured in terms of both through-
put and efficiency capacities. Signature code corre-
lations bounded by either one or two are employed.
The bit error probabilities for chip-level receivers,
with code correlations bounded by two, are de-
rived. That with code correlations bounded by one
is recited from previous literature. Our results re-
veal that chip-level systems are much more efficient
and their throughput capacities are much higher
than that of traditional correlation systems. Fur-
ther, the throughput capacity of chip-level systems
can be increased by almost a factor of 3.4 when in-
creasing the code-correlation constraint from one
to two.

Index Terms—Optical communications, optical
networks, code division multiple access, optical
CDMA, channel capacity.

I. INTRODUCTION

Optical code-division multiple-access (CDMA)
techniques can be utilized in fiber-optic local area
networks because of the great advantages resulting
from employing high-bandwidth optical components
[1]-[11). When compared to time-division multiple-
access (TDMA), optical CDMA techniques do not re-
quire time synchronization and provides flexibility in
the network design and security against interception.
Optical CDMA systems, on the other hand, suffer from
the multiple-user interference, which degrades their bit
error probabilities and reduces their bit rates as the
number of users increases. Further, they exhibit error
probability floors, which cannot be reduced without
the addition of interference cancellation subsystems

[10].

The traditional method to recover the data at the
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receiving end of an optical CDMA system is to use an
optical correlator followed by a photodetector and a
decision device [2]. To enhance the performance of the
correlation receiver, Salehi and Brackett have added
an optical hardlimiter before the correlator at the re-
ceiver side {2]. Although many authors have adopted
the optical hardlimiters in their systems’ design, the
problem with these devices is that their technology is
not yet mature and their ideal characteristics are very
difficult to be implemented [12]. Fortunately, the re-
cently proposed chip-level receiver [8] does not require
the optical hardlimiters or the correlators in its im-
plementation. So it is much more practical than the
correlation receiver with hardlimiters [11].

One way to come across the throughput (bit rate)
limitation of optical CDMA systems is to use error con-
trol coding [5],[6]. Our goal in this paper is to evaluate
the throughput and efficiency capacities of both op-
tical OOK-CDMA chip-level and correlation systems
when using two different code-correlation constraints,
namely, A € {1,2}. We employ the optical orthogo-
nal codes (OOCs) [1], with periodic cross-correlations
and out-of-phase periodic auto-correlations that are
bounded by either one or two (A € {1,2}), as the users’
signature code sequences in our theoretical analysis.

The remainder of this paper is organized as fol-
lows. The optical OOK-CDMA receiver models are de-
scribed in Section IL. The bit error probabilities for the
optical OOK-CDMA systems, under code correlations
bounded by one, are recited in Section III. Section IV
is devoted for the development of the bit error proba-
bilities of the optical OOK-CDMA chip-level receivers
under code-correlation constraint equal to two. The
effect of both the receiver shot noise and the multiple-
user interference is taken into account in our deriva-
tion. In Section V, we compare between the through-
put and efficiency capacities of OOK-CDMA systems
with different code-correlation constraints. Finally the
conclusion is given in Section VI.
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Fig. 1. An optical OOK-CDMA correlation receiver.
II. OpTicAL OOK-CDMA RECEIVER MODELS

The block diagram for the correlation receiver is
shown in Fig. 1, where T and 7T, denote the bit time
and the chip time durations, respectively. The optical
CDMA correlator usually splits the received optical
signal into a number of branches, which is equal to
the code weight w, and then combines these branches
after properly delaying the split optical pulses in ac-
cordance to the signature code. This splitting process
wastes most of the received optical signal. The elec-
tronic switch in Fig. 1 samples at a rate that is equal
to the data bit rate R, = 1/7'. This rate is much less
than the optical processing rate R, = 1/T.. In fact
R, = R./L, where L is the code length. This is an
advantage of correlation receivers and is very useful in
practice.
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Fig. 2. An optical OOK-CDMA chip-level receiver.

The block diagram for the chip-level receiver is
shown in Fig. 2, where we can see that this receiver
does not require the optical correlator and hence it
does not waste the received optical power as in the
correlation receivers. The information about the sig-
nature code is provided in the electronic switch, which
samples only at the end instants of the mark chips.
The average sampling rate of this electronic switch is
still very low compared to the optical processing rate.
In fact it samples at an average rate of wRp.

I1I. BiT ERROR PROBABILITIES FOR
OOK-CDMA SYSTEMS WITH A =1

The bit error probability for the chip-level receiver
can be found in [8]. It is recited here for convenience

Py = -( (El0] + PE|1]) , 1)

where

P[E|0] = Z( 1)1( )[

P
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and

PlE|] =
- ;(_w(i) ¥ 1—igr+izre

Here N denotes the number of simultaneous users and
() denotes the average photons per chip pulse. It is
related to the average photons/bit p as follows

o

In the limiting case, when Q — 00, the last two prob-
abilities reduce to

Q] N—1(3)

; for chip-level receivers,

(4)

Sfeely

; for correlation receivers.

Py [E|0] =

z( 1)1< )[ QLJNAI and Po|E|1] =0, (5)

respectively. It should be emphasized that the error
probability for the chip-level receiver from [8] was de-
rived under the assumption of a constant threshold
6 = 1 (cf. Fig. 2). This threshold is independent
of the number of users and the average optical power,
which adds to the advantages of chip-level receivers.

IV. BIT ERROR PROBABILITIES FOR
OOK-CDMA SYSTEMS WITH A = 2

A. The Interference Probability

Let pr, t € {1,2}, denote the probability that a
single user interferes with the desired user at t pulse
positions. It was shown in (3] that

2

w

2 = —
D1+ 2p2 oL (6)
In this section, we only study the worst case, which

occurs when p; = 0 in the last equation, and hence

w?
p2=-=.

T (7

That is, if a single user interferes with the desired user,
it will cause interference to exactly two mark positions
of the desired user. The system performance in this
case provides an upper bound to the more general one
with py >0 [3].

We denote by k;,7 € X aof {1,2,...,w}, the num-

ber of pulses (from other users) that interfere to chip



i of the mark positions of the signature code of the
desired user. Further, we denote by n;;, j > i and
i,j € X, the number of users that interfere with both
chips 7 and j of the mark positions of the desired user.
Thus we have the following set of linear equations:

Ki=nig+n3+...+ N
K2 =TNy2 +N93 + ...+ Noy

Ky =Ny +N2w + oo + Nyt » (8)

It is easy to check that the random variables {nij: i>
i and 4,5 € X} admit a multinomial distribution with
parameters N — 1 and p = w/2(w — 1)L. That is

Pr{n1=ll7n2=l2’---,nw 1=, 1}

(N—l)’
(N-l_S)' H Hg i+1 lJ

where, for every i € {1,2,...,w — 1}, n; and
1; denote the vectors (m;ir1,Miit+2,---,Miw)’ and
l; w)T, respectively, and

3_: 5”: (10)

Let Y;, i € X, be the photon count collected from
chip number 7 of the mark positions. In order to sim-
plify the analysis and have some insights on the prob-
lem under consideration, we focus here on the Poisson
shot-noise-limited case only.

@iy ligrasen sy

B. The Decision Rule

If the collected photon count from each mark chip
of the underlying code is positive, “1” is declared, oth-
erwise “0” is declared to be sent. That is
1; fy;>1 Vie X,

Decide { 0; otherwise.

(11)
C. The Error Probability for Chip-Level Receivers

The probability of bit error is thus given by (1)
with

P[E|1) =Pr{Y; =0, some i € X|D =1}

=—;(—1)i(i)

XxPr{Yi =Yy =...=Y, = 0|D = 1}12)

and

P(E|0} = Pr{Y; > 1 Vi € X|D = 0}

=1~Pr{Y; =0, some i € X|D =0}
w w
_1+;(~1) (Z)
X Pr{Y; =Yy =... =Y = 0|D = 0}(13)

Thus, for b € {0,1}, we can evaluate the probabilities
under the last two summations as follows

Pr{Yi=Yo,=...=Y; =0|D =4}
=) Pr{i=Ye=...=Y;=0|
1yeensdi
D:b,K,l :ll,...,l‘&i :l;}
x Pr{ki =1l,...,k =1}

= Z Pr{n1=l1,...,ni=li}

byyensls

x HPr{Y =0|D =b,r; =1;}

=1

Z Pr{Kl = ll,

< TLewl—00b+1,)]

j=1

= exp[—Qbi] - E{ exp [—in: K,j] } . (14)

il

R =1}

Here the second equality holds because the random
variables Yi,...,Y; are independent given Kq,...,kK;,
and F denotes the expected value. To evaluate the
last expectation we make use of (8) and (9). Thus

E{exp[_qgnj]}

=E{exp[*Q(2§ i nr3+i i nrs)]}

r=1s=r+1 r=1s=i4+1
i—1
=|1—1
[ 2 f

—i{w—1)p
N-1

e 29 4 i(w ~ z')pe“Q]

N-1
1pe‘2Q +i(w~ i)pefQ] .(15)

By substitution in (14) and then in both (13) and (12),
we obtain
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Fig. 3. Channel models of the optical OOK-CDMA systems.
(a) Poisson shot-noise-limited case. (b) Noiseless case.

PlE|0] = i(_l)i (Z’) [1 - t(w —1- f%l) P

=0
i—1

N-1
+1 pe~ 2% 4w — i)pe'Q] (16)

and

PlE|1] = —iﬂ:(-l)i (Z’)e-‘?i {1 - l(w ~1- z; 1)p

1
+1

: N-1
pe~ 2@ Li(w— i)pe”Q] ,  (17)

respectively. In the limiting case, when Q — oo, the
last two probabilities reduce to
§—1\1N-1
w—1 )]

P[E)0] = 2(—1)*‘ C") [1 - z’::% (2 -
- and Po[E|1] =0,  (18)

respectively.

Equations (1), (16), and (17) provide the error
probability calculations for chip-level receivers under
a Poisson shot-noise-limited assumption. The corre-
sponding error rates for the correlation receivers with-
out optical hardlimiters are found in [3] but only for
ideal photodetectors, i.e., when @ — oo

V. A CapraciTY COMPARISON

In this section we compare between the through-
put capacities of the OOK-CDMA systems with A &€
{1,2}. We consider both chip-level receivers and cor-
relation receivers.

A. Channel Models
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We assume, in our channel models, that the de-
sired receiver is only interested in the message trans-
mitted by the desired transmitter, i.e., no cooperation
between users is permitted. Thus the multiple-access
channel is reduced to N single-user channels [14], each
is subject to multiple-user interference from the others.
In our evaluation of the channel capacities we calculate
the mutual information I(X AY') between the binary
input X = {0,1} and the binary output ¥ = {0,1},
for equiprobable inputs. Of course this yields lower
bounds to the actual channel capacities but is suited
to most practical coding schemes [13]. The channel
model is shown in Fig. 3(a), which is a binary asym-
metric channel. For sufficiently large values of @, this
channel reduces to the Z-channel shown in Fig. 3(b).

B. Definitions

The channel capacity in nats/channel use, the to-
tal throughput capacity in nats/s, and the efficiency
capacity in nats/photon are defined as

C=I(XAY) nats/cu
NC NC
Cr= T = IT nats/s (19)
Coh = % nats/ph .

It is easy to check that the mutual information func-
tions for the channels of Fig. 8 (in the case of equiprob-
able inputs) are given by

1—e;teg 2
log2 — =545 h(l—:,+co)

(X AY)= —‘—“gﬁLh(T:fg;;;;) ;  Poisson,
log2 — l.‘%ih(_lﬁ) ; ideal,
(20)
where
€0 = P[E|0], e = P[E|1], € = Po[E|0],
(21)

and h(p) is the binary entropy function, given by

k(p) = —plogp— (L ~p)log(l—p) .  (22)

C. Numerical Results

The throughput capacities of both correlation and
chip-level OOK-CDMA systems with A = 1 are shown
in Fig. 4 versus the code length when N =25, w = 4,
and g = 10. In view of the OOC constraint [1]

(L=1)(L—-2)-(L =N\
N e

(23)
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Fig. 4. Throughput capacities versus the code length for both
chip-level and correlation QOK-CDMA systems when N=25, A=
1, and w=4.

the code length should be greater than 1+w(w—1)N =
301 when A = 1. The advantage of chip-level receivers
over that of correlation receiver is obvious from the
figure. The limiting throughput capacity when z — co
for chip-level systems is depicted in the same figure as
well. It can be seen that the increase in the chip-
level system’s capacity is not that significant when p
increases above 10, which demonstrates that chip-level
receivers are very efficient. The maximum throughput
is achieved at the boundary of the feasible region, i.e.,
at minimum L.
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Fig. 5. Efficiency capacities versus the average photons per bit
for both chip-level and correlation OOK-CDMA systems when
N=25, A=1, L=301, and w=4.

The capacity efficiencies are plotted in Fig. 5 for
A = 1 and minimum value of L. For the correlation
receiver the efficiency decreases as the average number
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of photons p increases, whereas there exists an opti-
mum value of u that maximizes the efficiency for the
case of chip-level receiver. This is because we did not
choose an optimum threshold for chip-level receivers,
which makes the system a suboptimum one for very
low values of p. However, when p increases a bit, the
threshold becomes optimum and chip-level receivers
become more efficient. It is also seen from the fig-
ure that for large values of u, the capacities of both
systems coincide and the advantages of the chip level
receivers are lost.
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Fig. 6. Throughput capacities versus the code length for both
chip-level and correlation OOK-CDMA systems when N=25, A=
2, and w=4.

From Fig. 4, it can be noticed that the through-
put can be increased by decreasing L below the bound-
ary of the feasible region. By switching A from 1 to 2,
the possible values of the code length can be increased,
that is, L > 26 for N = 25 and w = 4. The corre-
sponding throughput capacities are plotted in Fig. 6
for u € {10,00}. It is obvious that the optimum val-
ues of the code lengths occur inside the feasible region
and the advantages of chip-level receivers are retained
even for infinite energy. Comparing Fig. 4 to Fig. 6,
we conclude that the capacity of chip-level receivers
increases by a factor of 3.4 when using A = 2 rather
than A = 1.

IV. CONCLUSION

The bit error probability for chip-level receivers,
that are used in recovering optical CDMA signals, has
been derived under code-correlation constraint equal
to two. The effect of both the receiver shot noise
and the multiple-user interference has been taken into



account. Both the throughput capacity and the effi-
ciency of chip-level systems and traditional correlation
systems are derived and evaluated under code correla-
tions bounded by one and two. We have the following
concluding remarks.

i)

(1

2]

3

{4
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Chip-level receivers are very efficient when com-
pared to correlation receivers.

The throughput capacity of chip-level systems
is much higher than that of correlation systems
whenever the optical power is finite.

When the optical power increases without limit
and the code-correlation constraint is equal to
one, the above advantage will be lost.

This advantage, however, is retained (even for in-
finite optical power) if the code-correlation con-
straint is equal to two rather than one.
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