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Abstract—A chip-level detector for optical overlap-
ping pulse-position modulation code-division multiple-
access (OPPM-CDMA) communication systems is pro-
posed. The bit error rate of the proposed system is de-
rived and compared to some traditional receivers under
the constraints of fixed data rate and laser pulsewidth.
These traditional receivers include OOK-, PPM-, and
OPPM-CDMA correlators. The throughput limita-
tions of all these receivers are also presented and com-
pared. Our results reveal that a significant improve-
ment in the performance is gained when using the pro-
posed scheme. A throughput limitation of about 7.5
times greater than that of OOK-CDMA correlator is
reported on the average.

I. INTRODUCTION

One of the most serious drawbacks in the area of direct
detection optical CDMA [1]-[4] when compared to optical
TDMA is the throughput limitation of the former. This
restricts full utilization of the vast bandwidth offered by
the optical channel. To come across this stipulation we
have proposed utilizing overlapping pulse-position modu-
lation (OPPM) scheme rather than on-off keying (OOK) in
the transmitter of the optical CDMA system [5]. We have
reported that when using OPPM-CDMA, the throughput
can be increased by a factor 5 above that when using OOK-
CDMA. In [6] we have suggested a new detector (called
chip-level detector) that can be used in place of the corre-
lator at the receiver side. It has been shown that:

i) The performance (in terms of bit error rate) of the
chip-level receiver is better than that of the correlation
receiver and is asymptotically optimal.

i) The complexity of the chip-level receiver is indepen-
dent of the number of users, and therefore the system
is much more practical than the optimum receiver.

In this paper we propose applying both the afore-
mentioned techniques in optical CDMA systems. Namely
at the transmitter side we adopt OPPM-CDMA scheme,
whereas at the receiver end we use a chip-level detector.

In our analysis we employ optical orthogonal codes
(OOCs) as the signature code sequences [1]. In order to en-
sure minimal interference among the users we choose OOCs
with periodic cross-correlations and out-of-phase periodic
auto-correlations that are bounded by 1 only.

The remaining of this paper is organized as follows.
Section II is devoted for the description of the optical
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OPPM-CDMA system. The proposed chip-level receiver
for OPPM-CDMA is presented in Section III. The theo-
retical analysis for this receiver is given in Section IV. In
Section V we demonstrate some of our numerical calcula-
tions, where we compare the performance of the proposed
system with other optical direct-detection CDMA systems.
Our conclusion in given in Section VI.

II. OpTicaL OPPM-CDMA sYSTEM TRANSMITTER

The OPPM-CDMA communication system transmit-
ter is composed of N simultaneous sources of informa-
tion (users). Each user produces continuous data sym-
bols. We assume that the symbols can takes values in the
set {0,1,...,M —1}. The data of each user modulates a
laser source using OPPM scheme. Each modulated signal
is then permitted to be spread over a spreading interval of
width 7. An overlap with depth (1—%)7’, ve{1,2---,M},
is allowed between any two adjacent spreading intervals.
Here -y is called the index of overlap. The spreading sig-
nature code sequence is assumed to have a length L and a
weight w. If wrapped signals are allowed, then the OPPM
time frame T is given by

T="r="="IT,,
vy

where T is the pulsewidth (chip time.) For the spreading
sequence to fit properly within the spreading interval, %/’-
must be an integer. An example of the transmitted signal
formats of a single user is shown in Fig. 1.

— M=Ty=3
A L=9,w=3

Fig. 1. An example of the transmitted signal formats of a single
user in an OPPM-CDMA system with M=7, y=3, L=9 and w=3. A
signature code of 110010000 is assumed.



III. OPTICAI: OPIBM—CDMA CHIP-LEVEL RECEIVER

At the receiving end, the received waveform is com-
posed of the sum of N delayed and attenuated signals from
each user in addition to the photodetector’s dark current
noigse. The block diagram of this receiver is shown in Fig.
2. The photodetected received signal is integrated over
each chip and then sampled at the end of each mark chip
and passed to the decision subsystem to decide on the data.
To make full use of the vast bandwidth available at the op-
tical network, an equivalent all-optical receiver is shown in
Fig. 3, where the received optical signal is optically sam-
pled at the correct mark chips. Fach sampled signal is then
photodetected and integrated over the entire time frame T
and is further electronically sampled by the end of the time
frame. Finally it is passed to the decision subsystem.
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Fig. 2. An optical direct-detection OPPM-CDMA chip-level receiver,
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Fig. 3. An all-optical version of the OPPM-CDMA chip-leve] re-

ceiver.

IV. THEORETICAL ANALYSIS

A. Bit Error Probability
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Let Vi, 2 € & = {1,2,...,w}, j € M =
{0,1,...,M — 1}, be the photon count collected from chip
number ¢ of the mark positions of slot number j. Y;; is a
compound Poisson random variable. Let x;5,71 € X, j € M
be the number of pulses that cause interference to chip 3.
of slot j. Further let the vector (k1j,K2j,. .. ,#:;)7 be de-
noted by n; Assuming frame-level synchronization among
the transmitters, it is easy to check that &% is a multinomial

. w1
random vector with parameters 7% and N — 1:

(N —-1)!

Pr{x} =l}} = Tl Liflsgg!

<) )
where
o= (la,lagy. o lig)"
and v
[
sp=N-1-=3 I, iEX, jeM.
n=1

The Decision Rule: Symbol “m” is declared to be .
transmitted if there exists m € M such that

(Vie X)
(VieM, j#m)

Yi 21
Yi; =0, somei €& .

and

Otherwise an incorrect decision is declared.

‘We now provide an upper bound on fhe probability of
word error Pg. The bit error rate P, is related to Py by
the well known formula P, = %PE. i :

M-1

3" PE|Pr{j}

=0

Py =

where Pr{j} = 1/M in the case of equally likely data. It
is easy to check that P[E|j] is independent of j, Whence

Pg = P|E|0]
=Pr{Yio=0, some i€ X
or V;; > 1Vi € X, somej % 0]0}
< Pr{Y; = 0, some i € X|0}
+Pr{Y;; > 1Vie X, some j # 0/0} .

"The first probability is evaluated as follows:
Pr{Y;o =0, some i € X|0}

= _i(—l)i (w) Pr{Y1,0=Yz0=...=Yip=0[0}.

; 1
=1



The probabilities under the summation can be evaluated
as

Pr{Yi0=Yz0 = ... =Y; = 0/0}
=ZP1’{Y1'0 =‘Y2,o= el = ,;0=0]0,K76 =la}

5

x Pr{x} = I3}

i
= ZPT{H% = 6} H Pr{on = OIO, Kjo = l]'o}
i j=1

= Z Pr{s} = 1§} H exp[—

7=1

Q1 + Ljo)]

= exp-Qi] - Bexp [-Q Z 0]
J=1
N-1
= 1@ LemQt
[1 M L + z ] e .
Here @ denotes the average photons per chip pulse.
Whence

Pr{Y;o = 0, some i € X|0}

-3 1)1( )[l"ML+’_ o e,

i=1
We now proceed to find an upper bound on the second
probability:
Pr{Y;; > 1Vie X, some j # 00}
C M-1
< Y Pr{Y;; >1Vie X[0}
=1
=(M - 7)Pr{Y;1 >1 Vi€ X|0,1 =0}

+ZPr{ . > 1Vie x|o},
i=1
where, for any j € {1,2,---,M — 1}, v; € {0,1} denotes
the number of pulses that cause a hit (self-interference) in
slot 7 due to the signature code pulses sent in slot 0 by the
desired user. The first term in the right hand side of the
last inequality is due to the M —1—(y—1) slots that do not
have self-interference with slot 0, i.e., v; = 0 with proba-
bility 1 for these slots. The second term, however, is due
to the remaining v — 1 slots. These slots interfere with slot
0 at a positive probability, i.e., Pr{v; = 1} > 0. Assum-
ing uniformly distributed marks in the code sequences it is
easy to see that Pr{in =1} = "‘—"%—”_—__T]—l Denote Pr{v; = 1}
by ¢, hence
Pr{Y;; 2 1 Vi e X, some j # 0/0}
< (M—‘Y)PI‘{YH >1Vie Xlo,lll =0}
+ (1 -—q)('y—- 1)Pr{Y,'1 >1Vie XlO,ul =0}
+q(vy—1)Pr{Yiy 2 1Vie X|0,1, =1}
S(M—’)’)PI‘{K,“Z].V’I:GX} ]
+ (1 —g)(y—1)Pr{sa 21Vie X}
+ag(y—-1D)Pr{ka >1Vie X"},
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where the last inequality is justified due to the fact that
given a “0” was sent, if x;; = 0 and vy = 0 then Y;; should
be zero as well. Moreover, if 11 = 1 than k;1 > 1 with
probability one for some ig € X. Here ¥~ = X —{ig}. We
proceed by estimating the last probabilities:
Pr{rsil >1Vie X}

=1 —Pr{nil =0, some i € X'}

_1+Z 1)’( )Pr{ml—fcm— .= K =0}

_1+z 1)’( )( —zm)N_l.

2=1
PI‘{K‘.ﬂ >1Vie X_} —Pr{ml >1Vie X}

- g(—l)"(w N 1) (1- z%)m

F e [(7)-(D)0 -
w—1

The required upper bound can now be written as

P gM—1+f:(—1)‘(‘z,”) (1 "ML)N !
i=1

o
() asg  e)ee

i=1

B. Users-Throughput Product

One important parameter of performance evaluation
in practice is the channel throughput. In OPPM-CDMA,
the throughput (in nats/s) for each user can be obtained
by

def log M

Ry _YlogM  ~logM
T="T T M7

T MLT,
The throughput-pulsewidth product (in nats/chip) is thus:

nats/s .

~vlog M
ML

Ro ™ RrT, = nats/chip .



In [5] we have defined the users-throughput product (de-
noted by NR) as the product of the number of users times
Ro!

vlog M
ML

It has been shown that NRy.x (defined below) is almost a
constant quantity for optical CDMA channels and can be
used as a figure of merit. We define Ro max and NRpyax as
follows:

NRE N.R,=N-

nats/chip .

def
NRumax = max NR,
~eM,L:

*
Pr<e

def
= R
RU,max ’%: 0
Pr<e

where P} = MM_%P;; and Pg = limg—.e Pg:

-t () (-3)

g=1

V. NUMERICAL RESULTS

Ro=2x10°%,
N=100M=16 | oo

1.6+01

1E01

1.E03

1E-05

Bit error probability

1E-07

1809

5 15 25 35 45 55 86

Average photons/nat, b

Fig. 4. A comparison between the bit error rate of both correla-
tion and chip-level receivers for OOK-, PPM-, and OPPM-CDMA
systems.

In our numerical calculations we hold both the rate
of data transmission Ry and pulsewidth T, fixed. We
choose the code length L so as to satisfy the constraint
on throughput-pulsewidth product Ry = Rr - T;. Given
a number of users N we choose the code weight w.to be
the maximum weight that satisfies the code constraint [1]:
N < ﬁ;“:lﬁ Fig. 4 shows the bit error rate for various
modulation schemes versus the average photons per nat
for a fixed number of users (N = 100) and a constraint on
the throughput-pulsewidth product (Rg = 2 X 107%.) The
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Fig. 5. A comparison between the bit error rate of chip-level receivers
for OOK-, PPM-, and OPPM-CDMA systems with different values
of 7. )

relation between the average transmitted photons per chip
pulse @ and the average transmitted photons per nat p is
given by

_ feke2. for OOK,

B { ﬂi’f——M- ;  for OPPM.

From this figure we notice that for moderate and high av-
erage energy OPPM-CDMA chip-level receiver gives the
lowest error rate among all compared receivers. For low av-
erage energy, however, OPPM-CDMA correlation receiver
is the best. A comparison between chip-level receivers with
different values of -y is shown in Fig. 5. For low values of y
the performance of OPPM-CDMA improves as +y decreases
but soon the error rate saturates and the performance im-
proves as v increases. This shows that the larger the value
of «y the smaller the error floor. The floor of OOK-CDMA
is not seen in Fig. 5 since it saturates at a slower rate. It is
obvious that OOK-CDMA floor is less than that.of PPM-
CDMA. However it is not better than OPPM-CDMA as
we can see from next figure. In Fig. 6 we plot the limits
of the error probabilities versus the number of users as the
average energy increases to infinity. Ry is still constrained
as above. This figure demonstrates that even if there is no
constraint on the average energy OPPM-CDMA is still bet-
ter than OOK-CDMA. Moreover since we have shown in
[6] that OOK-CDMA chip-level receiver is asymptotically
(u — o0) optimal, thus OPPM-CDMA chip-level receiver
performs better than OOK-CDMA optimum receiver.

Maximum achievable throughput-pulsewidth and
users-throughput products are plotted in Figs. 7 and 8,
respectively, versus the number of users. Both correla-
tion and chip-level receivers for both OOK- and OPPM-
CDMA systems are considered. It is obvious from the fig-
ures that OPPM-CDMA always gives a better throughput
than OOK-CDMA and the best throughput is achieved
when using OPPM-CDMA chip-level receivers. For small
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Fig. 6. A comparison between the bit error rate of both correlation
and chip-level receivers for OOK- and OPPM-CDMA systems with
unlimited energy and Ro=2x10"%.
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Fig. 7. A comparison between the maximum achievable throughput
of both correlation and chip-level receivers for OOK- and OPPM-
CDMA systems versus the number of users when there is no limit
on the average transmitted energy and the bit error rate does not
exceed 1079,

number of users the throughput limitations of both the cor-
relation and chip-level receivers coincide with each other.
This is because for small number of users the main degra-
dation is due to the shot noise process of the photodetector
rather than the multiple-user interference.

The users-throughput products for all receivers are al-
most constant for most of the time and can still be consid-
ered as a figure of merit. The users-throughput products
for OOK-CDMA chip-level receiver, OPPM-CDMA corre-
lation receiver, and OPPM-CDMA chip-level receiver are
1.4, 5, and 7.5 times greater than that of the OOK-CDMA

correlation receiver, respectively.
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Fig. 8. Same as Fig. 7 but for the maximum achievable users-
throughput products versus the number of users.

VI. CONCLUDING REMARKS

OPPM-CDMA chip-level detector has been proposed
for direct-detection optical CDMA communication sys-
tems. The performance in terms of the bit error rate
and the throughput limitation has been compared to tradi-
tional correlation detectors and previously developed chip-
level detectors. In our derivation of the bit error rate we
have assumed a Poisson shot noise model for the receiver
photodetectors. We can extract the following concluding
remarks.

i) For moderate and high average energy per bit, OPPM-
CDMA chip-level receiver performs much more better
than both OOK- and PPM-CDMA correlation and
chip-level receivers, and better than OPPM-CDMA
correlation receiver.

ii) OPPM-CDMA chip-level receiver has a throughput
limitation that is 7.5 times greater than that of OOK-

CDMA correlation receiver if P, < 10~°.
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