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Abstract—Direct-detection optical code-division mul-
tiple access (CDMA) systems employing overlapping
pulse-position modulation (OPPM) schemes are pro-
posed. A union upper bound on the bit error raie is
derived taking into account the effect of both multiple-
user interference and receiver shot noise. The photodi-
odes’ dark currents are neglected in order to have some
insights on the problem. Performance characteristics are
then compared to the traditional on off keying (OOK)
and pulse-position modulation (PPM) schemes. It is
shown that under the constraints of both throughput and
chip time, OPPM system superperforms both traditional
systems.

Index Terms—Optical CDMA, code division multiple
access, on-off keying, pulse-position modulation, overlap-
ping pulse-position modulation, direct detection optical
channel, spread spectrum.

I. INTRODUCTION

In the recent few years, an increasing interest has been
given to the design and analysis of optical communication
networks. This results from the enormous development of
data communication networks all over the world and the im-
pressive amount of data to be transmitted over these net-
works. Indeed in order to support image-based and multi-
media applications, local and wide area networks must be
able to endow data at rates of hundreds of megabits/second
to desktops. Current monotonous networks will not accom-
modate such a large amount of data in the future. However,
contemporary technology in optical fiber networks makes it
possible to endow immense amount of transmission capacity
economically.

In optical data communication networks, multiple ac-
cess may be implemented by many methods such as
time-division multiple-access (TDMA), wavelength-division
multiple-access (WDMA), code-division multiple-access
(CDMA), etc. CDMA has several advantages over other
techniques. Namely, unnecessary time synchronization and
frequency management, simple communication protocols,
complete utilization of the entire time-frequency domain by
each subscriber, fiexibility in network design, and security
against interception. One limitation, however, of binary
CDMA is that it has less capacity than TDMA.
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Optical CDMA systems with either binary on-off keying
(OOK) or M-ary pulse-position modulation (PPM) schemes
have been appeared in literature [15]-{8]. In [3], Dale and
Gagliardi suggested encoding the data symbols using PPM
format and then transmitting an aperiodic signature in place
of the PPM optical pulse. They showed that under fixed
throughput and chip time, there is no advantage in using
PPM in place of OOK. On the other hand, they showed that
PPM is superior to OOK if the average power rather than
the chip time is the constraining factor.

In [5] and [6] we have remarked two main advantages of
PPM-CDMA over OOK-CDMA:

i) Under bit error rate constraint, the maximum number
of simultaneous users can not be increased, in the case
of OOK-CDMA, without increasing the average power.
In the case of PPM-CDMA, however, we can increase
this number by increasing M and preserving the average
power fixed.

il) Even if we increased the average power we might still
not be able to accommodate (simultaneously) all possi-
ble subscribers in the case of OOK. However for PPM
we can accommodate any number of subscribers by in-
creasing M.

Of course these advantages are obtained at the expense
of decreasing the chip time which in turn increases the com-
plexity of the system.

Recently, interest has been given to overlapping-pulse-
position modulation (OPPM) as an alternative signaling for-
mat to the conventional pulse-position modulation in direct-
detection optical channels [9]-[14]. This type of signaling can
be considered as a generalization to PPM signaling, where
overlapping is allowed between pulse positions. The reason to
prefer OPPM over PPM is that the throughput (nats/s) can
be umproved without decreasing the pulsewidth. Moreover,
OPPM retains the advantages of PPM in terms of imple-
mentation simplicity. Indeed the transmitter involves only
time delaying of the optical pulse, and the receiver does not
require knowledge of the signal or noise power.

In this paper we suggest employing OPPM in optical
CDMA channels. Our aim is to tolerate both the through-
put limitation of PPM-CDMA and the capacity limitation
of OOK-CDMA systems.

We also compare between the bit error rate performance
of the suggested scheme with both the traditional on off key-
ing (OOK) and pulse-position modulation (PPM) schemes.
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In our theoretical analysis we consider the effect of both
multiple-user interference and receiver shot noise. In order
to have some insight on the results obtained we assume chip-
synchronous uniformly-distributed relative delays among the
transmitters and perfect photon counting processes at the re-
celvers.

In the numerical analysis, we employ optical orthogo-
nal codes (OOC’s) [15], [16] as the signature code sequences.
To have minimal interference between the users we adopt
OO0C’s with periodic cross-correlations and out-of-phase pe-
riodic auto-correlations that are bounded only by 1.

The remaining of our paper is organized as follows. Sec-
tion II is devoted for the description of our suggested sys-
tem. Section III is devoted for the derivation of the bit error
probability for the aforementioned system. In Section IV we
present some numerical results where we investigate the ef-
fect of some parameters on the performance of the optical
OPPM-CDMA system. Comparisons with other systems are
also presented. Finally, we give our conclusion in Section V.

II. OpTicaL. OPPM-CDMA SySTEM DESGRIPTION
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Fig. 1. An example of OPPM signal formats and their spreading
intervals of a single user with M =7 and y=3. Laser pulses are signaled

at the leading edge of each spreading interval.

A. OPPM S5ignal Formats

In optical OPPM channel, with multiplicity M and in-
dex of overlap v € {1,2,..., M}, the information is conveyed
by the position of a laser pulse of duration 7, called the chip
time, within a time frame of width T". Each laser pulse has
an allowable spreading interval of duration 7, Fig. 1. This

spreading interval will sometimes be called a slot. Fach slot
is subdivided into y smaller subintervals of width 7/ each.
An overlap with depth (1 — %)T is allowed between any two
adjacent spreading intervals. There are M possible positions
within the time frame. A transmitted pulse is said to-be in
position z, z € {0,1,2,..., M — 1}, if it is initiated at time
x L. The corresponding spreading interval starts at the same
instant of the laser pulse and ends 7 s later, Fig. 1. To sim-
plify the analysis we allow cyclic shifts to occur, that is if for
some « 1t happened that a:% + 7 > T, the spreading interval
is wrapped to the beginning of the frame (cf. Symbols 5 and
6, Fig. 1.) The number of disjoint slots within a time frame
is equal to M/vy. The relation between T, v, M, and 7 is
thus

M
.
T = —r, yei{l,2,..., M}.
Y
It is remarkable that PPM is a special case of OPPM when
v =1.
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Fig. 2. An optical OPPM-CDMA system model.

B. Optical OPPM-CDMA System Model

The model for an optical OPPM-CDMA communica-
tion system is shown in Fig. 2 The transmitter is composed
of N simultaneous information sources or users. FEach user
transmits M-ary continuous data symbols. The output sym-
bol of the kth information source modulates the position of
a tall narrow laser pulse, of width 7., to form the OPPM
initial signal. This signal is then passed to the CDMA en-
coder where it is then spread into w shorter laser pulses with
same width T,.. Each encoder has its own signature sequence
(of length L and weight w) which characterizes the kth user.
The output waveform is finally transmitted over the optical
channel.

A traditional way to achieve optical spreading is to use
an optical tapped delay line which is composed of a splitter,
delayers, and a combiner, Fig. 3. Wrapped OPPM-CDMA
signals need special techniques for generation, Fig. 4. An
example of the transmitted signal formats of a single user is
shown in Fig. 5.

At the receiving end, the received optical signal {(com-
posed of the sum of N delayed users’ optical signals) is corre-
lated with the same signature sequence which characterizes
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Fig. 3. An example of an optical CDMA encoder for one source. A
signature code of 110010000 is assumed.
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Fig. 4. An example of optical OPPM and CDMA encoders for a
wrapped signal (Symbol 6 of Fig. 1.) A signature code of 110010000

is assumed.

Fig. 5. An example of the transmitted signal formats of a single
user in an OPPM-CDMA system with M =7, =3, L=9 and w=3. A

signature code of 110010000 is assumed.

the desired user and then converted (using a photodetector)
into an electrical signal which is passed to the OPPM de-

coder to obtain the data. The correlator can also be an opti-
cal tapped delay line, whereas the OPPM decoder is merely
a comparison between the photon counts collected over the
M time slots: the number of the slot with the greatest count
is declared to be the transmitted symbol.

III. BiT ERROR RATE OF THE OPTICAL
OPPM-CDMA SYSTEMS

A. The Decision Rule

Each receiver counts the photons collected in the per-
missible chips (determined by its signature code) of every slot
within the time frame. The number of the slot having the
largest count is declared to be the transmitted symbol. We
denote the photon count collected inslot ¢ € {0,1,..., M—1}
by ¥;. Symbol 7 is thus declared to be the true one if Y; > Y;
for every j # i. Hence, for equiprobable data symbols, the
probability of error can be written as

M~—1 1 M-1
PE)= Y PIE|]PH{D =i} = i PlE],
=0 ) e=0

where D is a random variable that denotes the transmitted
data symbol and

P[E|i] = Pr{Y; > Y}, some j # i|D =i} .

It is obvious, because of the symmetry of the channel, that
the last probability is independent of ;. Whence

P[E] = Pr{Y; > Y5, some j # 0|D =0} . (1)

B. The Probability of Interference

Denote by x4, ¢ € {0,1,..., M — 1}, the number of other
users that cause interference in slot ¢ with the desired user.
Moreover denote the vector (Ko, &1,...,Kka—1) by név"_l. It
is easy to check that 3! ~' admits a multinomial distribution
with parameters N — 1, p:

(N = 1)t

M-l _ fM-1y _
Pr{) ' =13 }—m

~pN_1_5(l _ Mp)s ’

where p denotes the probability that a single user causes
an interference with the desited user at one pulse posi-
tion, lé"f_1 is a realization vector for néw‘l, le., léw“l
(10711, ceey lMﬂl), and

M-1
SEN-1-5 >0,
i=0

The following proposition gives a characterization of the
probability p.
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Proposition 1: In a frame-level-synchronous optical
OPPM-CDMA channel employing OOC’s with weight w >
1, length L > w?, and auto- and cross-correlation constraint
A < 1, if p denotes the probability that a single user inter-
feres with the desired user at one pulse position then, for
L/~ = an integer,

w?
P = '}’m 3
where M and 7 denote the pulse position multiplicity and
index of overlap, respectively.

Proof: If the data transmitted by the interfering
user is within a similar slot as that transmitted by the de-
sired user, an interference with probability A“,}—z oceurs on the
average. If the active slot of the interfering user overlaps by
(1- ~)T Wlth that of the desired user, an interference with

probability {5+ (l - *) occurs on the average. Thus

Y .
’ 2]

w? i w?
p Z__X_:V ML( v ) ML =

We now start deriving an upper bound on the probabil-
ity of error given in (1).

PlE] = Pr{Y; > Yy, some j # 0|D = 0}
=Y Pr{Yj > Yy, some j £0|D =0,k " = 1)/}
]
X Pr{fiéw_l :lé%_l}
< Z Pr{Y; > Yy, some j # 0|D = 0,
IM-]
ko = 0, kM1 = M=y pr{eM -1 = M1}

We further use a union bound, taking into account that the
out-of-phase autocorrelation is bounded by one and that at
most vy — 1 hits may occur in other slots due to code pulses
in one slot of the desired user.

Pr{Y; > Yp, some j £ 0|D = 0,50 = 0, M1 = (M~1}

<M — 7)) Pr{Y1 2 Yo|D = 0,60 = 0,51 = 1,11 = 0}
y—1
+ ) Pr{Y; > Yo|D =050 =0,k = 1}
j=1
S (M—’)/)PI‘{Yl Z YolD:O,KO ZO,I{l 211,1/1 :0}

+(y=1gPr{Y1 > Y|D=0,k0 = 0,61 =l1,v1 = 1}

+r—-1D(1—9q)
x Pr{Yl ZYO|D:07'€0:07K}1 :llaljl :0} 3

where 11 € {0, 1} denotes the number of pulses that cause a
hit in slot 1 due to the signature code pulses sent in slot 0
and ¢ = Pr{i; = 1}. Assuming uniformly distributed marks
in the code sequences, we have ¢ = —u—)%vfl—l—) Whence

O[] < Z{(M )P
!

T

—1
+ (7 ]

Pl) Pl'{ifl — l} (2)
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where
N -1
Pr{f@l :l}: ( . >pl(1__p)N—1—l ’ (3)
= Pr{Y1 >YolD=0,60 =0,k =L, =0}
Z -Ql (Ql)yl i e~ Qu (Qw)yo (4)
0 yit —0 vo!
= Yo=
and

Po=Pr{"1 >V D=0,k0=0,61 =Ly =1}
_ 3 oun @D

yr!

> e80T )

Yo!

y1=0 yo=0

Here @) denotes the average number of photons per trans-
mitted pulse. Finally the bit error rate, P;, can be obtained

from the relation Py = }{‘[{%P[E]

IV. NUMERICAL RESULTS
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Fig. 6. A comparison between the bit error rates of optical OOK-
and OPPM-CDMA receivers (with M =16 and different values of v
for OPPM) under the constraints of fixed throughput, chip time, and

number of users.

In our numerical evaluations we assume that the rate of
data transmission (throughput Ry) and pulsewidth, 7., are
both held fixed. Thus the product

def v log M log M

Ry = RyeT, = L nats/chip

1s also fixed. Here the natural number e is taken as the basis
of the “log” function.
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Fig. 7. A comparison between the bit error rates of optical OOK-
and OPPM-CDMA receivers (with M =32 and different values of ~
for OPPM) under the constraints of fixed throughput, chip time, and

number of users.

We now examine the performance of the above system
under a constraint on the average power (or energy per infor-
mation nat). Let p denote the number of transmitted pho-
tons per nat, @ in (4) and (5) is now equal to @ = Hﬁ’fy—
Figs. 6 and 7 show the bit error rate versus the average
photons per nat for a fixed values of users and throughput-
pulsewidth product. Different values of M and v are assumed
in both figures. The code length is chosen to satisfy the con-
straint on throughput. Maximum code weight is chosen so
as to satisfy the constraint [16}:

L-1
—wlw-—1)"

The performance of OOK-CDMA is also superimposed on
the same figures. The analysis of such a system can be found
in [6] with slight modifications.

As seen from the figures, when v increases, the system
performance improves significantly. As an example, for a sys-
tem with a 100 users, a 107* throughput-pulsewidth prod-
uct, a 32 pulse-position multiplicity, and signal energy of 65
photons/nat, the bit error rates equal 5.62 x 10=* for OOK-
CDMA, 2.24x 107> for PPM-CDMA, 1.24x 1073 for OPPM-
CDMA with v = 4, and 1.73 x 107! for OPPM-CDMA with
v = 16.

IV. ConcLusioN

Direct-detection optical CDMA systems with OPPM
schemes have been studied. We considered optical orthog-
onal codes, with cross-correlations bounded by one, as the
signature code sequences in our system. The Poisson shot
noise model has been assumed for the receiver photodetec-
tor. The multiple-user interference has been accounted for
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in estimating the bit error rate. In our numerical evalua-
tion we derived a union upper bound on the probability of
error to simplify the calculations. We have evaluated the
performance under the restriction of fixed throughput rate
and chip time. We extract the following concluding remarks.
1) OPPM-CDMA system superperforms both OOK- and
PPM-CDMA systems in terms of bit error rate.
ii) OPPM-CDMA system overcomes both the throughput
limitation of PPM-CDMA system and the capacity lim-
itation of OOK-CDMA system.
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