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Abstract—In this paper, a novel prime code, which is hereby
referred to as “double-padded modified prime code,” is introduced
and employed in a synchronous optical code division multiple
access for both spreading and despreading operations. We have
analyzed this system signal-to-noise-ratio penalty as a function
of the number of simultaneous users that is accommodated to
maintain an appropriate value of the bit-error rate. In the analysis,
the coherent binary-phase-shift-keying modulation is used, and at
the receiver, signals are heterodyne detected and processed. In ad-
dition, in the analysis, both the receiver noise and multiple-access
interference are investigated.

Index Terms—Multiple-access interference (MAI), prime code
families, synchronous optical code-division multiple access
(OCDMA).

I. INTRODUCTION

HE HUGE bandwidth and extremely low propagation

loss offered by optical fibers can effectively be exploited
only in a multichannel context, i.e., by grouping several si-
multaneous transmissions on the same physical link. In a net-
work framework, this goal can be achieved through the use
of multiple-access techniques such as code division multiple
access (CDMA), which is, possibly, in connection with coher-
ent transmission schemes. Recently, coherent time-spreading
optical CDMA (OCDMA) (either direct time spreading using
superstructures fiber Bragg grating [1] and arrayed waveguide
grating [2] or spectrally phase coding time spreading using a
spatial lightwave modulator [3]) has drawn a lot of attention
because of its superior performance, as compared with nonco-
herent schemes [1]-[3], even though it is costly to implement.
In addition, a coherent DPSK-OCDMA was experimented in
[4], whereas a 511-optical-code sequence, which is a gold
family sequence, was utilized.

However, the most commonly used modulation format in
OCDMA is ON-OFF keying (OOK) with intensity modulation
and power detection. In a coherent OOK-OCDMA system, the
most severe issues are the coherent signal interferences and
the incoherent multiple-access interference [1]. Moreover, by
changing the number of active users, a dynamic threshold-
level setting is required to maintain a wider power margin in
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a decoder/receiver setup. In addition, the intensity-modulated
incoherent systems (e.g., OOK-OCDMA) are vulnerable in
terms of security, which could easily be broken by a simple
power detection, even without any knowledge of the code [4],
whereas by using 2-D codes with long code length (e.g., time-
wavelength codes), the security can be well improved [5].

The use of CDMA to address a multiplicity of users in a co-
herent optical network has been, in decades, a field of interest,
and the practical feasibility of the spreading and despreading
using a Mach-Zehnder modulator was demonstrated in [6].
The absence of noise leads to an error-free transmission when
the population of interferers is sufficiently small, which is in
contrast with the fact that optical detection is an inherently
random phenomenon that is affected by a shot-noise. The
Gaussian hypothesis on the random variable that represents the
interferers can be reasonable when their numbers are quite high.
However, as discussed in [6], it was shown that an acceptable
number of interferers can be tolerated by the system.

In this paper, we present the analysis of an OCDMA system
using a novel prime code family, namely, double-padded modi-
fied prime code (DPMPC), which enjoys a very flexible number
of sequences and code lengths, as well as low cross correlation
peaks, as compared to the conventional bipolar codes (i.e.,
gold codes) and coherent binary phase-shift keying (BPSK)
modulation. The results include the presence of the shot-noise,
the distribution of the interferers, and the case of periodic cross
correlation of the sequences (synchronous OCDMA).

This paper is organized as follows. Section II presents the
construction of a DPMPC. Section III explains a model of
a coherent OCDMA system. In Section IV, the analysis of
the system is outlined, and afterward, the obtained results are
discussed in Section V. Finally, concluding remarks are given
in Section VI.

II. DPMPC STRUCTURE

In an OCDMA system, each data bit “1” is encoded into a
waveform s(n), where n € {1,2,..., N}, consisting of code
sequences (or signature sequences) of IV chips, which addresses
the destination of that bit. Data bits “0” are not encoded. Each
receiver correlates its own address f(n) with the received signal
s(n). The receiver output r(n) is [7]

N
r(n) =Y s(k)- f(k—n). 0))

k=1
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If the signal arrives at the correct destination, then s(n) =
f(n), and r(n) represents an autocorrelation function; how-
ever, if the signal arrives at an incorrect destination, then
s(n) # f(n), and r(n) represents a cross correlation function.
At the receiver, it is necessary to maximize the autocorre-
lation function and minimize the cross correlation function
in order to optimize the discrimination between the correct
(destination address) and all other interfering signals. This can
be accomplished by selecting a set of “orthogonal” signature
codes.

The prime code can be built from multiplication of the Galois
field GP(P) ={0,1,2,...,4,...,P—1} and then modulo
with P, where P is a prime number. The number of available
sequences is P, and the length of each code is P?. Modified
prime code (MPC) is the time-shifted version of the prime se-
quence code. Time shifting is allowed in an optical synchronous
system, and it has the advantage of increasing the number of
subscribers. Each prime sequence can be a seed to generate
(P — 1) more modified prime sequences. Thus, the available
number of sequences can be extended to P2, with P code
sequences in each P group, whereas the length of each code
is P2, and the weight (the number of ones) is P. Padded MPC
(PMPC) and new MPC (n-MPC) were also introduced in [8]
and [9], respectively.

The proposed optical signature sequence (DPMPC) is gener-
ated through repeating (padding) the following: first, the final
sequence-stream of the MPC sequence itself and, second, the
final sequence-stream of the previous modified prime sequence
(rotating) in the same group. In fact, the padding order can also
be applied vice versa, whereas if the padding order changes
during code generation, the cross correlation value also changes
into undesirable values (increases); therefore, the padding order
has to be followed for the whole code sequences. It is now clear
where the expression “double padded” comes from. As a major
advantage, these two helpful sequences are padded into each
MPC; accordingly, the code length () enlarges by 2P, and
the autocorrelation value (auto — C,,,;,) increases by two, as
compared to the MPC. Furthermore, both N and auto — C,,,,
are also enlarged by P and one, as compared to both n-MPC
and PMPC. Thus, it has a more flexible code length (chip rate)
than gold code families [6] and a better ratio of code length to
weight (number of 1s) than optical orthogonal codes (OOCs)
[10], which are constructed in different methods with good
correlation values [11]; however, normally, OOC is used in
asynchronous OCDMA systems, which makes the number of
available sequences limited, as compared with the sequences
available in synchronous systems.

The above merits imply an increase in chip rate (processing
factor in spreading), which makes the DPMPC more secure
(i.e., less or no interception) and permits the OCDMA system to
operate at a higher bit rate. It allows maintaining a low bit-error
rate (BER) when accommodating more active users, due to the
higher difference between autocorrelation and cross correlation
values of DPMPC, which leads to an enhanced detection. It
is necessary to note that the padded sequences can be not
only the final sequence-stream of MPC but also any stream of
MPC sequences. This is due to the uniqueness of each MPC
sequence-stream, which makes each code matchless against
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TABLE 1
DPMPC SEQUENCES FOR P =5
Codes Modified Prime Codes Se(q}ﬂ(;lrlllc) os
Cog 10000 | 10000 | 10000 | 10000 | 10000 | 10000 [ 01000
Coy 00001 [ 00001 | 00001 | 00001 | 00001 [ 00001 | 10000
C 00010 | 00010 [ 00010 | 00010 | 00010 [ 00010 | 00001
Cos 00100 | 00100 | 00100 | 00100 | 00100 [ 00100 | 00010
Cos 01000 | 01000 | 01000 | 01000 | 01000 [ 01000 | 00100
Cio 10000 | 01000 | 00100 [ 00010 [ 00001 | 00001 | 00010
Cpy 01000 | 00100 [ 00010 | 00001 | 10000 | 10000 | 00001
Cip 00100 | 00010 [ 00001 | 10000 | 01000 [ 01000 | 10000
Ci3 00010 | 00001 | 10000 | 01000 | 00100 [ 00100 | 01000
Cyy 00001 | 10000 [ 01000 | 00100 | @0010 | 00010 | 00100
Cyg 10000 [ 00100 | 00001 | 01000 | 00010 | 00010 [ 01000
Cy 00100 | 00001 | 01000 | 00010 | 10000 [ 10000 | 00010
Cyy 00001 | 01000 [ 00010 | 10000 | 00100 [ 00100 | 10000
Cos 01000 | 00010 | 10000 | 00100 | 00001 [ 00001 | 00100
Cyy 00010 | 10000 [ 00100 | 00001 | 01000 | 01000 [ 00001
Cy 10000 | 00010 | 01000 [ 00001 [ 00100 | 00100 | 00001
Gy 00010 | 01000 | 00001 | 00100 | 10000 [ 10000 | 00100
Cs, 01000 | 00001 | 00100 | 10000 | 00010 [ 00010 | 10000
Cys 00001 | 00100 | 10000 | 00010 | 01000 [ 01000 | 00010
Cay 00100 | 10000 [ 00010 | 01000 | 00001 [ 00001 | 01000
Cyo 10000 [ 00001 | 00010 | 00100 | 01000 | 01000 [ 00100
Cy 00001 | 00010 [ 00100 | 01000 | 10000 [ 10000 | 01000
Cy 00010 | 00100 | 01000 | 10000 | 00001 [ 00001 | 10000
Cy3 00100 | 01000 | 10000 | 00001 | 00010 | 00010 | 00001
Cy 01000 | 10000 [ 00001 | 00010 | 00100 [ 00100 | 00010

each other. This code family has P groups, each of which has
P sequence codes. The length of each code is (P? + 2P), and
the weight is (P + 2). Hence, the total number of available
sequences is P2. Table I shows an example of the DPMPC
for P = 5. Referring to Table I, each code consists of two
parts, i.e., the MPC and group sequence-stream (GSS) parts.
As an example, in code C1g, the MPC part is “10000 01000
00100 00010 00001,” and its GSS part is “00001 00010,” which
includes the last sequence-streams of MPC C' and C'4, which
are in the same group. This is shown as follows:

C1p — 10000 01000 00100 00010 00001  (MPC)
+ 00001 00010 (GSS).

Similarly, the GSS part of C'y; is produced by adding the final
MPC sequence-stream of C1y (00001) to the last MPC part of
C11. Finally, the GSS part is padded to MPC C}; to generate
DPMPC C1;. Since a synchronous OCDMA is considered, the
autocorrelation and cross correlation function C,,,,, for any pair
of codes m and n at synchronous time (7') is given as

P+2, ifm=n
Cmn=4 0, if m#mn, m and n share the same group
1, if m#mn,m and n are from different groups

2)
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9 Auto-Correlation of C41, P=5, D=11010
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Fig. 1. Auto-correlation values of the Cy; DPMPC for a data stream of
“11010” (T is the synchronization time).
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Fig. 2. Cross-correlation values of Cag and C43 (same group) DPMPC for a
data stream of “11010” (T is the synchronization time).

where m, n € {1,2,..., P?}. Figs. 1-3 show the correlation
function C,,,,, for P = 5.

In Fig. 1, the autocorrelation values of Cy; are displayed
at each chip synchronization position. Figs. 2 and 3 clearly
show the cross correlation values of different codes at exactly
synchronized time (7"), which is “0” for the codes in the same
group and “1” for those in different groups. As an example, data
stream “11010” is followed by the code sequences to show how
it works. In Fig. 1, at each synchronous time 7', the system fol-
lows the data at its maximum value (autocorrelation), whereas
in Figs. 2 and 3, it is at its minimum. If either correlation value
or data is “0,” the output is also “0” at each synchronized time
of T since the code and data are multiplied. This code is also
applied to an incoherent OCDMA system in [12].
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Fig. 3. Cross-correlation values of C'34 and Ca3 (different groups) DPMPC
for a data stream of “11010” (7 is the synchronization time).

III. MODEL OF COHERENT OCDMA NETWORK

As areference configuration, we consider a star passive opti-
cal network with Z transmitters and Z receivers that employ the
BPSK modulation scheme, as shown in Fig. 4. Each incoming
bit is encoded by means of a DPMPC sequence, acting as the
address of the destination.

Let z; be the DPMPC sequence identifying the ith receiver
and call “chips” the “1” or “0” symbols forming the DPMPC
sequence. The following rule is applied in the BPSK scheme:
Either x; or T; is transmitted, depending on whether a “1” or a
“0” information bit is to be sent, where T; is derived from z; by
inverting each chip in the sequence.

The signals from all the transmitters are then summed up
and broadcast to every receiver. The receivers perform a cor-
relation between the received signals and their own prime code
sequence (address); all the signals, except the properly encoded
one, will be decoded as interfering noise, whereas the latter
will give rise to a correlation peak. Hence, several simultaneous
transmissions, which are addressed to different receivers, are
made possible. Because the cross correlation between DPMPC
sequences in different groups is not null (but it is as low as
“17), the interfering signals will reduce the noise margin of the
receivers.

The spreading and despreading operations can be performed
directly on the optical domain by means of a lithium—niobate
crystal phase modulator [6], which is driven by the incoming
data and the pseudonoise (PN) sequence. After the despreading,
the signal is heterodyne detected and processed for the decision
according to the chosen modulation scheme. A block diagram
of the system is shown in Fig. 5.

Because of the spreading, the maximum achievable bit rate is
limited by the speed of the electronic circuitry, which generates
the prime code sequences. If we pose the limit of 100 Gchip/s
to the chip rate and want to keep the bit rate sufficiently high (in
hundreds of megabits per second), we are limited to spreading
sequences that are having lengths in the order of hundreds
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Fig. 6. PN sequence applied to a unit energy pulse.

(less than a thousand). As gold code families sequences are
N = 2™ — 1 chip long, with n being an odd integer, we have
limited the results to n = 9, i.e., a length of 511, whereas with
DPMPC, there are two more steps further, where P equals 23
and 29, with code lengths (N = P2+ 2P) of 575 and 899,
respectively. The case of a synchronous network (i.e., one in
which all the transceivers are bit synchronized) shows very
good results in terms of the number of allowed simultaneous
users.

The spreading is taken to be the form of a pseudorandom
rotation of the modulating signal’s phase during each chip
interval T, as shown in Fig. 6, according to the pseudorandom
bit sequence (DPMPC) that is associated with the intended
receiver (user). The receiver despreads the received signal using
the exact PN sequence by subtracting the same phase pattern
that is used in the spreading process. After despreading, it is as
if no spreading has been done. As aforementioned, spreading
and despreading can be done directly on the optical signal by
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using lithium—niobate crystal phase modulators. For a proper
despreading, the PN sequence that is used in the receiver
must be synchronized with the one used in the transmitter, as
shown in detail in Fig. 4 for a 7 — k transmission process.
This synchronization is one of the tasks to be performed by the
call-start-up procedure, together with the carrier-frequency ac-
quisition. These are important functions; however, we will not
discuss them in this paper, where the focus is on the key issue
of the performance of an ongoing call under the (conservative)
assumption that all other users are actively engaged in a call.

IV. OUTLINE OF ANALYSIS

Here, we take a more detailed look at the way in which a
nominally transparent channel is provided between a generic
user pair j — k, given a background of communications be-
tween other users. Phase noise impairment is neglected. We use
a complex representation for signals, so let v; denote the laser
output at the jth transmitter destined for k prior to the DPMPC
sequence multiplier. v;(t) can be expressed as

vi(t) = u;(t) - e 3)

where u;(t) is the modulating signal, and w; is the optical
angular frequency (i.e., w; = 27 f;).

Let {ax(t)}{_, denote the set of addressing sequences of the
J receivers, which is the same as the set of DPMPC sequences.
The chip time T, is assumed to divide the symbol time T
perfectly. As the quotient G (G = T/T.) is called “spread
spectrum processing gain” and since the chip time is denoted
by T., we mathematically represent each a(t) as

N
ap(t) = ek h(t —IT.) 4)
=1
where
1, 0<t<T.
h(t) = {0, otherwise )
with a Fourier transform of
i in(wT,/2)
H(w) = 2T, iwT-/2 50w Te/2).
(w) = 2Tec T ©)

Although the phase variables are known by the commu-
nicators, for analytical purposes, they can be treated as ran-
dom variables. The phase variables in the array {¢;;}(1 <
Il < N,1<k<J) are assumed to have the properties of the
independent and identically distributed random variables on the
interval (w, —7]. Let an overbar denote conjugation. It should
be noted that ay(t) - ar(t) =1 for all k(1 < k < J) and that
ar(t) - ag(t)(k # k') is statistically the same as ay(t)(1 < k <
J). The accumulation of all J signals is equal to

J
N = Z U (t) - elomt . A (m) (t). @)

m=1

By {[](m)};,_, we mean any permutation of integer 1 through
J, for which [[(j) = k, and [ conveys who is communicating
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to whom. Besides, 7 is assumed to be received at each receiver.
At receiver k, we have, upon the acquisition of the transmitter
frequency w;

Upp () - e @m=wi)t . AT (m) (t) - ar(t)

ivg

J
=u(t)+ Y Tty (8) by () (8)
m=1

where Zj means that the jth summand is omitted, and the set
of by, (t)(1 < m < J) is a statistically independent copy of the
set of a,,(¢)(1 < m < J). The signal u;(t) has been received
unaltered, except for the additive “noise” of

J
D Tt mm et () - b (8). )

m=1

Next, we look at quantifying the background noise level. Let
the consecutive random phases of the desired pulse during an
arbitrary symbol time be 1, (n =1,2,...,G) and the corre-
sponding phases of a generic interferer be ¢,,(n = 1,2,...,G).
Let us assume that the interferer is displaced by a frequency
filw; =27 f;) from the desired transmission. At the end of
a symbol period during which the [th transmitter has sent a
“1,” the unwanted contribution from the [ interferer after the
matched filter is

G .
_ % Z gin sin(w;T/2G) (10)

wlT/QG

where (,, is distributed in the same way as ¢,, or ¥,,. Based
on the central limit theorem, the limit of large G at the right-
hand side (RHS) of (10) is Gaussian distributed. Therefore, if
g; denotes a complex Gaussian variant of unit variance, we can
say that the RHS of (10) is approximately distributed as the
variant of
x; = 2G7 V2 [sin(wT/2G) /(i T/2G)] - g1 (11)
We used a semianalytical method similar to that in [6] to
obtain the final results. In the following, the main guidelines
for the BPSK modulation are outlined. Let us assume that the
lth signal is from the intended user. As shown in Fig. 5, the
signal is heterodyne detected; thus, the receiver output after
multiplication contains both the unwanted optical signal and the
required intermediate frequency (IF) signal, which is selected
through the filter. The IF signal level is proportional to the
phase shift of the incoming signal; the higher the difference
in phase between the two states is, the higher the difference
between the two output voltage levels from the receiver will
be. Decisions are taken by the IF receiver (see Fig. 5) on
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the basis of the IF signal level achieved from the following
variable Z(T):

K
R
Z(T)=—|N -d; .47 T 12
( ) IN dl"’i:;#ldz Ui +nB( ) ( )

where K is the number of simultaneous transmissions, /N is the
length of the PN sequences (DPMPC), d; is the ith transmitter
information (data) bit, R is a constant that depends on the
photodetector responsivity, np(7') is the sampled baseband
Gaussian noise process, and X;; is a random variable that
represents the cross correlation between the DPMPC sequences
that are used by the ith and [/th transmitters, as shown in (2).
If we define the new random variable W as

K
W = Z d; - Xy
i=1,i#l

13)

Its probability density function (PDF) can be obtained from the
PDF of the random variable X;;, owing to the independence
of the random variable X;;. Based on (2), the in-phase cross
correlation values are “0” or “1” in that the intended user
interferes with other users in either the same or different groups,
respectively. Obviously, a value of “0” does not cause the
interference due to perfectly orthogonal sequences, whereas a
value of “1” causes the interference, which is just among the
intended user and (P? — P) users from different groups (P2
whole sequences (users) and P sequences from the same group
of intended users, which are orthogonal). Therefore, cross
correlation values are uniformly distributed among interfering
users; thus, the PDF of W is

(14)

where P(W = i) is the probability that W assumes the value
¢ (the number of actively involved users in the transmission).
Based on the knowledge of the PDF of W that represents
the interference, after some calculations based on the BPSK
modulation scheme, it can easily be obtained by using the
following expression for the BER, which is conditioned to a
number of simultaneous transmissions K

W
BERy = 3 Zerfc [
1=0

where W, is the largest value assumed by the random variable,
which depends on K, W denotes the interference, and r is the
signal-to-noise ratio (SNR) (E;/Np), i.e.,

N —1

N

w} PW=i) (5)

Ey nk,
T == =
No  2hfBie

(16)

where 7 is the photodetector’s quantum efficiency (n = 0.9),
P, is the received signal power, h is the Planck constant, f is
the employed optical frequency (A = 1.55 pum), and By is the
IF bandwidth (100 GHz).
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Fig. 7. BER performance of a coherent BPSK-OCDMA system versus the
number of simultaneous users K.

V. DISCUSSION OF RESULTS

Based on the aforementioned analysis, the performance (i.e.,
BER) of the BPSK-OCDMA system is evaluated. Fig. 7 shows
the system BER variation versus the number of simultaneous
users (K) for the prime number P = 29. The system performs
under different numbers of users, from noninterference (K =
1) to full-load interference (K = P? — P = 812), taking into
account various received powers in the photodetector (P,)
(=32, —30, —27, and —25 dBm) for a clear interpretation. In
addition, in Fig. 7, the desired BER threshold value of 1079 is
apparent to assist the eye. Obviously, the system performance
is better (i.e., BER is lower) when the received power P, (or
SNR) is higher. As explained by the results in Fig. 7, when
the P, is —30 or —27 dBm (or the SNR is 13 or 16 dB), the
maximum number of simultaneous users, in which the system
BER = 1077 is K. = 240 (=30% of the total simultaneous
users) and K. = 397 (=50% of the total simultaneous users),
respectively, which is a significant improvement in comparison
with the study in [6, Fig. 2], even though they used the longest
possible gold sequence of 511 in their systems. In addition,
the system performance degrades (i.e., BER > 10~?) when the
number of simultaneous users increases beyond a critical value
of K. This critical value depends on the system-received power
P, (or SNR) and can be obtained by setting BER = 107°.

Fig. 8 shows the system BER variation versus the received
power P,, with the number of simultaneous user K being a
parameter. As expected, the higher the P, (or SNR) is, the
better the system performance becomes. In this analysis, K
changes from 10% to full load for P = 29. As Fig. 8 indicates,
to maintain BER = 1079, the system P, should be —32 dBm
(for a 10% load), —30 dBm (for a 30% load), and —27 dBm (for
a 50% load). It should be noted that a system that is based on
30% of the active users of the full-load, with P, = —30 dBm,
is reasonable and trustworthy enough to be considered as a
practical point of view for implementation.
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Fig. 8. BER performance of a coherent BPSK-OCDMA system versus the
received power Pr..

VI. CONCLUSION

The coherent OCDMA technique has allowed several simul-
taneous transmissions to be sent out on the same optical link;
thus, the huge available bandwidth is efficiently exploited. The
performance of BPSK in an OCDMA network, in cooperation
with a proposed novel DPMPC, was presented, taking into
account the effects of both receiver shot-noise and the multiuser
interferences. The system performance results in the hardest
condition of P = 29 (i.e., the longest possible code length that
has achieved the lowest bit rate) and P, = —30 dBm reveal
that employing this new proposed code with flexible code
length results in accommodating more users (30% of the total
simultaneous active users) and a better system performance
(BER = 107?), as compared to the existing common bipolar
codes, e.g., gold families sequences.
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