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Abstract—A prominent technique, for reducing the effect of
phase-induced intensity noise (PIIN) in spectral-amplitude-coding
optical code-division multiple-access (SAC-OCDMA) systems, is
proposed. In this technique, each user is assigned two orthogonal code sequences, selected from a minimum cross-correlation
code set. In addition, two-level
-ary pulse-position modulation
( PPM) scheme is adopted, where each level corresponds to a
code sequence. This technique decreases the effect of PIIN and
allows transmission at high data rates. The bit error rate (BER) of
the proposed system is derived, taking into account the effects of
PIIN, shot noise, and thermal noise. Two performance measures
of this system, namely the BER and maximum achievable number
of users, are compared to that of traditional systems adopting
complementary and non-complementary keying. Our results
reveal that the proposed technique allows each user to transmit at
high data rates, compared to traditional techniques, while keeping
the BER well below a prescribed threshold. Finally, our results
are extended to higher levels of
PPM schemes with multicode
modulation.
Index Terms—Bit-error-rate (BER), -ary pulse-position modulation ( PPM), modified prime sequence (MPS) codes, modified
quadratic congruence (MQC) codes, multicode modulation, optical code-division multiple access (OCDMA), spectral-amplitude
coding (SAC).

I. INTRODUCTION

S

PECTRAL-AMPLITUDE-CODING optical code-division multiple-access (SAC-OCDMA) [1], [2] is a
promising, cost effective, multiple-access technique that can
be used in future passive-optical networks (PONs), free-space
optics (FSO), optical wireless communications, etc. [3]–[5].
However, it suffers from the effect of phase-induced intensity
noise (PIIN), which seriously degrades the system performance
and limits the number of simultaneous users that can be accommodated with reliable communications. Further, PIIN also
limits the data transmission rates of each user, which is essential
for future communications. Several attempts to reduce or mitigate the effects of PIIN have appeared in literature. One such
attempts is to use -ary pulse-position modulation ( PPM),
which distributes its effects over several time slots [6]. In order
to alleviate the side effect of increasing the system bandwidth
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when using PPM, complementary keying has been adopted
in [6]. Hadamard codes are good candidates to achieve complementary keying, where the cross-correlation between any
two different code sequences is equal to the cross-correlation
between any code sequence and the complement of another
code sequence. Another attempt to reduce the effects of PIIN
is to develop code sets with minimum fixed cross-corrections
[7]. Examples of such codes are modified quadratic congruence
(MQC) code [8], modified frequency-hopping (MFH) code [9],
and balanced incomplete block design (BIBD) code [10]. Since
the above cross-correlation property (equality to that of the
complement) does not exist in this type of codes, one cannot
use complementary keying and hence PPM is not possible
without increasing the system bandwidth. Unfortunately, when
a user needs to transmit at high data rates the above solutions
are not enough and cannot provide reliable communications
with acceptable number of users.
In this paper, we propose an alternative, but equivalent, technique that combines both complementary keying and minimum
cross-correlation property. Basically, we assign two orthogonal
code sequences, with minimum cross-correlation, to each user
and encode the data symbols from each user using a two-level
PPM scheme. During modulation, each level would correspond to a different code sequence, which would still alleviate
increasing the system bandwidth when using PPM. The aforementioned codes (with fixed cross-correction) are not suitable
here as they do not provide orthogonal sequences. One possible
code that possesses both minimum cross-correlation and some
orthogonal sequences is the modified prime sequence code [11].
In this code, code sequences are generated using a prime number
and a length
.
. Each code sequence has a weight
The code sequences can be divided into groups, each group
consists of different code sequences. The cross-correlation
between any two code sequences is zero (orthogonal) if the code
sequences are selected from same group, whereas it is one if the
code sequences are selected from two different groups.
Our proposed technique combines two advantages, namely
decreasing the effect of PIIN and allowing transmission at high
data rates without excessive increase in system bandwidth. We
analyze the performance of the proposed system and derive an
expression for the bit error rate (BER), taking into account the
effects of PIIN, shot noise, and thermal noise. Next we numerically compare two performance measure of this system, namely
the BER and maximum achievable number of users, with that of
traditional systems adopting complementary and non-complementary keying. Our results reveal that the proposed technique
is more power efficient than traditional ones and allows each
user to transmit at higher data rates while keeping the BER well
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below a prescribed threshold. By assigning more-than-two orthogonal code sequences to each user, our results can be easily
extended to multi-level PPM scheme, where each level corresponds to a unique code sequence.
The remaining of this paper is organized as follows. The system
description and the receiver model are presented in Section II.
Section III is devoted for the derivation of the bit error probabilities of the proposed system, taking into account the effects of
several noise sources. In Section IV we present some numerical
results, where we investigate the effect of some design parameters (e.g., number of users, average power, code parameters, etc.)
on the performance of the proposed scheme. Comparisons with
corresponding systems adopting complementary and non-complementary keying are also presented in same section. Extension
to higher levels of PPM schemes with more-than-two orthogonal code sequences is studied in Section V. Finally, we give
some concluding remarks in Section VI.
II. SYSTEM DESCRIPTION
In this section we describe our system model including both
the transmitter and receiver. In addition, we introduce the the
decision rule for the system.
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where the natural number is taken as the basis of the “ ” function. For a bit duration of and binary PPM, this transmission
rate is equal to
nat/s, which is exactly the same
as the rate if on-off keying (OOK) was used, without bandwidth expansion. Of course if
, we still have some
bandwidth increase. For example, for 4-PPM, the transmission
rate is
nat/s, i.e., a bandwidth expansion factor
of
. Of course, one can even remove the bandwidth increase for any
, simply by increasing the modulation
levels above two by assigning more than two orthogonal code
sequences for each user. This leads to what is called multicode
modulation. Multicode modulation has been proposed for 2D
OCDMA [12], [13]. The price paid in multicode modulation,
however, is the added complexity in both circuit implementation and decision rule.
C. Code Properties and Number of Users
The cross-correlation function between any two code sequences
is given by [11]

A. Transmitter Side
We consider a synchronous SAC-OCDMA network which is
composed of
users (or information sources). The th information source,
, generates iid -ary data
symbols or vectors
, where
such that
for some
and
for any other
. This sequence
modulates the position of incoherent light pulses, emitted from
an ideal broadband light source. A light pulse is generated in slot
, out of
possible slots, if
. The slot duration
is denoted by and the symbol duration is denoted by
. In addition, each user is assigned two orthogonal code sequences of length
and weight
, selected from
same group of a modified-prime code set
, where
is a prime number and
is the maximum cross-correlation of the code. For example, user
, is
assigned code sequences
and
, where
and
for any
. Each code sequence is used to modulate the intensities of the spectral components of each emitted light pulse [1]–[8]. The modulation procedure for user is as follows: If for any
,
spectral code sequence is used for modulation. If
,
spectral code sequence is used. Otherwise, no pulse is transmitted. Since both positive and negative data are considered, we
call this technique bipolar PPM SAC-OCDMA. In our analysis below, we denote the optical source frequency and bandwidth by and
, respectively.
B. Data Transmission Rate
Assuming equi-probable data symbols, each occurs with
probability
, then the nominal transmission rate is given
by
(1)

(2)
Since the total number of available code sequences in any
group of
is and each user is assigned two code
sequences, the total number of network subscribers cannot
exceed
. Here
denotes the largest integer not
greater than . Out of this number we assume that there are
active or simultaneous users and the remaining users are
idle. Without loss of generality, we always assume that the first
user is the desired user. Let the random variable represent
the number of active users in the first group. For uniform code
assignment, it is easy to check that the probability distribution
of , given that user 1 is always active, can be written as

(3)

where

and

(4)
D. Receiver Side
The block diagram of the bipolar PPM SAC-OCDMA receiver is shown in Fig. 1 for the desired user. A balanced detection scheme is used to reduce the effect of multiple-access
interference (MAI) [1]–[8]. The upper branch of the balanced
detector is used to detect the received spectral components that
correspond to user’s code sequence . The lower branch, on
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Fig. 1. Block diagram of a bipolar

PPM SAC-OCDMA receiver.

the other hand, is used to detect the received spectral components that correspond to user’s code sequence . Code detection can be implemented using superimposed fiber Bragg gratings (FBGs) [14], [15]. A superimposed FBG is written at same
fiber location, which avoids delays between reflected spectral
components. Both photodiodes’ output currents are then subtracted and time averaged. The averaged current is then sampled
at the end instants of each time slot
to give the
set of decision currents
. Finally this set is
passed to the decision circuit.

of the th chip optical signal of the th user, assumed to be
a Wiener process [16], [18]. For the sake of simplicity, we
assume a rectangular envelope:
(7)
If the photodiode responsivity is denoted by
th slot current of PD1 is given by

, then the average

(8)

E. Decision Rule
The decision current over slot
is defined as
, where
and
are the average output currents
of the upper- and lower-branch photodiode, respectively. We
define the decision rule as follows:

Using (6) and (8), and noticing that the cross-terms cancel out
because of the averaging process (as long as
), we
get:

(5)
where
for any

with

and

.
(9)

III. THEORETICAL ANALYSIS
In this section we derive the statistics of both upper- and
lower-branch currents, as well as the statistics of the decision
current. In addition, we develop an expression for evaluating
the BER of the system.

Expanding the last equation, we get

A. Statistics of Upper-Branch Current
The resultant upper-branch incident field on the th slot,
, can be written as

(6)
is the peak received single-user power,
is a normalized
envelope of a single-user light field of spectral width
,
and
, is the phase

where

(10)
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Making use of the properties of
code and assuming
that the number of active users in group 1 is , we get
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average and variance of
, we use (15) and (16) in (11),
taking into account the independence of the random variables
:

(11)
where

(12)
Here we defined the interference random variable
as:

for any
(17)
(13)

In addition, we define the interference random vector
. Of course
follows a conditional binomial distribution and follows a conditional multinomial distribution, given
:

Making use of the properties of
code and noticing
that the average of the sum of products of three different codes
is equal to
, the last variance becomes:

(14)
where
that

and

, such

.

(18)

B. Mean and Variance of the Upper-Branch Current
Using [16]–[18], the average and variance of

are
C. Statistics of Lower-Branch Current
The resultant lower-branch incident field on the th slot,
, can be written as:

(15)
respectively, where
is the coherence time. Performing the last integration, we obtain
(19)
(16)
where
is the receiver electrical bandwidth. We
have used the practical assumption that
. To get the

It should be noticed that
is independent of
,
as the chips selected by
and
are disjoint. Following a similar analysis to what we did in the last section, we
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get the average and variance of lower-branch decision current
as:

with
and
for any
. Because of the symmetry of the
modulation format, the last equation reduces to:
(24)

(20)

Using a union bound, the last conditional SER can be upperbounded as:

respectively.
D. Statistics of Decision Current
From the discussion in the above section, the decision
over slot
, has the folcurrent
lowing mean and variance, given desired user data vector
and interference vector
,
(25)
(21)

where the last equality is justified by noticing that the mean of
, given
, is zero. Using the Gaussian approximation
method, the evaluation of the last probability is immediate:

, and
are the variances
respectively, where
of the phase-induced intensity noise, shot noise, and thermal
noise, respectively. These are given by

(22)
C is the electron charge,
J/K is Boltzmann’s constant,
is the receiver noise temperature, and
is the receiver load resistance.

respectively. Here

(26)

E. BER Evaluation
The average symbol error rate (SER)

can be written as
Finally, the bit-error rate can be written as

(23)
where the set
a transmitted data symbol
vector
, and

is the conditional SER given
, an interference
users in first group. Here

(27)
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Fig. 2. Bit error rates of SAC-OCDMA receivers versus the average energy
and a transmission rate
per nat for number of active users
Mb/s.
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Fig. 3. Bit error rates of SAC-OCDMA receivers versus the number of active
photons/nat and a transmission
users for an average energy per nat
Mb/s.
rate

where

(28)

IV. NUMERICAL RESULTS
In our numerical evaluations we assume that both the receiver
bandwidth
and the average transmitted photons per nat are
held fixed. For an ideal channel, the peak single-user received
power is thus given by:

(29)
where is the photodiode efficiency. The bit-error rate as given
in (27) has been evaluated numerically for a modified prime sequence (MPS) code with length
and weight
and plotted in Fig. 2 versus different values of average photons
per information nat. Other parameters used in the evaluations
are as follows. The data bit rate
Mb/s, the linewidth
of the light source
THz, the coherence time
ps, the pulse-position multiplicity
, the receiver noise
temperature
K, the receiver load resistance
k , and the number of simultaneous users
users. In addition, the BERs of both unipolar OOK, adopting MQC codes
with
and
, and bipolar OOK, adopting modified prime sequence codes with
and
, are
also plotted in the same figure for the sake of comparison. The
superiority of our proposed technique in clear from the figure.
Indeed, the proposed system is more power efficient as only
photons are needed to reach a BER of
, whereas
about
photons are needed to reach same BER for the case

Fig. 4. Comparison between the maximum achievable number of users in
SAC-OCDMA receivers versus the average energy per nat for bit error rates
.
not exceeding

of OOK systems. That is, our system saves about 75% of energy. In addition, it is clear from the figure that other traditional
systems cannot achieve higher quality communications, e.g., a
BER of
, without decreasing either the number of simultaneous users or the data rate. However this stringent BER can be
achieved easily by our system. This observation is confirmed in
Fig. 3, which has same parameters as in Fig. 2 but plotted versus
the number of active users for high average photons per nat. It is
obvious that at a BER of
, only about 26 simultaneous users
can be loaded in traditional systems, whereas about 40 users can
communicate simultaneously in the proposed system. A comparison between the maximum achievable number of users in
SAC-OCDMA receivers versus the average photons per nat for
BER not exceeding
is plotted in Fig. 4, with similar parameters as given in Fig. 2. It is clear from the figure that the
proposed system can come across the limitations of traditional
systems by providing both energy efficiency and high data rate
transmission. Finally in Fig. 5 we give a comparison between
the maximum achievable number of users in SAC-OCDMA receivers with bipolar 2-PPM versus the average energy per nat
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Fig. 5. Comparison between the maximum achievable number of users in
SAC-OCDMA receivers with bipolar 2-PPM versus the average energy per nat
.
for different values of prime numbers and bit error rates not exceeding

for different values of prime numbers and bit error rates not exceeding
. It is clear from the figure that for low number of
simultaneous users, it is more efficient to use low prime number
for coding, whereas for high number of users, power efficiency
increases by increasing the prime number. Notice that when
there is an excessive increase in the number of simultaneous
users, low prime numbers cannot be achieved. From the above
discussion, it is clear that our proposed system is suitable for
high data rate transmission, whereas traditional systems cannot
achieve high rate with acceptable number of users.
V. EXTENSION AND MULTICODE MODULATION
The above technique can be extended to higher levels of
PPM with more-than-two orthogonal code sequences (or
multicode modulation). This keeps both the transmission rate
and system bandwidth fixed. It can be shown that the bit-error
rate for -level PPM scheme with multicode modulation,
, is upper bounded by

(30)
where for -level PPM, the received power and transmission
rate are modified to:

(31)

Fig. 6. Bit error rates of SAC-OCDMA receivers of -level PPM schemes
with multicode modulation versus the average energy per nat for number of
, a transmission rate
Gb/s, and pulse-position
active users
.
multiplicity

respectively. In order to keep the rate not less that of OOK, we
choose
. A BER comparison for -level
PPM scheme with multicode modulation, as give in (30),
is shown in Fig. 6 for transmission rate of 1 Gb/s and
. The improvement with higher values of
is clear
from the figure. The price to be paid, however, is the increase in
detection complexity.
VI. CONCLUSION
A modulation technique has been proposed for SACOCDMA systems in order to further reduce the effect of
phase-induced intensity noise. This technique adopts modified prime sequence codes and assigns two orthogonal code
sequences to each user. Data symbols from a user are modulated using two-level
-ary pulse-position modulation
( PPM) scheme, each level would correspond to a different
code sequence. The bit error rate (BER) of the proposed
system has been derived and compared numerically to that of
corresponding systems adopting complementary and non-complementary keying. In addition, achievable number of users of
the proposed and traditional techniques are compared. It turned
out that the proposed system is more power efficient than
traditional techniques and more suitable for reliable high data
rate transmission with suitable number of simultaneous users.
Extension to higher levels of PPM schemes with multicode
modulation has been studied as well.
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