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Abstract—Due to the low cardinality of optical orthogonal codes
(OOCs) with a correlation value of 1, the capability of an inter-
nal channel-coding scheme cannot be applied effectively for an
increasing number of simultaneous users in a typical fiber-optic
code division multiple-access (FO-CDMA) system. In this pa-
per, we consider applying the internal channel-coding scheme to
the framed time-hopping (FTH) FO-CDMA system. Due to the
extremely high cardinality of the spreading sequence in FTH
FO-CDMA, the technique highlights the ability of the internal
channel-coding scheme to increase the effective number of users
in an FO-CDMA system. For the FTH FO-CDMA system, we
only consider a Poisson noise-limited channel and do not take into
account the physical fiber-optic channel impairments. Our simu-
lation and analytical results show that, due to the large cardinality
of spreading codes, the capability of the internal channel-coding
technique to increase the maximum number of simultaneous users
becomes more obvious in the FTH FO-CDMA system.

Index Terms—Fiber-optic code-division multiple access
(FO-CDMA), frame time-hopping (FTH), internal channel-coding
scheme, optical code-division multiple access (CDMA), optical
orthogonal codes (OOCs).

I. INTRODUCTION

F IBER-OPTIC code-division multiple-access (FO-CDMA)
systems have attracted much attention as a result of their

capability to utilize the potential capacity of optical fiber, while
offering asynchronous and secure communications [1]–[19].
Similar to other multiple-access techniques, most efforts in the
area of FO-CDMA systems have focused on increasing and
supporting the number of simultaneous users. Many techniques
have been proposed to increase the number of users in the
FO-CDMA network, among them using channel-coding tech-
niques which have been given much attention in the past few
years [10]–[16].

There are two schemes for applying channel-coding algo-
rithms in FO-CDMA systems. In the first scheme, the channel-
coding algorithm is externally applied to the FO-CDMA link
[10]–[14]. In this case, a channel encoder is used at each
transmitter to convert the data symbols into channel symbols,
which are modulated and then spread by an optical spread-
ing sequence. In employing this coding scheme, the coded
FO-CDMA system needs more bandwidth than the uncoded
system.
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In the second channel-coding scheme, a bandwidth-efficient
scheme, namely internally applied channel codes, is used in
FO-CDMA systems [1]. It has been shown that the internally
coded FO-CDMA system needs the same bandwidth as the
uncoded system and, therefore, the internally coded FO-CDMA
system significantly outperforms the uncoded system with the
same bandwidth constraint [1], [15], [16].

Practical considerations impose that a typical optical network
accommodates more users with a predefined maximum accept-
able bit-error probability. In an uncoded FO-CDMA system,
the presence of a multiuser interference usually restricts the
number of users. However, our previous results, evaluated for
internally coded FO-CDMA systems with optical orthogonal
codes (OOCs), show that with moderate values of average
photons/nats, and even in the presence of the maximum number
of users (which is usually equal to the cardinality of the OOC),
the probability of error of the internally coded FO-CDMA
system is much lower than the predefined maximum acceptable
bit-error probability for a given practical system [1], [15], [16].
However, by using OOC with a correlation value of λ = 1, the
number of users of the internally coded FO-CDMA system is
bounded by the cardinality of OOC and, therefore, the ability of
the internal channel-coding scheme to bring about a significant
increase in the number of users is effectively reduced.

Recently, in order to overcome the above limitations, a tech-
nique named framed time hopping (FTH) was proposed. This
technique provides higher cardinality than the OOC with λ = 1
[2]. This fact has encouraged us to examine the capability of
our internal channel-coding scheme in increasing the number of
users for a typical FTH FO-CDMA network. In our evaluation
for the FTH FO-CDMA system, we only consider a Poisson
noise-limited channel and do not take into account the physical
fiber channel impairments. In this paper, it will be shown that
with moderate values of average photons/nats and a practical
maximum acceptable value for the bit-error probability, the
maximum number of simultaneous users is significantly higher
than the system with OOC spreading codes with λ = 1.

It should be noted that in the uncoded FO-CDMA system,
the presence of multiuser interference restricts the number of
users of the system and, therefore, the bandwidth efficiency of
the FO-CDMA system is considered lower than that of a wave-
length division multiplex (WDM) system [9]. On one hand,
although using an external channel-coding scheme relatively
mitigates the effect of multiuser interference, it requires more
bandwidth than its corresponding uncoded system, and thus,
the bandwidth efficiency of the FO-CDMA system may not
be greatly improved. On the other hand, an internally coded
FO-CDMA system needs the same bandwidth as the uncoded
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Fig. 1. Block diagram of the internally coded FTH FO-CDMA system. In this figure, the arrangements of the optical pulses for coded symbols {1,1,0,0} at an
internally coded FTH FO-CDMA system are also shown for OOK and BPPM schemes.

system. By using the FTH technique in conjunction with inter-
nal coding, the number of users drastically increases, thereby
enhancing the bandwidth efficiency of an optical CDMA sys-
tem with respect to that of a WDM system.

In this paper, following the above introduction, Section II
presents the structure of an internally coded FTH FO-CDMA
system. Section III presents the analytical and computer-
simulation results. Finally, Section IV concludes the paper.

II. SYSTEM STRUCTURE

A. FTH FO-CDMA System

The FTH FO-CDMA method has been previously introduced
in [2]. In this technique, the bit duration Tb is divided into
F chip times and pulse transmission occurs only in w chips
(called marked chips) out of all the F chip-time positions. w
is the weight of the code, and its value is usually much lower
than its corresponding code length F . In the FTH format, the w
pulses are located apart in sequential frames, each with duration
Tf = Tb/w. In the FTH FO-CDMA system, a user-dedicated
pseudorandom sequence is used in order to locate the chip-time
pulse in each frame. In [2], it has been shown that the number of
codewords for the FTH FO-CDMA system has a lower bound
as follows:

NFTH ≥ Fw−1

ww
. (1)

For practical values of F and w, the above number is much
larger than the number of OOC codewords with auto and cross-
correlation values bounded by 1, that is [17]

NOOC ≤ F − 1
w(w − 1)

. (2)

Therefore, the cardinality of the FTH FO-CDMA system is
much higher than the number of OOCs with the same weight
and length.

B. Internally Channel-Coded FTH FO-CDMA System

In an internal channel-coding scheme, the input data are
channel coded with an easily implementable code with a rate
equal to 1/w, where w is the weight of the spreading code.
After encoding, the coded symbols are placed at the mark-chip
positions in the signature sequences. In [1], [15], and [16],
we have only considered the internal-coding scheme for an
FO-CDMA system with OOC spreading codes. But, as it can
be understood from the encoding procedure (see Fig. 1), the
technique can be easily extended to FO-CDMA systems with
any spreading sequence.

At the receiver end, three types of decoders have been
proposed. In the hard-input decoder, a chip detector is used to
detect the coded symbols placed at the mark-chip positions in
the signature sequence. Then, after detecting the coded sym-
bols, the data symbols are decoded by a hard-input channel de-
coder [1]. In a soft-input decoder, the log-likelihoods of coded
symbols are calculated using the corresponding number of
photoelectrons. Then, a soft-decoding algorithm uses the calcu-
lated log-likelihoods for deciding on the transmitted sequence
[15]. In a multistage decoder, at the first stage, the soft-input
decoder makes the primary decisions using the corresponding
number of photoelectrons. Then, assuming the decisions made
by the soft-input decoder are correct, this information is used
by the second stage for the maximum-likelihood decoding of
the transmitted sequence of the desired user, conditioned on the
interfering-signal coded symbols. For other stages, the structure
of the decoder is similar to the second stage, but the interfering
signals are estimated using the decisions made in the previous
stage [16].

It should be noted that all the proposed decoding algorithms
are completely independent from the type of spreading se-
quences used in the system. Therefore, the internal channel-
coding scheme can be directly applied to an FTH FO-CDMA
system. Next, we consider a discrete model for the channel
through which an internally coded FTH FO-CDMA signal is
transmitted.
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C. Channel Model of the Internally Coded
FTH FO-CDMA System

In analyzing the performance of a coded FO-CDMA commu-
nication system, the transition probabilities of the occurrence
of ki photoelectrons in the ith mark chip, conditioned on “0”
and “1” coded symbols, must be obtained (these probabilities
are P (ki|j) j ∈ {0, 1}). For determining the transition proba-
bilities, we need to have the probability distribution function
of interfering pulses from the interfering users. Considering the
structure of FTH spreading codes, it is obvious that the number
of interfering mark chips of the interfering users in the positions
of different mark chips of the desired user are independent
identically distributed random variables. Furthermore, the prob-
ability distribution function of the number of interfering mark
chips in each mark-chip position is a binomial random variable.
In other words, if li denotes the number of interfering mark
chips in the ith mark chip of the desired user, we have

P (l = [l1, l2, . . . , lw]) =
w∏

i=1

P (li)

=
w∏

i=1

(
N − 1

li

)(w

F

)li(
1 − w

F

)N−1−li

(3)

where

P (li) =
(

N − 1
li

)(w

F

)li (
1 − w

F

)N−1−li
(4)

and N denotes the number of simultaneous users.
Using an ON–OFF keying (OOK) technique for modulating

mark chips, a pulse is transmitted in each mark chip to represent
the coded symbol “1” and “0” is indicated by zero pulse
transmission [1]. In this case, assuming “0” and “1” coded
symbols have equal probability, it can be easily shown that the
probability of li interfering pulses in the ith mark chip of the
desired user can be found to be as follows

P (li) =
(

N − 1
li

)( w

2F

)li (
1 − w

2F

)N−1−li
. (5)

In this case, the techniques used in [15] and [16] can also be ap-
plied to the coded FTH FO-CDMA communication channel, in
order to calculate the transition probabilities from the following
equation:

P (ki|j) = E
li
{P (ki|j, li)}

=
∑
li

P (ki|j, li)P (li) j ∈ {0, 1}. (6)

Using the binary pulse-position modulation (BPPM) tech-
nique for modulating mark chips, each mark-chip interval is
divided into two time slots. For this case, the coded symbol
“1” is represented by a pulse in the first time slot, and “0” is
represented by a pulse in the second part of the chip interval
[1] (see Fig. 1). In this case, assuming that “0” and “1” coded

symbols have equal probability, it can be easily shown that the
probability of l1i interfering pulses in the first time slot and l2i

pulses in the second time slot, conditioned on the occurrence
of li interfering mark chips in place of the ith mark chip of the
desired user, can be found as follows:

P (l1i, l2i) =
(

li
l1i, l2i

)
1
2li

. (7)

Therefore, we have

P (l1i, l2i, li) =P (l1i, l2i|li)P (li)

=
(

li
l1i, l2i

)(
N − 1

li

)
1
2li

(w

F

)li(
1−w

F

)N−1−li

where l1i + l2i = li. (8)

For this case, the techniques used in [15] and [16] can
also be applied to the coded FTH FO-CDMA communication
channel, in order to calculate the transition probabilities from
the following equation:

P (ki|j) = E
l1i,l2i,li

{P (ki|j, l1i, l2i, li)}

=
∑

l1i,l2i,li
l1i+l2i=li

P (ki|j, l1i, l2i, li)P (l1i, l2i, li)

j ∈ {0, 1}. (9)

Comparing (3)–(9) with the corresponding equations ob-
tained for FO-CDMA with OOC spreading codes in [15] and
[16], it can be observed that the transition probabilities of the
internally coded FTH FO-CDMA system is the same as the
FO-CDMA system with OOCs. Therefore, the results that we
have found in [15] and [16] for OOCs can be directly used for
the FTH case, with the exception that in the OOC case, the
number of users N must comply with (1), and in the FTH case,
N must comply with (2). In other words, for evaluating the per-
formance of an internally coded FTH FO-CDMA system from
the results of [15] and [16], we should only consider larger val-
ues for N . Hence, in this paper, we will not rederive the equa-
tions of transition probabilities, and we will only present and
discuss the numerical and simulation results in the next section.

III. NUMERICAL AND SIMULATION RESULTS

In Figs. 2 and 3, we present computer-simulation results
on the bit error rate (BER) of an internally coded FO-CDMA
system with FTH and OOC spreading codes. In Fig. 2, the plots
are obtained for OOK chip modulation, and in Fig. 3, for the
other chip-modulation technique, namely, BPPM. The channel-
coding algorithm that is used in all the simulations is super
orthogonal codes (SOC) [1], [15], [16] with rate 1/2. The FTH
and OOC spreading codes are with F = 7, w = 2, and N = 2.
Furthermore, nonlinear channel impairments and background
and dark-current noises are neglected.

Comparing the results of the BER of FO-CDMA systems
with FTH and OOC spreading codes, it can be observed that the
BER of the systems are nearly equal. In other words, in spite
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Fig. 2. Simulation curves of BER versus average photons/nats for the inter-
nally coded FO-CDMA system with OOC and FTH spreading sequences, with
F = 7, w = 2, and N = 2. The chips are modulated with the OOK technique.

Fig. 3. Simulation curves of BER versus average photons/nats for the in-
ternally coded FO-CDMA system with OOC and FTH spreading sequences,
with F = 7, w = 2, and N = 2. The chips are modulated with the BPPM
technique.

of the nonoptimality of FTH codes, its performance is nearly
the same as the optimum OOCs with auto and cross-correlation
values bounded by 1 [2], [17].

In Figs. 4 and 5, upper bounds on the probability of error
for FTH FO-CDMA systems for the cases of uncoded and in-
ternally channel coded with hard-input and soft-input decoders
are computed. Furthermore, the results are compared with a
bound on the probability of error by employing a multistage
decoder that is known as known interference lower bound
(KILB) [16], [19]. It should be noted that based on the results of
the previous section, the equations that have been presented in
[1, eqs. (7)–(22)], [15, eqs. (19)–(26)], and [16, eqs. (16)–(32)]
are used for obtaining the upper bounds for this paper. The
channel-coding algorithm used in all evaluations is SOC [1],
[15], [16] with rate 1/8, and the FTH and OOC spreading
codes are with F = 2000 and w = 8. Furthermore, because of

Fig. 4. Simulation curves of probability of error versus number of users for
FO-CDMA systems with FTH spreading sequence F = 2000 and w = 8. The
chips are modulated with the OOK technique at 25 photons/nat.

Fig. 5. Simulation curves of probability of error versus number of users
for FO-CDMA systems with FTH spreading sequence with F = 2000 and
w = 8. The chips are modulated with the BPPM technique at 25 photons/nat.

the use of a fiber-optic channel, background noise and dark-
current noise are neglected. All the plots in Figs. 4 and 5 are
depicted for the case that the average number of photons/nats is
fixed to 25. Note that results presented in Figs. 4 and 5 for the
cases of N ≤ 35 are the same as the results on the internally
channel-coded FO-CDMA system with OOC. This is due to
the cardinality of OOC, i.e., N = 35 for F = 2000, and w = 8,
which is much less than the cardinality of the FTH spreading
sequence.

To show the capability of the internal channel-coding scheme
to increase the number of users in the FTH FO-CDMA system,
we assume that the maximum acceptable bit-error probability of
an internally coded FO-CDMA is 10−10. From Figs. 4 and 5, it
can be seen that with an average number of photons/nats of 25,
whether the OOK or BPPM technique is used for modulating
the chips, the uncoded FO-CDMA system cannot provide the
desired bit-error probability. But if the internal channel-coding
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technique is applied to the FTH- or OOC-based FO-CDMA
system, by using a hard-input decoder, the network may support
up to five users.

By using a soft-input decoder, the number of users of the
internally coded FTH FO-CDMA system may reach up to 60,
if the OOK technique is used, and up to 40, if the BPPM
technique is used. Considering the KILB curve, by using a
multistage decoder, the number of users may even be higher.
However, by using OOC for spreading the signals of the inter-
nally coded FO-CDMA system, the maximum number of users
will be 35, which is the cardinality of OOC. Therefore, it can be
seen that by using FTH along with the internal channel-coding
technique, one can increase the number of users in a typical
FO-CDMA system.

IV. CONCLUSION

In [1], it was shown that due to the low cardinality of the
OOC spreading sequence, for moderate average number of pho-
tons/nats, and for practical values of the probability of errors,
the capability of the internal channel-coding scheme cannot
be applied effectively in increasing number of simultaneous
users in a typical fiber-optic code division multiple-access
(FO-CDMA) network. In other words, by using the internal
channel-coding scheme to mitigate noise and multiuser inter-
ference, the number of users is limited by the cardinality of the
optical orthogonal codes (OOC) sequences and not necessarily
by the noise or multiuser inference. In this paper, in order
to overcome this weakness, we consider applying the internal
channel-coding scheme to a newly proposed technique for the
FO-CDMA system, namely, the framed time-hopping (FTH)
system [2]. It has been shown that if the FTH technique is
used, due to its extremely high cardinality of spreading se-
quence, the internal channel-coding method brings about more
simultaneous users. Therefore, the FTH technique highlights
the ability of the internal channel-coding scheme in increasing
the effective number of users in an optical CDMA system.
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