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Abstract—Interleave-division multiple-access (IDMA) has been
recently proposed as a new spread spectrum multiple-access tech-
nique in optical communication systems. However, IDMA has not
been studied for intensity modulation/direct detection (IM/DD)
optical networks. In this paper, we introduce modifications to
traditional IDMA decoding algorithm so as to make it suitable for
IM/DD optical communication systems. In addition, we compare
the performance, in terms of the bit-error rate (BER), of optical
IDMA systems to the corresponding systems adopting optical
CDMA. Our results reveal that under the above modifications,
optical IDMA systems show significant improvement in the BER
performance when compared to that of optical CDMA systems
under same conditions

Index Terms—Optical IDMA, Optical CDMA, BER, Iterative
decoding.

I. INTRODUCTION

In the last few years, there have been many endeavors
to apply wireless multiple access techniques, such as
code-division multiple-access (CDMA) and orthogonal
frequency-division multiple-access (OFDMA), in optical
communications as well [1],[2]. Many of these endeavors,
especially optical CDMA (OCDMA), showed good
performance in the optical domain as well [1].

Recently, wireless interleave-division multiple-access
(IDMA) has been introduced as a new multiple access
spread spectrum technique [3]-[5], that is similar to CDMA.
However, IDMA uses user specific interleavers to separate
different users instead of using user specific codes as in
CDMA. Also, IDMA allows the use of a low complexity
iterative multiuser detector [6]-[8]. Performance comparison
of wireless IDMA and CDMA has shown that IDMA
performs better than CDMA [9]-[10].

Optical IDMA (OIDMA) has been introduced in [11] and
has shown a good performance for a high number of users.
The authors in [11] have simulated an OIDMA system over
a nonlinear optical channel. However, they just used the
decoding algorithm proposed in [9] which is not realistic
for the noncoherent IM/DD optical communication systems,

where a unipolar transmission scheme should be used. In this
paper, we modify the decoding algorithm to be suitable for the
unipolar transmission case, specifically, on-off-keying (OOK)
modulation scheme. In addition, we introduce the chip-by-
chip decoding algorithm used in wireless CDMA systems [9]
to the unipolar OCDMA systems under our new modifica-
tions. Finally, we provide a performance comparison of both
OIDMA and the chip-by-chip decoded OCDMA systems. Our
results reveal that OIDMA has better BER performance than
OCDMA, allowing more number of users to be accommodated
in the optical channel.

The rest of the paper is organized as follows. In Section II,
we introduce the system model. Section III, is devoted for the
simulation results. Finally, the conclusion is given in Section
IV.

II. SYSTEM MODEL

We consider a multiuser optical communication system with
K users. The system model for OIDMA is shown in Fig. 1.

A. Transmitter side

The upper part of Fig. 1 shows the OIDMA transmitter
with K simultaneous users. The information bits for user
k ∈ {1, 2, . . . ,K}, denoted by {b(k)i ∈ {0, 1}, i = 1, . . . , Nb}
where Nb is the information block length of user k, are spread
using common low rate spreading codes of length C. This gen-
erates a coded sequence {c(k)j , j = 1, 2, . . . , Nc} where Nc =
NbC. Next, a chip level user specific interleaver π(k) is applied
to produce the transmitted sequence {x(k)j , j = 1, 2, . . . , Nc}.
The interleavers are generated randomly and they are the only
means to separate the data of users in OIDMA. Removing the
user specific interleavers π(k) and using user specific spreading
codes {s(k) ∈ {0, 1}, k = 1, 2, . . . ,K} for user separation
leads to OCDMA structure. In order to apply the unipolar
spreading sequences to optical CDMA communications, se-
quence inversion keyed (SIK) system is employed as proposed
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Fig. 1. OIDMA transmiter and reciever architecture.

in [14],[15]. Electrical to optical converter (E/O) is used to
generate the optical pulses.

B. Channel Model

Pulse propagation in the optical fiber is modeled using the
normalized non-linear Schrödinger (NLS) equation [12]

δU

δξ
=
is

2

δ2U

δτ2
+ iN2|U |2U (1)

where s = sgn(β2) = ±1, depending on whether fiber
dispersion is normal (s = 1) or anomalous (s = −1). U
is the normalized amplitude given by

U =
A√
P0

(2)

where A, P0 and β2 are the pulse envelope, the peak power of
the incident pulse, and the second order dispersion parameter
respectively. ξ is the normalized distance, given by

ξ =
z

LD
(3)

where z is the distance and LD is the dispersion length, given
by

LD =
T 2
0

|β2|
(4)

where T0 is the initial pulse width. τ is the normalized time,
given by

τ =
T

T0
(5)

N is a parameter that gives an indication to the relative effect
of group velocity dispersion (GVD) and self phase modulation
(SPM) on pulse shape as it propagates through the fiber. GVD
is more dominant for N much less than 1 while SPM is more
dominant for N much greater than 1. Both have the same
effect on pulse shape for N = 1, and N is given by [12]

N =

√
LD
LNL

=

√
γP0T 2

0

|β2|
(6)

where LNL is the nonlinear length

LNL =
1

γP0
(7)

and γ is the non-linear parameter.
In this paper, we use split step Fourier method (SSFM) to

find a numerical solution for the NLS equation [12]. In SSFM
the fiber is divided into small segments of equal length w. For
each segment, the effects of dispersion and non-linearity are
considered independently as shown in Fig. 2.
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Fig. 2. Schematic explanation of the split step fourier method.

C. OIDMA Receiver

The optical IDMA receiver, shown in Fig. 1, is an itera-
tive receiver that utilizes the soft decoding (turbo) algorithm
[6],[9]. At the front end of the receiver, we use an optical
detector that converts the received light into electrical current
according to

I = RP (8)

where R is the responsivity of the photodetector, I is the
output electric current and P is the received optical power.

The rest of the receiver architecture is the same as that used
in wireless IDMA [3]-[5] with modifications to the decoding
algorithm to fit with the OOK transmission used in optical
communications. The iterative chip-by-chip receiver in the
lower part of Fig. 1 consists of an elementary signal estimator
(ESE) and a bank of K single-user a posteriori probability
decoders for the despreading operation (DEC) working in a
turbo-type manner. In the wireless IDMA system, considering
BPSK, the received symbols rj are given by [9]

rj =
K∑
k=1

h(k)x
(k)
j + nj (9)

where x(k)j ∈ {+1,−1} is the transmitted symbol from user
k at time instant j, h(k) is the channel coefficient for user
k assuming flat fading channel and nj is an additive white
Gaussian noise (AWGN).

In intensity-modulation/direct-detection optical communica-
tion systems, negative symbols cannot be used. As a result,
we use OOK modulation for the transmitted signal. In this
system the received signal remains the same as in (9), with
x
(k)
j ∈ {+1, 0}. For the chip-by-chip decoding algorithm

proposed in [9] we concentrate on each user’s chip x
(k)
j

separately. Thus, (9) should be modified to

rj = h(k)x
(k)
j + ζ

(k)
j (10)

where ζ(k)j = rj − h(k)x(k)j represents the noise plus multiple
access interference term with respect to x

(k)
j . From (9), the

mean and variance of rj can be obtained as

E(rj) =
K∑
k=1

h(k)E(x
(k)
j ) (11)

and

var(rj) =
K∑
k=1

| h(k) |2 var(x(k)j ) + σ2 (12)

respectively. Unlike [9], since we are using OOK, E(x
(k)
j ) and

var(x
(k)
j ) are initialized to be 0.5 and 0.25 , respectively, and

then modified after each decoder iteration.
Using the central limit theorem for large number of users,

ζ
(k)
j in (10) can be approximated by a Gaussian random vari-

able with

E(ζ
(k)
j ) = E(rj)− h(k)E(x

(k)
j ) (13)

var(ζ
(k)
j ) = var(rj)− | h(k) |2 var(x(k)j ) (14)

The ESE outputs are the logarithm likelihood ratios (LLRs)
of x(k)j computed as

L(x
(k)
j ) = log

Pr(x
(k)
j = +1 | rj)

Pr(x
(k)
j = 0 | rj)

= log

exp
(
− (rj−E(ζ

(k)
j

)−h(k))2

2var(ζ
(k)
j

)

)
exp
(
− (rj−E(ζ

(k)
j

))2

2var(ζ
(k)
j

)

)

=

2hk
[
(rj − E(ζ

(k)
j ))− | h(k) |2

]
2var(ζ

(k)
j )

(15)

For user-k, the corresponding ESE outputs {L(x(k)j ), j =

1, 2, . . . , J} are de-interleaved to form {L(c(k)j ), j =
1, 2, . . . , J} and delivered to the DEC for user-k. The DEC
performs a soft-in/soft-out chip-by-chip de-spreading opera-
tion as follows [9]

L(d
(k)
1 ) =

S∑
j=1

S
(k)
j L(c

(k)
j ) (16)

where {S(k)
j , j = 1, 2, . . . , J} is the spreading sequence of

user k such that S(k)
j ∈ {1, 0}. The extrinsic LLR for a chip

c
(k)
j is given by

Ext(c
(k)
j ) = S

(k)
j L(d

(k)
1 )− L(c(k)j ) (17)

The extrinsic LLRs form the outputs of the DEC are fed
back to the ESE after interleaving. In the next iteration,
Ext(x

(k)
j ) are used to update E(x

(k)
j ) and V ar(x(k)j ) as
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E(x
(k)
j ) = Pr(x

(k)
j = 1)(1) + Pr(x

(k)
j = 0)(0)

=
Pr(x

(k)
j = 1)

Pr(x
(k)
j = 1) + Pr(x

(k)
j = 0)

=
exp(Ext(x

(k)
j ))

exp(Ext(x
(k)
j )) + 1

(18)

var(x
(k)
j ) = E(x

(k)2

j )− E(x
(k)
j )2

= Pr(x
(k)
j = 1)(1)2 − E(x

(k)
j )2

= E(x
(k)
j )− E(x

(k)
j )2 (19)

This iterative process is repeated for a predetermined num-
ber of iterations. After the final iteration, the data LLR L(d

(k)
1 )

is hard limited to produce the estimate data sequence. The
detection algorithm in IDMA does not rely on coding unlike
other methods [3]-[9], but introducing coding can further
enhance performance (details omitted here).

D. CDMA Receiver

For the comparison, to be fair, we use an iterative chip-
by-chip decoder for the CDMA as well. An elementary
signal estimator (ESE) block first calculates the LLRs of the
received chips. The output LLRs are then correlated with the
bipolar version of the spreading code [13]-[15] producing the
despreaded LLR L(y

(k)
j ). The extrinsic LLR is then computed

by
Ext(c

(k)
j ) = L(y

(k)
j )− L(c(k)j ) (20)

The extrinsic LLRs form the outputs of the DEC, and are
fed back to the ESE after spreading again using the bipolar
form of the spreading code. In the next iteration, Ext(x(k)j )

are used to update E(x
(k)
j ) and var(x(k)j ) in the same way as

in IDMA.

III. SIMULATION RESULTS

In this section, we provide a Matlab simulation for the bit-
error rate (BER) of both OIDMA and OCDMA systems. Fig.
3 shows a BER comparison for both OIDMA and OCDMA
systems with different numbers of simultaneous users. Also,
Fig. 4 shows a similar comparison but with different number
of the decoding iterations for both OIDMA and OCDMA
systems.

For our simulation, the information block length is set to be
256 bits, OOK is used for bit representation at the transmitter
side, and the spreading code length is set to 64. We also
consider a single mode fiber (SMF) operating at 1.55 µm
wavelength with normal dispersion (s = 1) and the nonlinear
parameter N is set to 1. Also, the input to the optical fiber
is chosen to be a Gaussian pulse [12]. Both thermal and shot
noise are considered at the reciever. The responsivity and the
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and 10 decoding iterations.

maximum bit rate are taken as 0.6 and 1 Gbps, respectively.
For IDMA, we use random interleavers to separate different
users and alternating {1,0,1,0,1,. . .} spreading sequence for
all users. In contrary, for CDMA, we totally remove the
interleavers and use random spreading sequences for user
separation. Since the IDMA decoder used here is designed
only for flat fading channel, we have compensated for the
effect of the dispersion in the optical fiber before the iterative
decoder.

It is observed from Fig. 3 that OIDMA significantly im-
proves the number of users to be accommodated in the same
channel. For example, at BER = 10−5, OIDMA can accom-
modate about 65 users, while OCDMA can only accommodate
about 50 users. That is an increase of about 30% in the
number of users is obtained when using OIDMA technique.
In addition this ratio increases as the required BER decreases,
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where the number of users that can be accommodated when
using OCDMA decreases dramatically, while that when using
OIDMA remains almost constant. However, for higher values
of BER (more than 10−2), both OIDMA and OCDMA systems
can accommodate similar number of users. This is because
as the number of users exceeds the spreading code length,
the cross correlation between the user specific interleavers
dramatically increases [16]. This case of small BER is in fact
not of practical importance for optical systems.

Figure 4 shows the BER of both OIDMA and OCDMA
systems versus the number of users for different values of
decoding iterations. It can be seen from the figure that as the
number of decoding iterations increases, the BER performance
improves. However, the amount of improvement decreases as
the number of decoding iterations increases, meaning that there
exists a saturation number of iterations after which, there is no
more improvement. It is also clear from the figure that for one
decoding iteration, both OIDMA and OCDMA give identical
BER curves. However, as the number of iterations increases,
the difference between the two curves also increases in the
favor of OIDMA.

IV. CONCLUSION

The performance of OIDMA communication systems, in
terms of BERs, has been presented using computer simulation.
In our simulation, the traditional wireless IDMA decoding
algorithm has been modified to fit the noncoherent IM/DD
optical communication systems. Furthermore, the BER perfor-
mance has been compared to that of the chip-by-chip decoded
OCDMA systems. It has been shown that for a given value
of BER, OIDMA system can accommodate more users than
that of OCDMA. In fact for BER values of interest (less than
10−3), this improvement is more than 30%. In addition, it has
been shown that, for one decoding iteration, both OIDMA and
OCDMA give identical BER curves. However, as the number
of iterations increases, the difference between the two curves
also increases in the favor of OIDMA.
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