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PAPER

Impact of GVD on the Performance of 2-D WH/TS OCDMA
Systems Using Heterodyne Detection Receiver

Ngoc T. DANG†a), Student Member, Anh T. PHAM†, and Zixue CHENG†, Members

SUMMARY In this paper, a novel model of Gaussian pulse propaga-
tion in optical fiber is proposed to comprehensively analyze the impact of
Group Velocity Dispersion (GVD) on the performance of two-dimensional
wavelength hopping/time spreading optical code division multiple access
(2-D WH/TS OCDMA) systems. In addition, many noise and interfer-
ences, including multiple access interference (MAI), optical beating inter-
ference (OBI), and receiver’s noise are included in the analysis. Besides,
we propose to use the heterodyne detection receiver so that the receiver’s
sensitivity can be improved. Analytical results show that, under the impact
of GVD, the number of supportable users is extremely decreased and the
maximum transmission length (i.e. the length at which BER ≤ 10−9 can
be maintained) is remarkably shortened in the case of normal single mode
fiber (ITU-T G.652) is used. The main factor that limits the system perfor-
mance is time skewing. In addition, we show how the impact of GVD is
relieved by dispersion-shifted fiber (ITU-T G.653). For example, a system
with 32 × 1 Gbit/s users can achieve a maximum transmission length of
111 km when transmitted optical power per bit is −5 dBm.
key words: two-dimensional optical CDMA (2-D OCDMA), wavelength
hopping/time spreading (WH/TS), heterodyne detection receiver, group ve-
locity dispersion (GVD), fiber Bragg gratings (FBGs)

1. Introduction

Optical code division multiple access (OCDMA) is a
promising technique for next generation optical access
networks [1]. Two-dimension wavelength hopping/time
spreading (2-D WH/TS) OCDMA system is one kind of
OCDMA systems that uses 2-D coding approach [2]. The 2-
D codes are spread in both the time and frequency domains
simultaneously, hence achieve better code performance in
terms of both cardinality and correlation properties in com-
parison with that of the one-dimension (1-D) counterparts
[3].

In 2-D WH/TS OCDMA system, the chip rate, though
much lower compared with that in the 1-D systems, is still
high. In addition, optical chip pulses are transmitted on dif-
ferent wavelengths. The system performance therefore will
be affected by fiber dispersion caused by the difference of
group velocities of different wavelengths, a phenomenon re-
ferred to as group velocity dispersion (GVD) [4]. The im-
pact of GVD includes pulse broadening, peak power reduc-
tion, and time skewing, as illustrated in Fig. 1. Of these ef-
fects, the time skewing, the relative temporal shifting of op-
tical pulses on difference wavelengths, is an exclusive phe-
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Fig. 1 Impact of GVD on multi-wavelength OCDMA signal: (a) the
original signal and (b) the signal under the impact of GVD.

nomenon in OCDMA systems using multi-wavelength sig-
nal due to its decoding operation [5].

1.1 Related Works and Our Proposal

There has been a number of works studying the impact
of fiber dispersion on the OCDMA systems, and the 2-D
WH/TS OCDMA system in particular [5]–[9].

In the OCDMA systems using single wavelength, such
as time spreading [6], [7] and spectral phase encoding sys-
tems [8], analysis of the impact of fiber dispersion focused
on the traditional effects of pulse overlapping caused by
pulse broadening and peak power reduction. However, in
the OCDMA systems using multiple wavelengths, besides
pulse broadening and peak power reduction, the impact of
time skewing should be taken into consideration.

The first study on the impact of time skewing in the 2-
D WH/TS OCDMA system was reported by Eddie K.H. Ng.
et al. [5]. Based on coding theory the authors did an investi-
gation the impact of temporal skewing on a code’s auto- and
cross-correlation properties. As well, they proposed meth-
ods for combating the deleterious effects of temporal skew-
ing. In this work, however, the impact of pulse broadening
and peak power reduction were not included. In addition,
the analysis, which is purely based on coding theory without
considering the impacts of any other noise and pulse propa-
gation, is far from the real circumstances.

Later, the impact of pulse broadening and time skewing
were investigated separately by simulation [9]. The simula-
tion result shown that time skewing effect strongly degrades
the performance of the 2-D WH/TS OCDMA system. For
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3-wavelength and 7-chip-time optimized code, it was shown
that a 10-Gchip/s system is limited to under 4 kilometers.
As this is a simulation work, the condition is, to some ex-
tent, inflexible, for example only three simultaneous users
was assumed, and preset optimized codes was used.

In this paper, we therefore propose to use a realistic
model of pulse propagation in order to comprehensively an-
alyze the impact of GVD on the performance of 2-D WH/TS
OCDMA system. This model should be able to analyze
all three effects of GVD, including pulse broadening, peak
power reduction, and time skewing. Additionally, numer-
ous noise and interferences, including multiple access inter-
ference (MAI), optical beating interference (OBI), and re-
ceiver’s noise will be included in the analysis. Besides, we
propose to use the heterodyne detection receiver so that the
receiver’s sensitivity can be improved and more users can
be accommodated [10], [11]. As a matter of fact, under the
impact of OBI, the 2-D WH/TS OCDMA systems using di-
rect detection receiver is severely degraded and apparently
unable to accommodate more than 10 users [12].

1.2 Main Contributions

A novel model of Gaussian pulse propagation in optical fiber
is proposed. Based on this model, we comprehensively an-
alyze the impact of all GVD effects on the performance of
2-D WH/TS OCDMA systems. Also, various parameters
are investigated in the analysis, including maximum trans-
mission length, number of supportable users, required op-
tical power, and power penalty. In addition, we include
both normal single-mode fiber (SMF) (ITU-T G.652 [21])
and dispersion-shifted fiber (DSF) (ITU-T G.653 [22]) in
the analysis.

It is seen that under the impact of GVD, the number of
supportable users is extremely decreased and the maximum
transmission length is remarkably shortened in the case of
normal SMF. We find that the main factor that limits the
system performance is time skewing. We also discover that
although the impact of pulse broadening and peak power
reduction can be significantly relieved when DSF is used,
the impact of time skewing is still relative strong. A power
penalty of up to 6.4 dB is seen in the 2-D WH/TS OCDMA
system with 32 × 1 Gbit/s users and the optical fiber length
is 100 km.

The rest of the paper is organized as follows. Section 2
presents the descriptions of the 2-D WH/TS OCDMA sys-
tem using heterodyne detection receiver. The performance
analysis and numerical results are presented in Sects. 3 and
4, respectively. Finally, Sect. 5 concludes the paper.

2. System Descriptions

2.1 2-D WH/TS Code

The 2-D WH/TS code is characterized by a combination
of time spreading and wavelength hopping patterns. This

combination has several advantages: cross-correlation is re-
duced, the autocorrelation sidelobes are nonexistent and the
cardinality of the code is greatly increased. There are several
types of 2-D WH/TS code such as extended quadric congru-
ence sequences [2], codes generated from “depth-first search
algorithm” [13], pseudo-orthogonal matrix codes [14], and
extended carrier hopping prime codes [15]. In this paper, we
use prime code [16], which is the most popular and widely
studied, for both time spreading and wavelength hopping.

For the time spreading patterns, each code is a se-
quence of ps blocks and each block has exactly ps chips (i.e.
the sequence length is N = p2

s), where ps is a prime number.
In each of these blocks, there exists only one chip pulse (i.e.
the chip value is “1”). The positions of chip pulses in blocks
of a code are determined by one of ps spreading patterns,
which are constructed of prime sequences corresponding to
the prime number ps.

A similar scheme is used for creating wavelength hop-
ping patterns using a prime number ph, which is also the
number of available wavelengths. Each chip pulse is as-
signed to one of ph wavelengths. We only consider the case
of ps ≤ ph. This mean that every wavelength appear in a
code only one at the most. The selection of wavelengths
for a code is determined by one of ph − 1 hopping patterns
because the hopping pattern that produces the same wave-
length for all chip pulses is not used.

As a result, for a given set of prime numbers ps, ph,
we can have a 2-D WH/TS code set whose cardinality of
ps × (ph − 1), autocorrelation peak of ps, and maximum
cross-correlation of one [16].

An example of 2-D WH/TS codes when ps = 5 and
ph = 5 is shown in Table 1. In this example, a single time
spreading pattern (10000 01000 00100 00010 00001) is used
for ph − 1 wavelength hopping patterns.

2.2 2-D WH/TS OCDMA System

A schematic diagram of an 2-D WH/TS OCDMA system
is shown in Fig. 2. There are K pairs of transmitter and re-
ceiver corresponding to K users in the system. A star opti-
cal coupler is used to distribute the optical signal from one
transmitter to all receivers. When the optical signal propa-
gates from the transmitter to the receiver, its power will be
decreased because of the fiber attenuation and splitter losses.
Let P0, α, L be the transmitted power, the fiber attenuation
coefficient, and the transmission length, respectively, the re-
ceived power can be calculated as Ps = [P0 exp(−αL)]/K.

A block diagram of a pair of transmitter and receiver
in the 2-D WH/TS OCDMA system using heterodyne de-

Table 1 2-D WH/TS codes: ph − 1 hopping patterns (HP) with one
spreading pattern.

block 0 block 1 block 2 block 3 block 4
HP 1 λ00000 0λ1000 00λ200 000λ30 0000λ4

HP 2 λ00000 0λ2000 00λ400 000λ10 0000λ3

HP 3 λ00000 0λ3000 00λ100 000λ40 0000λ2

HP 4 λ00000 0λ4000 00λ300 000λ20 0000λ1
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Fig. 2 Schematic diagram of an 2-D WH/TS OCDMA system using heterodyne detection receiver.

Fig. 3 FBG-based WH/TS encoder and decoder.

tection receiver is also illustrated in Fig. 2. At the trans-
mitter, multi-wavelength signal from broadband source is
modulated by binary data to generate on-off keying (OOK)
signal. The broadband source used in this paper can be
achieved with sinusoidal amplitude-phase hybrid modula-
tion technique [17]. The OOK signal is then 2-D WH/TS
encoded at a WH/TS encoder using a code generated by
the code generator. The WH/TS encoder of the system are
based on a linear array of fiber Bragg gratings (FBGs) and
further detailed in Fig. 3(a). In the encoding operation, bit
“0” is unchanged while wavelengths of bit “1” signal are
time-delayed and tuned at different FBGs of the WH/TS en-
coder. The time-delays (i.e. the positions of the FBGs in the
array) and the tuned wavelengths of FBGs are determined
by the time spreading and hopping patterns of the code, re-
spectively. Wavelengths are then combined and the encoded
signal is transmitted into optical channel together with sig-

nals from other users.
At the receiver, the received signal (including MAI) is

first mixed coherently with a local oscillator (LO). The LO
is also a broadband source whose characteristics (spectra,
wavelengths, and separation between them) are the same as
the one at the transmitter. The mixed signal is then decoded
at a WH/TS decoder (Fig. 3(b)), which also consists of the
same array of FBGs, but these FBGs are positioned in an
inverse order. When the received signal is passed through
the WH/TS decoder, wavelengths from the desired user will
be matched and the desired signal will be reconstructed by
canceling the relative time delays among chip pulses. Wave-
lengths from interfering users that are either unmatched or
differently delayed will be removed. On the other hand,
those pulses whose wavelengths are matched and delays are
coincided, will be collected and become MAI. The decoded
signal, which consists of both desired and MAI pulses, is
converted into an electrical signal by a photodetector (PD).
It is at the PD, OBI will occur due to the beating between
chip pulses with nearly the same wavelengths. The pho-
tocurrent is passed through a bandpass filter (BPF) to filter
out crosstalks, converted to the baseband by demodulator,
and then followed by a low-pass filter (LPF). Finally, the bi-
nary data is recovered by a threshold detector. The demod-
ulation can be carried out either synchronously and asyn-
chronously, however, for the simplicity of calculation, we
will only consider the synchronous case in this paper.

It is necessary to note that when propagating along the
optical fiber, optical chip pulses, both desired and MAI ones,
are distorted by the impact of GVD. This distortion will con-
sequently affect to the system performance hence should be
considered for a comprehensive system performance analy-
sis.
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3. System Performance Analysis

In this section, we theoretically analyze the performance of
the 2-D WH/TS OCDMA system using heterodyne detec-
tion receiver and derive its bit error rate (BER). As men-
tioned in the previous section, the impact of GVD will be
taken into consideration along with other noise and interfer-
ences, including MAI, OBI, and receiver’s noise.

It is necessary to note that our system is in the
dispersion-dominant regime where the impact of nonlinear
effects can be neglected. The reason is that the transmit-
ted pulse power is relatively small (thanks to the use of het-
erodyne detection receiver) and the pulse width is not too
short [19]. In fact, as the bit rate per user of 1 Gbit/s is used
and the sequence length of 49 chips (i.e. ps = 7) is chosen,
the pulse width of 10 ps or higher can be set. Besides, for
the sake of simplicity, we assume the polarization-matching
case, the effect of polarization mode dispersion is thus also
ignored. Also, we assume the chip synchronous case, i.e.
the upper bound performance [3], for all users.

3.1 Pulse Propagation Model

An optical pulse can be approximated as Gaussian shape,
and its propagation model in a dispersive medium can be
expressed as [4]

s(t)=
√

Ps
T0

(T 2
0− jβ2L)1/2

exp

⎛⎜⎜⎜⎜⎝− t2

2(T 2
0− jβ2L)

⎞⎟⎟⎟⎟⎠ , (1)

where Ps is received peak power and L is transmission
length. T0 is the half-width of pulse (at 1/e-intensity point)
and β2 is GVD parameter. From this equation we can see
that, optical pulse remains its shape when propagating along
optical fiber. Nevertheless, its width and peak power are
moderated by the GVD parameter β2.

This conventional model is good for analyzing pulse
broadening and peak power reduction effects in single-
wavelength or wavelength-independent systems (such as
WDMA system). In 2-D WH/TS OCDMA system, how-
ever, besides these effects, it is also necessary to reflect
the relative temporal shifting between two pulses (i.e. time
skewing effect).

In order to describe time skewing effect, a new param-
eter reflecting the relative temporal shifting between two
pulses needs to be calculated and added to the conventional
model. We first select an arbitrary wavelength to be the ref-
erence one, e.g. λr. Without loss of generality, we assume
the position of the reference wavelength in the time spread-
ing sequence to be stationary during propagation. The rela-
tive temporal shifting between a wavelength λi and the refer-
ence one can be expressed as (β1i − β1r)L = Δβ1iL, in which
L is the transmission length, β1r = 1/vgr and β1i = 1/vgi
with vgr and vgi are group velocities of the reference and i-th
wavelength, respectively.

Our proposed modified model with the new parameter

for the optical pulse at wavelength λi (0 ≤ i ≤ ps − 1),
denoted as si(t), then can be expressed as

si(t)=
√

Ps
T0

(T 2
0− jβ2iL)1/2

exp

⎛⎜⎜⎜⎜⎝− (t − Δβ1iL)2

2(T 2
0− jβ2iL)

⎞⎟⎟⎟⎟⎠ . (2)

Another form of Eq. (2), which can be seen more
clearly, is written as follows

si(t) =
√

Ps|Ai(t)| exp( jφsi), (3)

where |Ai(t)| and φsi are the normalized amplitude and phase
of chip pulse at wavelength λi. Ai(t) is expressed as

Ai(t)=
T0

(T 2
0− jβ2iL)1/2

exp

⎛⎜⎜⎜⎜⎝− (t−Δβ1iL)2

2(T 2
0 − jβ2iL)

⎞⎟⎟⎟⎟⎠ . (4)

It is worth noting that an optical pulse consists of two
components: (1) a slowly varying amplitude, si(t), of the
pulse envelope (i.e. modulating signal) and (2) an optical
carrier corresponding to the wavelength λi [19]. In our sys-
tem, the spectral width of optical carriers depends on the
reflection bandwidth of FBGs, which is as narrow as 0.1 nm
(12.5 GHz) [18]. This spectral width is indeed much smaller
than that of the modulating signal and its broadening effect
hence is negligible [19]. Therefore, the optical carriers in the
studied system can be assumed to be quasi-monochromatic
(i.e. having single wavelength). The amplitude of optical
pulse, whose wavelength is λi, is now fully expressed as

si(t)=
√

Ps|Ai(t)| exp[ j(ωit + φi)], (5)

where ωi is optical frequency of the optical carrier corre-
sponding to the wavelength λi. The phase component φi

includes phase of laser source and φsi (in Eq. (3)).

3.2 Heterodyne Detection Receiver

As discussed in Sect. 2.2, the received optical signal is
mixed coherently with a LO then passes through the WH/TS
decoder before it falls on photodetector. In order to see how
the mixing is carried out, we first consider the optical signals
at the input of photodetector (Fig. 2).

At this point, after passing through the WH/TS de-
coder, optical pulses that contribute to autocorrelation peak
consists of desired and MAI pulses. There are ps desired
pulses, one pulse appears at each wavelength, i.e. total ps

wavelength are visible. Again, without loss of generality,
the desired user’s wavelengths can be denoted from 0 to
ps − 1. Let k be the total number of MAI pulses at ps wave-
lengths, where the number of MAI pulses at wavelength λi

is denoted as ki (0 ≤ i ≤ ps − 1). ki is the random variable
(0 ≤ ki ≤ k) and k =

∑ps−1
i=0 ki.

In order to express desired and MAI pulses, we used
our proposed pulse propagation model (Eq. (5)). We denote
ωdi, φdi as optical frequency and phase of the optical carrier
corresponding to the wavelength λi of the desired user; as
well, denote ωci j, φci j as optical frequency and phase of the
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optical carrier corresponding to the wavelength λi of an in-
terfering user j-th (out of ki), respectively, where j = (1,...,
ki). The total decoded signal then can be expressed as

Es(t) =
ps−1∑
i=0

√
Ps|Ai(t)| exp[ j(ωdit + φdi)]

+

ps−1∑
i=0

ki∑
j=1

√
Ps|Ai(t)|exp[ j(ωci jt+φci j)]. (6)

The first part of Eq. (6) is the desired signal whereas
the second one presents MAI. Here, to simplify the calcula-
tion, we assume that transmitted power levels of any wave-
lengths are the same for all users. Also, the distance from all
transmitters to the receiver is the same (L km). The received
peak power and the normalized amplitude of optical pulse at
wavelength λi are the same for every user.

The LO at a specific receiver has ps wavelengths cor-
responding to ps wavelengths of its desired user’s. We de-
note frequencies and phases of wavelengths of the LO as
ωLOi, φLOi with i = (0, 1, ..., ps − 1). For the sake of simplic-
ity, we assume the powers are the same level at all wave-
lengths of the LO. The photocurrent at the output of the
photodetector after removing constant direct-current (DC)
component and cross talk can be expressed as

i = 2�
ps−1∑
i=0

√
PLOPs|Ai(t)| cos(ωIFdt + ΔφIFdi)

+2�
ps−1∑
i=0

ki∑
j=1

√
PLOPs|Ai(t)| cos(ωIFct + ΔφIFci j)

+2�
ps−1∑
i=0

ki∑
j=1

√
PsPs|Ai(t)|2 cos(Δωdi jt + Δφdi j)

+2�
ps−1∑
i=0

ki∑
j=1

ki∑
m=j+1

√
PsPs|Ai(t)|2cos(Δωci jmt+Δφci jm)

+irx, (7)

where � denotes the photodiode responsivity; the inter-
mediate frequencies and phases of data and j-th interfer-
ing user are ωIFd = ωdi − ωLOi and ωIFc = ωci j − ωLOi

as well as ΔφIFdi = φdi − φLOi and ΔφIFci j = φci j − φLOi

for i = (0, 1, ..., ps − 1); and the frequencies and phases of
primary and secondary beating components are expressed
as Δωdi j = ωci j − ωdi, Δωci jm = ωci j − ωcim and Δφdi j =

φci j − φdi and Δφci jm = φci j − φcim for any m � j and
m, j ∈ (0, 1, ..., ps − 1).

The first term in the Eq. (7) represents desired pho-
tocurrent and the second one represents the photocurrent
caused by MAI. The third term is primary OBI representing
the beating between desired pulses and MAI pulses. Each
pulse at wavelength λi from the desired signal will beat with
the ki pulses from interfering signal. The fourth term is sec-
ondary OBI representing the beating among the MAI pulses.
At particular wavelength λi there are ki pulses beating again
each other. Finally, the last term irx represents receiver’s

Fig. 4 Autocorrelation signal, Ad(t), for the case using SMF. The prime
sequence has ps = 7.

noise which includes shot noise and thermal noise.
The photocurrent generated at the photodetector is

passed through a BPF centered at the intermediate frequency
(ωIF). For synchronous demodulation, the photodetector is
multiplied with cos(ωIFt) and filtered by a LPF to reject
the components oscillating at 2ωIF . The phase differences
ΔφIFdi and ΔφIFci j generally varies randomly because of
phase fluctuations associated with the signal phase and the
LO phase. This fluctuations, called phase noise, will affect
the performance of the system. The phase noise problem
can be efficiently solved by using special receivers known
as phase-diversity receivers [20]. Such receivers use two
or more photodetectors whose outputs are combined to pro-
duce a signal that is independent of the phase difference.
Therefore, in our analysis, in order to simplify the calcula-
tion, ΔφIFdi and ΔφIFci j are assumed to be zero and the effect
of phase noise is neglected.

3.3 Signal to Noise Ratio

Firstly, we consider the desired current. Based on above
assumption, the phase difference ΔφIFdi = 0, the desired
current is hence given by

id(t) = 2�
ps−1∑
i=0

√
PLOPs|Ai(t)|=2�√

PLOPsAd(t), (8)

where Ad(t) =
∑ps−1

i=0 |Ai(t)| is autocorrelation signal.
In order to describe the impact of GVD on autocorrela-

tion signal, an example is shown in Fig. 4, where autocorre-
lation signal is investigated for the case of ps = 7. The auto-
correlation peak is corresponding to t = 0 which is also the
time of thresholding. Without the impact of GVD, the auto-
correlation peak (without MAI) equals to the code weight,
ps. Under the impact of GVD, time skewing and peak power
reduction will make the autocorrelation peak decrease. Es-
pecially, the impact of time skewing can be seen clearly in
Fig. 4 for the case of L = 1 km. At the thresholding time, the
value of desired current will be Id = 2�√PLOPsAd, where
Ad = Ad(0) is the peak of autocorrelation.

Besides desired current, MAI current also contributes
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to autocorrelation peak. As ΔφIFci j is assumed to be zero,
MAI current hence can be calculated as

iMAI(t) = 2�√
PLOPs

ps−1∑
i=0

ki|Ai(t)|. (9)

The MAI current at thresholding time is written by

IMAI = 2�√
PLOPs

ps−1∑
i=0

ki|Ai(0)|. (10)

The value of |Ai(0)| depends on MAI pulse’s wavelength as
shown in Eq. (4). Because the difference among β2i is small,
|Ai(0)| has maximum value when Δβ1i = 0, which means
that MAI pulse has the same wavelength with reference one.
In this analysis, we will consider the worst case, all k MAI
pulses are assumed to drop into reference wavelength. The
value of |Ai(0)| is now replaced by Ac, where Ac is received
from Eq. (4) with Δβ1i = 0, t = 0, and β2i equals to β2r of
reference wavelength. The MAI current is now expressed as

IMAI = 2�√
PLOPs kAc. (11)

When desired user transmits bit “1,” the MAI is con-
structive. When the desired user’s bit is “0,” the MAI
can lead to errors. The total of desired and MAI currents
Ib(b ∈ (0, 1)) can be expressed as

Ib = bId + IMAI . (12)

Next, to calculate OBI power, distribution of k interfer-
ing pulses over ps wavelengths should be considered. De-
note κ = (k0, k1, ..., kps−1) as the ps dimensional vector that
represents the distribution of k interfering pulses over ps

wavelengths. It is seen that κ is a random variable that can be
modeled as a multinominal distribution with an equal prob-
ability Pi = 1/ps [12]. By averaging the secondary OBI
component, the OBI power for two cases b = 0 and b = 1,
which includes primary and secondary OBI, can be derived
from [10] as

i2OBIb = 2Beτc�2P2
s Ac

4

(
bk +

1
ps

(
k
2

))
, (13)

where Be is photodetector electrical bandwidth and τc is co-
herent time of the broadband source which can be approxi-
mated as τc = 1/B0 where B0 is the optical bandwidth.

Finally, we calculate the receiver noise power, which
includes the contribution from both shot noise i2s ≈
2pseBe�PLO(note that the shot noise from the ps LOs is
dominant as PLO � Ps) and thermal noise i2th = 8πkBTnB2

eC
[11]. Where e is the electron charge, kB is Boltzman’s con-
stant, Tn is the receiver noise temperature, and C is the re-
ceiver capacitor.

Total noise variance, i2nb (b ∈ (0, 1)), is expressed as
follows

i2nb = i2OBIb + i2s + i2th. (14)

Each bit is detected by comparing the autocorrelation

peak with a threshold current ID. The signal to noise ratio
(SNRb) for two cases (b = 0 and b = 1) at the thresholding
time is calculated as

S NRb =
(Ib − ID)2

i2nb

. (15)

3.4 Bit Error Rate (BER)

We assume that there are K − 1 interfering users, i.e. the
number of simultaneous users is K, in which i users (out of
the possible K−1 interfering users) are sending “1.” For any
user, the probability of transmitting “0” or “1” is assumed to
be equally likely. Therefore, i can be modeled as binomi-
nal variable with probability 1/2. Among i interfering users
sending bit “1,” we assume that there are k pulses matched
with desired user’s code. Denote 〈μλ〉 as the average number
of wavelengths common to a pair of two codes, the proba-
bility that one pulse is matched with desired user’s code is
〈μλ〉/p2

s . k thus can be also modeled as binominal variable
with probability 〈μλ〉/p2

s .
In order to minimize the BER, we consider the case that

ID is optimum [19]. Moreover, the demodulated photocur-
rent as well as noises can be modeled as Gaussian random
variables, the total probability of error hence can be calcu-
lated as [10]

Pe =

K−1∑
i=1

(
K − 1

i

)
2−(K−1)

i∑
k=1

(
i
k

) (
μλ

p2
s

)k (
1 − μλ

p2
s

)i−k

×Q

(
I1 − I0

in1 + in0

)
, (16)

where

Q(x) =
1

2π

∫ ∞

x
exp(−y2/2)dy. (17)

Here, I1 and I0 are Ib, the total of data and MAI currents
derived from Eq. (12), corresponding to b = 1 and b = 0.
The average number of wavelengths common to a pair of
two codes μλ, in case of prime sequence with ps < ph, can
be estimated as [2]

μλ =
1(
ph
ps

)
{(

ph − 1
ps − 1

)
(ps − 1)(ps − 2) + (ph − 2)

ph − 2

+

(
ph−1

ps

)
ps(ps − 1)

ph − 2

}
. (18)

Note that in the case of ps = ph, the average number of
wavelengths common to a pair of two codes, μλ, equals to
ps.

4. Numerical Results

For the numerical result, we use WH/TS sequences that have
ps = 7 and ph = 11, i.e. the maximum number of users
is 70. With the user bit rate is 1 Gbit/s and the sequence
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Fig. 5 The peak of autocorrelation, Ad , for the case of using DSF. The
prime sequence has ps = 7 and ph = 11.

length equals to 49 (i.e. p2
s), the chip duration is approxi-

mately 20 ps. Therefore, the full-width at half maximum of
the chip pulse [4] can be chosen as 10 ps. The 11 wave-
lengths are at the window 1550 nm and range from 1445 nm
to 1555 nm (i.e. the wavelength interval is 1 nm). In fol-
lowing analysis, considered user uses 7 wavelengths from
1447 nm to 1553 nm.

The transmission mediums used in the analysis are the
standard ITU-T normal SMF (G.652) and DSF (G.653) with
the attenuation is approximately 0.2 dB/km. The disper-
sion parameters are also based on ITU-T Recommendations.
SMF has dispersion coefficient D1550 = 17 ps/nm × km
and dispersion slope coefficient S 1550 = 0.056 ps/nm2 × km.
DSF has zero dispersion at wavelength 1550 nm and disper-
sion slope coefficient S 1550 = 0.047 ps/nm2 × km.

Before analyzing the system performance, it is neces-
sary to see how GVD affects on the autocorrelation signal.
Figure 4 shows the normalized amplitude of autocorrela-
tion signal for the case of SMF. The peak of autocorrela-
tion strongly decreases when the transmission length (L) in-
creases. When the transmission length is 300 m, the peak
of autocorrelation drops to 3. For L = 1 km, the autocorre-
lation signal is composed of seven peaks instead of single
sharp one. This is because each chip pulse travels at differ-
ent group velocity.

In order to reduce the impact of GVD, DSF with small
dispersion coefficient is recommended. Figure 5 illustrates
how DSF relieves the impact of GVD. The reduction of au-
tocorrelation peak is not as much as that of SMF. At 100-km
DSF, the autocorrelation peak is still larger than that of 300-
m SMF.

Investigating the impact of GVD on autocorrelation
signal is necessary but not enough. When an optical ac-
cess system is designed, important parameters that need to
be determined are maximum transmission length (i.e. the
length at which BER ≤ 10−9 can be maintained), the number
of supportable users, and required optical power (or power
penalty). To make our analysis more comprehensive, we
will investigate system’s BER versus these parameters for
two cases: using SMF and DSF.

The system parameters and constants used in following

Table 2 System parameters and constants.

Name Symbol Value

Boltzmann’s constant kB 1.38 ×10−23 W/K/Hz
Electron charge e 1.6 ×10−19 C
Light velocity c 3 ×108 m/s
Receiver capacitor C 0.02 ×10−12 F
Noise temperature Tn 300 K
PD responsivity � 1 A/W
Bit rate per user Be 1 Gbit/s
Prime number for TS ps 7
Prime number for WH ph 11
LO optical power PLO 0 dBm

Fig. 6 BER versus transmission length (L) when K = 32×1 Gbit/s users
and Pb = −5 dBm. Transmission medium is SMF.

analysis are shown in Table 2. In order to have fair compari-
son with other systems, the numerical results are considered
under a constraint on power per information bit. Under this
constraint, the transmitted power per chip P0 can be derived
from transmitted power per bit Pb as P0 = Pb/ps.

4.1 Analytical Results for the Case of SMF

We first investigate the maximum transmission length when
the system is affected by GVD and the SMF is used. Fig-
ure 6 shows the system’s BER vs. the transmission length
when the transmitted power per bit Pb = −5 dBm and the
number of users K = 32 × 1 Gbit/s users. In order to ana-
lyze different GVD effects on the system performance, three
cases of BER: without GVD, with pulse broadening and
peak power reduction effects (these two effects occur con-
currently), and with full impact of GVD (including time
skewing), are shown.

It is seen that when only pulse broadening and peak
power reduction effects are considered, the maximum trans-
mission length of the analyzed system is reduced from 147
to 63 km, which is still considered good enough for systems
like access networks. However, when time skewing effect is
included, it is extremely shortened to 15.5 km. This reveals
that the time skewing is dominant effect in the 2-D WH/TS
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Fig. 7 BER versus number of simultaneous users (K) when Pb =

−5 dBm. The user bit rate is 1 Gbit/s and transmission medium is SMF.

Fig. 8 BER versus number transmitted power per bit (Pb) when K =
32 users and L = 15.5 km. The user bit rate is 1 Gbit/s and transmission
medium is SMF.

OCDMA systems. Additionally, if no dispersion compensa-
tion method is used, the 2-D WH/TS OCDMA systems can-
not be implemented on the current optical networks, which
are mainly based on SMF.

Next, we show the reduction of the number of support-
able users when the transmission length increases in Fig. 7.
We keep the transmitted power per bit Pb = −5 dBm and
increase L from 10 to 20 and 30 km. The number of sup-
portable users will decrease from 58 to 19 and 9 users re-
spectively. With this tendency, the system can supports only
a few users when L = 40 km.

Figure 8 shows the system’s BER versus transmitted
power per bit when K = 32×1 Gbit/s users and L = 15.5 km.
Although the impact of pulse broadening and peak power
reduction are not as much as that of time skewing, its power
penalty is considerable, i.e. 11 dB in the total of 27 dB is

Fig. 9 BER versus transmission length (L) when Pb = −5 dBm and K =
32 × 1 Gbit/s users. Transmission medium is DSF.

shown. This is due to high dispersion coefficient of SMF
and relative small pulse width (i.e. 10 ps).

4.2 Analytical Results for the Case of DSF

In the previous section, we showed that the transmission
length and number of users are very limited when SMF is
used. We will now investigate BER of the system using DSF
and compare with the case of SMF to find how the impact
of GVD is relieved.

As depicted in Fig. 9, the impact of pulse broaden-
ing and peak power reduction is significantly relieved when
DSF is used. In comparison with the case of without GVD,
the transmission length is only 2 kilometers shorter (i.e.
145 km compared with 147 km). In addition, the impact of
time skewing is also reduced, which make the total impact of
all GVD effects remarkably decrease. With the same trans-
mitted power per bit (Pb = −5 dBm), the system using DSF
can support 32 users with the maximum transmission length
of 111 km. It is 7 times greater than that of using SMF.

Figure 10 illustrates the system’s BER against the num-
ber of simultaneous users when Pb = −5 dBm and the user
bit rate is 1 Gbit/s. In comparison with Fig. 7, the system
using DSF can support more number of users as well longer
transmission length compared with the system using SMF.
For example, the system using DSF can support 32 users at
L = 111 km compared with 19 users at L = 20 km of the
system using SMF.

Finally, we investigate system’s BER against transmit-
ted power per bit when L = 111 km and K = 32 users. In or-
der to keep BER ≤ 10−9 it is required to increase transmitted
power to compensate power reduction because of GVD ef-
fects. As shown in Fig. 11 the power penalty of pulse broad-
ening and peak power reduction is negligible. However, the
impact of time skewing is still relatively strong. A power
penalty of up to 7 dB is seen in the 2-D WH/TS OCDMA
system with 111-km optical fiber length. More detail about
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Fig. 10 BER versus number of simultaneous users (K) when Pb =

−5 dBm. The user bit rate is 1 Gbit/s and transmission medium is DSF.

Fig. 11 BER versus number transmitted power per bit (Pb) when K =
32 users and L = 111 km. The user bit rate is 1 Gbit/s and transmission
medium is DSF.

Fig. 12 Power penalty versus transmission length (L) when K = 32 ×
1 Gbit/s users. Transmission medium is DSF.

the power penalty versus transmission length under the im-
pact of GVD for the case of DSF is illustrated in Fig. 12.

5. Conclusions

We have presented a comprehensive study of the impact of
GVD on the performance of the 2-D WH/TS OCDMA sys-
tem. A realistic model of Gaussian pulse propagation is pro-
posed and heterodyne detection receiver is used so that the
receiver’s sensitivity can be improved. First, the impact of
GVD on optical pulse propagating in optical fiber was ana-
lyzed. Then the system performance was investigated tak-
ing into account various kinds of noise and interferences,
including MAI, OBI, and receiver’s noise. The results show
that, under the impact of GVD, the number of supportable
users is extremely decreased and the maximum transmission
length is remarkably shortened in the case of normal single
mode fiber is used. The main factor that limits the system
performance is time skewing.

Although the impact of pulse broadening and peak
power reduction is almost compensated by dispersion-
shifted fiber, the impact of time skewing is relatively strong.
Moreover, the cost of using DSF may be ineffective. There-
fore, alternate techniques, such as pre-skewing at encoder
and post-skewing at decoder, are desired so that the systems
can use low-cost SMF. Dispersion compensating techniques
are also required to work with reconfigurable devices. In our
future research, we plan to study how to solve this issue.
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