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Abstract

Currently, optical fibers are one of major media for being used in communication systems.
Multimode fiber is one type of optical fibers that can be used to carry a high-data-rate signal. However, to
be able to do that, first, the frequency response at high frequency region of multimode fibers is very
important. In this research, the frequency response of multimode fibers has been studied. It was found that
at high frequency region of multimode fiber’s frequency response, there are many available passbands that
can be used as channels to carry many subcarrier signals. To successfully transmit such subcarrier signals
over multimode fibers, the carrier frequencies have to be carefully selected. The well known technique
called genetic algorithm has been adopted in order to use in the carrier-frequency selecting process. It was
found that applying the suitable subcarrier frequencies found by such technique, the bit-error-rate of
transmitting many subcarriers over multimode fibers has been reduced significantly. The results from this
research can certainly be applied to the subcarrier multiplexing system over high frequency region of

multimode fibers in order to improve the performance of the system in terms of bit rate and bit-error-rate.

Keywords: Multimode Fibers, Frequency Response, Genetic Algorithm, Communications Systems,

Subcarrier Multiplexing, Bit-Error-Rate
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Abstract

Genetic algorithm (GA) has been shown to be an
alternative for achieving suitable subcarriers in
subcarrier multiplexing (SCM) on multimode fiber.
Because of the relatively-flat frequency response at
high frequency range of the multimode fiber, the
suitable subcarriers can be determined by applying GA
to many divided frequency ranges simultaneously; that
is, Parallel GA. In this paper, parallel GA is adopted for
searching suitable subcarriers in SCM on multimode
fiber. Thirty suitable subcarriers, which are not located
at any nulls in the frequency response of multimode
fiber, are determined. These subcarriers are then used
for transmitting many subcarrier signals through the
high frequency bands of multimode fiber resulting in a
total data rate of 15 times larger than the data rate
obtaining from the 3-dB intermodal bandwidth.

Keywords: Multimode Fiber, Subcarrier Multiplexing,
Genetic Algorithm

1. Introduction

Multimode fiber has been widely used as a
communication channel for more than 30 years. The
characteristic in terms of supporting data rate has been
known to be 300 to 500 MHz-km, which is from its 3-
dB intermodal bandwidth. This makes multimode fiber
less attractive comparing to singlemode fiber. However,
it was shown that the available bandwidth of the
multimode fiber is not only from its 3-dB intermodal
bandwidth but also from the high-frequency passbands.
It was shown that the frequency response of multimode
fiber at frequencies much higher than the 3-dB
intermodal bandwidth is relatively flat with an
amplitude of 6 to 10 dB below the amplitude at zero
frequency [1, 2]. One major advantage of these high
frequencies is that they can be used as a medium to
transmit a high bit rate signal. Many techniques have
been applied to MF in order to make use of these
available passbands; for example, an offset launch has
been used in [3] and in [4] the electronic equalization

has been adopted. It has been shown in [5] that a high
bit rate signal (up to 1.45 Gbps) can be transmitted over
a distance of 5 km using subcarrier multiplexing (SCM)
with multimode fiber (MF) system. Since the frequency
response of multimode fiber at these high frequencies is
not totally flat, there are many nulls within this
passband region. If some subcarriers are located at deep
nulls, the received signals from those subcarriers will be
degraded significantly. The effects of having some
subcarriers located at deep nulls can be overcome by
using a technique called “Diversity coding” [6].
Applying theory from [6], the effects of having
different number of subcarriers and different bandpass
bandwidths on the achieved bit-rate and distance were
investigated in [7]. However, in [6] and [7], there is no
guarantee that the chosen subcarriers will not be at the
nulls. To improve the system performance, there should
be a way to determine suitable frequencies for being
used as subcarriers in the system before the real
transmission. It has been shown in [8] that a well-
known algorithm called genetic algorithm can be used
as the way for finding suitable subcarriers before the
real transmission takes place. In [8], six subcarriers
were determined using GA. However, considering the
passbands in the high frequency range of multimode
fiber, it is seen that there are many available passbands
to be utilized. In this paper, more suitable subcarriers
are determined by using parallel GA in order to help
reduce the number of iterations in GA process.

The organization of this paper is as follows. In
Section 2, the multimode fiber model is discussed. And,
the basic background on GA and parameters used in
this paper are described in Section 3. The results of
applying parallel GA for searching suitable subcarriers
in multimode fiber and discussion are shown in Section
4. And, finally, in Section 5, the conclusion is given.

2. Multimode Fiber Model

The impulse response of the multimode fiber with N
guided modes is just the combination of the delta
functions corresponding to different delays (tyn)[2, 5];
that is,
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N
Niier (t)zz5(t_td,n) (1)

n=1

Taking the Fourier transform of the impulse response
in (1), the frequency response of the complex envelope
of the multimode fiber with N guided modes is given by

N .
H fioer (1) :zeﬂzmtm ()
n=1

From (2), it is seen that to get the frequency response
of the multimode fiber, the delays for all N guided
modes have to be found; that is, the modal index of
each guided mode has to be found. However, for
practical multimode fibers the number of guided modes
has to be large to avoid modal noise; thus, many time
delays have to be determined in order to construct the
frequency response. It has been shown [2, 6] that these
time delays can be modeled to be independent
realizations of a random variable, which is uniformly
distributed about an average time delay (tya.q) With the
maximum deviation of tyge,. Note that tyag and tgge
depend on the fiber length, the number of guided
modes, and the refractive index profile of the fiber.

Applying the maximum time deviation of 5 ns, and
number of guided modes to be 100 modes; three
different frequency responses of the complex envelope
of the multimode fiber in units of dB are shown in
Fig.1.
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Fig. 1 Three magnitude responses of complex envelope of the
multimode fiber modeled, each with N = 100 and ty gey = 5 ns.

Considering the magnitude responses in Fig.1, it is
seen that they are almost identical for the response
below 0.2 GHz. That is, if the signal is transmitted over
the 3-dB intermodal bandwidth of this fiber, the
achieved data rate will be approximately 200 Mbps
since the 3-dB bandwidth is roughly 200 MHz.
However, it is seen that there are many passbands at
high frequencies, which can be used to carry many
signals. Combining data rates from these passbands, it
is clearly seen that the total data rate that can be

achieved will be significantly higher than the data rate
achieving only from the 3-dB intermodal bandwidth.
However, there is one question regarding how to choose
the suitable subcarriers since there are many nulls in
this high frequency range and if the fiber is changed,
these passbands are also changed as seen in Fig. 1. If
the chosen subcarriers are at these nulls, the signals
carried by these subcarriers will then be degraded
considerably resulting in an unacceptable received
signal. Hence, there must be an approach for searching
suitable subcarriers, which are not located at any nulls.
It has been shown in [8] that GA is an algorithm for
searching suitable subcarriers. In the next section, GA
with parameters used in GA in this paper will be
discussed.

3. Genetic Algorithm

Assume that the suitable subcarriers are unknown, but
the frequency response of the complex envelope of
multimode fiber is known. The GA’s optimization
problem is to determine the suitable subcarriers. Based
on principle of genetic mechanics, a better population
of candidate solution is obtained. The genetic
algorithms can be described as follows.

3.1 Coding and Decoding

To solve the optimization problem, the subcarriers
should be coded to a string-called chromosome. A set of
chromosomes in generation is called “population”.
Based on binary coding method, every element of the
sub-carriers vector is coded as a string of length, which
consists of “0’s” and “1’s”. The desired resolution, R;,
can be written as follows.

U L
R=tL P 3)
2" -1

Where pV is upper bound of the subcarrier vector f,
p" is lower bound of the subcarrier vector f,
l; is length of the binary code.

The following example illustrates the coding
procedure. Assume that there are two subcarriers in the
subcarrier vector, f = [fy, f,], and the optimal subcarriers
(f*) is in the following ranges.

f. 0.2GHz < f, <1.0GHz

0.2GHz < f, <1.0GHz
And length of the binary code is
l,=1,=5

According to (3), R;= 0.0258 and R,= 0.0258
Therefore, f; and f, can be coded as the following:

fi Code f, Code
0.2000 | 00000 0.2400 | 00000
1.0000 | 11111 1.0000 | 11111

-1110-



3.2 Fitness function and Selection

Fitness, F, is a measure to evaluate the suitability of a
chromosome. By the concept of multi-objective GA
(MOGA), the fitness function used in this paper can be
written as follows.

Fo ! (4)
|10 Ioglo H fiber ( f )| + p
Where

p = 0.01 when the penalty condition is not occurred.
=1000 when the penalty condition is occurred.
|10log1oHsiner(f)| is magnitude response the complex
envelope of multimode fiber.

Penalty condition is occurred when there are at least
two subcarriers, which the frequency difference
between them is less than 3-dB intermodal bandwidth

[6].

This fitness function is proposed to maximize the
magnitude response of the subcarriers vector and also to
avoid the frequency differences in subcarriers to be less
than the 3-dB intermodal bandwidth.

Each chromosome is assigned by a fitness value
based on the fitness function. At each step, called
generation, fitness values for all chromosomes are
evaluated. Chromosome, which has the maximum
fitness value, is kept as a solution in the current
generation and passed to the next generation. A
common selection approach assigns a probability of
selection P; to each chromosome. Roulette wheel,
developed by Holland [9], was the first selection
method. The probability, P;, for each chromosome is
defined by

F
P, = P[Chromosome j is chosen] = 5k~ (%)

2 F
i=1
where F is the fitness value,
PopSize is the population size (Number of
chromosomes in the population).

3.3 Genetic Operators

To form a new population of the next generation,
genetic operators are performed. The basic operators of
genetic algorithms are reproduction, crossover and
mutation. Crossover randomly selects a point along the
length of two chromosomes, and then splits the two
chromosomes into two pieces by breaking them at the
crossover point. The new chromosomes are then formed
by matching the head piece of one chromosome with
the tail piece of the other. Mutation operation forms a
new chromosome by randomly changing value of a
single bit in the chromosome. Reproduction operation
forms a new chromosome by just copying the existing
chromosome. The genetic algorithm in this paper is
shown as Fig. 2.

Considering GA described, it is seen that if the
number of required suitable subcarriers is large, the
number of iterations will be large, as well. This is not
practical to be used in real system since it would take
much time for setting up the system. However,
considering Fig.1, it is seen that for all three responses,
there always are some passbands in any frequency
range; for example, between 1 to2 GHz, there are 6, 8,
and 7 available passbands in Hiygg1(f), Higo2(f), and
H1003(f), respectively. Hence, instead of applying GA to
the whole frequency range (that is, 0.2 to 5 GHz, as
seen in Fig.1) in order to find thirty suitable subcarriers,
the frequency is divided into 6 frequency ranges; that is,
0.2to 1 GHz, 11to 1.8 GHz, 1.8 to 2.6 GHz, 2.6 to 3.4
GHz, 3.4t0 4.2 GHz, and 4.2 to 5 GHz. Then, for all six
frequency ranges, GA is applied simultaneously in
order to search for 5 suitable subcarriers in each range;
that is, parallel GA. With this parallel GA, thirty
suitable subcarriers are then obtained. The results of
this are shown in the next section.

START

Given the complex
envelope of multimode
fiber, frequency range,

genetic operator
parameters

A 4

Random uniformly
generate the set of
chromosomes, (Population
of 1% generation)

»)
)l

Evaluate the fitness
value according to
Equations (4) and (5)

NO Selection and Genetic
operator, Reproduction,

Check Sto
P Crossover, Mutation

Condition

Fig. 2 Genetic algorithms for the optimization of subcarriers
in SCM MF system.

4. Results and Discussion

In this section, the result of applying parallel genetic
algorithm to search the suitable subcarriers in the
complex envelope of multimode fiber frequency
response problem is given. The frequency response is
obtained by (1) and (2) where the number of guided
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modes = 100, the maximum time deviation = 5 ns, and
the average time delay = 5 5. The genetic parameters
are shown in following:

In each frequency range, Population size = 5, f; is in
the range of 0.8 GHz (as explained previously) where i
=1, 2, ..., Nan, Neup = 5, probability of crossover=0.6,
mutation = 0.1, reproduction = 0.3.

Applying parallel GA to Hper1(f), the optimal
solutions are obtained as seen in Fig. 3. The
improvement of fitness value by evolutionary process is
shown in the figure, as well. Thirty suitable subcarriers
are obtained.
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Fig. 3 (Upper)Multimode fiber frequency response with the
obtained suitable subcarriers (marked as cross signs).
(Lower)Sum of fitness values versus iteration (generation)
using Parallel Genetic Algorithm.

From the results shown above, it is clearly seen that
thirty suitable subcarriers can be determined. All of
these thirty subcarriers are not located at or near any
nulls. They are located at frequencies in which the
magnitudes are quite large (that is, about 8 dB below
the magnitude at the zero frequency) comparing to the
magnitude at nulls. In [6], it was shown that statistically
the width of each passband is identical to the 3-dB
intermodal bandwidth; hence, the data rate transmitted
over a possible passhand is approximately one-half of
the 3-dB intermodal bandwidth. Applying this result
from [6] to this study, it is seen that thirty subcarrier
signals can be transmitted over these subcarriers each
with a bit rate of 100 Mbps resulting in a total bit rate of
3 Gbps, which is 15 times the bit rate achieving from
the 3-dB intermodal bandwidth. Note that, parallel GA
has also been applied t0 Hyiper 2(f) and Hyper3(f) in order
to verify that this method is suited for being used. The
obtained subcarriers are similar to what are shown in
Fig.3; that is, all thirty obtained subcarriers are not
located at any nulls of the multimode fiber response.

In system point of view, these thirty suitable
subcarriers could be searched during the stage of setting
up the SCM MF system, where the subcarrier
frequencies are adjusted to the appropriate frequencies.
The information from each iteration can be transmitted

back to the transmitting end by using the 3-dB
intermodal bandwidth, which is guaranteed to be always
usable. Hence, applying parallel GA to help design
SCM MF system is feasible.

5. Conclusion

Thirty suitable subcarriers for being used as channels
in subcarrier multiplexing on the multimode fiber are
determined using parallel genetic algorithm. These
subcarriers are not located at any nulls in the high
frequency region of the frequency response of the
multimode fiber. The resulting data rate achieving from
these subcarriers are approximately 15 times the data
rate achieving from the 3-dB intermodal bandwidth. It
can then be concluded that parallel GA is a potential
algorithm for designing SCM MF system.
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Abstract — Multimode fiber (MF) has been used as a
medium for transmitting a high data rate signal up to 10
Gbps over its high frequency region. This high
frequency region of multimode fiber contains many
passhands, which can be adopted as channels for
sending many subcarrier signals. These passhands are
located at different frequencies and vary from fiber to
fiber depending on the delays of guided modes in the
fiber. In this paper, the passhands at high frequency
region of multimode fiber are studied. The delays of
guided modes are assumed to be Gaussian distributed.
The characteristics in terms of the average magnitude
response and the average bandwidth of these passbands
are determined. It is found that the average magnitude
response of the passbands depends on the number of
guided modes and the average bandwidth depends on
the standard deviation of the delays.

Keywords. Multimode Fiber, Gaussian Distribution,
Bandpass Bandwidth, Guided Modes

|. INTRODUCTION

Optical fiber transmission has been developed to be
one of the major channels for data transmission. The
capacity of the optical fiber has been improved to be
more than 10 Tbps [1]. Multimode fiber has been
known for being a medium for transmitting a signal
with data rate no more than 500 Mbps. However,
considering the frequency response of multimode fiber,
it has been shown that the frequency response of
multimode fiber at frequencies much higher than the 3-
dB intermodal bandwidth is relatively flat with
amplitudes of 6 to 10 dB below the amplitude at zero
frequency [2, 3]. The advantage of these high
frequencies is that they can be used as a medium to
transmit a high bit rate signal. In [4] it has been shown
that a high bit rate signal (up to 1.45 Gbps) can be
transmitted over a distance of 5 km using subcarrier
multiplexing (SCM) with multimode fiber (MF) system.
Since the frequency response of multimode fiber at
these high frequencies is not totally flat, there are many
nulls within this passband region. If some subcarriers
are located at deep nulls, the received signals from
those subcarriers will be degraded significantly. The
effects of having some subcarriers located at deep nulls
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can be overcome by using a technique called “Diversity
coding” [4]. Considering the multimode fiber model
shown in [3], it was assumed that the delays of guided
modes are uniformly distributed. This might not be a
correct distribution in practice since the guided modes
travel aong the fiber with different paths and the
probability that each mode reaches the receiving end
should not be uniformly distributed. Another
distribution namely Gaussian distribution should be
adopted since there are many guided modes in
multimode fiber. The delays of the guided modes are
assumed to be identically distributed. Hence, under
Central Limit Theorem [5], the summation of these
delays can be assumed to be Gaussian distributed. In
this paper, the passbands of multimode fibers are
studied assuming that the distribution of the delays is
Gaussian distribution.

The organization of this paper is as followed. In
Section I, the multimode fiber model will be given.
Gaussian distribution is adopted for being the delay
distribution. The average magnitude response of
multimode fiber at high frequency region is studied in
Section I11. Also, in Section IV the average bandwidth
of passhand regions is discussed. Finaly, in Section V,
the work in this paper is summarized.

1. MULTIMODE FIBER MODEL

The impulse response of the multimode fiber with N
guided modes is considered as the combination of the
delta functions corresponding to different delays (tqn)
[3, 4]; that is,

Npoge
Piiber (t) = Z §(t _td,n) D
n-1

The frequency response of the complex envelope of
the multimode fiber with Npyoe guided modes is
achieved by taking the Fourier transform of the impulse
responsein (1); that is,

Nmode .
Hfibef(f) — Z e—JZﬂ'f-td,n (2)
n=1

From (2), in order to get the frequency response of
the multimode fiber, the delays for all N guided modes
have to be found; that is, the modal index of each
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guided mode has to be found. However, for practica
multimode fibers the number of guided modes has to be
large to avoid modal noise. It has been shown [3, 4] that
these time delays can be modeled to be independent
realizations of a random variable, which is uniformly
distributed about an average time delay (tqawg) With the
maximum deviation of tyge, as shown in (3).

1
T ; td,avg e Sty < td,avg + 4 ev 3
d,dev

ftdvn (td,n) =
0 ;esewhere

Note that tyag and tyqe, depend on the fiber length,
the number of guided modes, and the refractive index
profile of the fiber.

Applying the maximum time deviation of 5 ns, and
number of guided modes to be 100 modes, the
frequency response of the complex envelope of the
multimode fiber in units of dB is shown Fig.1.
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Fig. 1. Magnitude response of the complex envelope of the multimode

fiber modeled with uniform distribution, Niyoge = 100 and tygey, = 5
ns.

Considering the magnitude response in Fig.1, it is
seen that if the signal is transmitted over the 3-dB
intermodal bandwidth of this fiber, the achieved data
rate will be approximately 100 Mbps since the 3-dB
bandwidth is roughly 100 MHz. However, it is seen that
there are many passbands at high frequencies, which
can be used to carry many signals; for example, at 0.45
GHz, 0.75 GHz, 1.0 GHz, and so on. Combining data
rates from these passbands, it is clearly seen that the
total data rate that can be achieved will be significantly
higher than the data rate achieving only from the 3-dB
intermodal  bandwidth. However, as discussed
previously the uniform distribution in (3) might not be a
correct distribution for being used. Next, the delay (tq,)
is assumed to be Gaussian distributed [5] with an
average time delay (tgag) With the delay standard
deviation of oy; that is,

7(tdvn7tdvavg)2

fo (tn)= _ 1 o (4)
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To apply the Gaussian distribution to the delay, oy
has to be determined. Here, the value of tyg4, Used in
Fig.1, which is from uniform distribution, is translated
to the standard deviation of 2.89 ns. Hence, oy of 2.89
ns with 100 guided modes are applied to (4) and (2),
respectively. The frequency response of the complex
envelope of the multimode fiber using Gaussian
distribution is shown Fig.2.

0
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L
_20, 4
_25 L L 1 L L
0 0.5 1 15 2 25 3
Frequency (GHz)

Fig. 2. Magnitude response of the complex envelope of the multimode

fiber modeled with Gaussian distribution, Nygge = 100 and oy = 2.89
ns.

Considering Fig.2, it is seen that there are many
available passhands at high frequency. Comparing this
figure to Fig.1, it is seen that they are different in terms
of the locations of passhands. This difference is from
the fact that these two responses are from different sets
of delays. However, there are many similarities among
these two figures, for example, the 3-dB intermodal
bandwidth a low frequency and the passband
bandwidth at high frequency are amost identical.
Additionally, considering the average magnitude of the
high frequency region, it is seen that both responses
have an average magnitude of -10 dB approximately.

In the following sections, the average magnitude at
high frequency and the average bandwidth of passband
will be studied using Gaussian distribution.

[11. AVERAGE MAGNITUDE RESPONSE

In this section, the average magnitude response of the
multimode fiber at high frequency is determined. This
parameter is quite important in practical system since it
tells us about how much power we need to use in order
to compensate for such attenuation. From Fig. 1 and 2,
it is seen that the average magnitude is approximately -
10 dB. However, the delay standard deviation used in
these two figures is 2.89 ns with 100 guided modes.
Here, the factors affecting the average magnitude are
determined. This is done by studying different
magnitude responses each with different parameters;
that is, the number of modes (Nyoqge) @and delay standard
deviation (oy).
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0 0.5

The magnitude responses of multimode fiber with 50
and 150 guided modes are shown in Fig.3. These two
responses are from the same oy of 2.89 ns. As seen from
the figure, with 50 guided modes, at high frequency, the
average magnitude response of MF is clearly higher
than that from the case of 150 guided modes. It can be
roughly concluded that the average magnitude response
of MF depends on the number of guided modes.
However, the effect of the delay standard deviation has
not been determined. In Fig.4, the average magnitude
response of MF at high frequency region is obtained
and shown as a function on Npge With different values
of Og-

-2
==B--c6=15ns
_4,ﬂ =0-=-0=30ns g
—0—oc=45ns
56
e
2
3-8y
E
=10
_12,
% 50 100 150 200

Nmode
Fig. 4. Average magnitude response multimode fiber at high

frequency region as a function of number of guided modes with oy =
15,3.0,and 4.5ns.

From Fig.4, it is clearly shown that there is no
significant difference between three curves with
different values of oy. Additionally, it is clearly seen
that the average magnitude response of MF at high
frequency region depends solely on the number of
guided modes; that is, as the number of guided modesis
increased, the average magnitude response is lessened.
For example, at Npoge = 50, 100, 150; the average
magnitude responses are -9.5, -11, and -12 dB,
respectively.
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V. AVERAGE BANDPASS BANDWIDTH

In this section, the average bandpass bandwidth of
MF at high frequency region is studied. It is seen from
Fig. 2 that the bandwidth of these passbands is
approximately 100 to 200 MHz depending on the
chosen passband. However, the study on the average
bandpass bandwidth has not been discussed. This
average bandwidth is also another important parameter
to be used in data transmission since it tells us how
large the data rate can be carried by each passband.
Considering Fig.2, it is seen that the number of guided
modes and the delay standard deviation are fixed. Here,
the effects of these two factors on the average bandpass
bandwidth are determined.

—oc=15ns
=5F ---6=3.0ns

-
>

_25 L

[Hriber(f)] (dB)

~a

¥ i

——

L]
L]
]
‘ : ‘ ‘ ‘
0 0.5 1 15 2 25 3
Frequency (GHz)
Fig. 5. Magnitude responses of the complex envelope of the
multimode fiber modeled with Gaussian distribution with Npoge =

100. The two curves correspond to different values of gy, with the
lower curve displaced by 15 dB.

From Fig.5, the effect of the delay standard deviation
on the average bandpass bandwidth is studied. It is seen
from this figure that the average bandpass bandwidth
from the case of oy = 1.5 nsis larger than that from the
case of oy = 3.0 ns. Hence, the delay standard deviation
must affect the average bandpass bandwidth. The effect
of number of guided modes cannot be obtained from
this figure since the number of guided modesis fixed to
be 100 modes.

600
-O-0=15ns
500?.;. -©-06=3.0ns
AN, - N—Q—G:4.5 ns
M . N "’,* ~~\\ ———_,—
400+ Yt R

BWB—dB (M HZ)
w
]

0 50 100 150 200
Nmode

Fig. 6. Average bandpass bandwidth of multimode fiber at high

frequency region as a function of number of guided modes with oy =

15,3.0,and 4.5ns.
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The effect of guided modes on the average bandpass
bandwidth is shown in Fig. 6. Note that the average
bandpass bandwidth is obtained from the average of
many 3-dB bandpass bandwidths. It is seen that the
number of guided modes does not affect the achieved
bandpass bandwidth; for example, with oy = 3.0 ns, the
average bandpass bandwidths for Ny = 50, 100, and
150, are approximately 100 MHz. From these three
curves, it is seen that for a particular oy, the average
bandpass bandwidth is larger at the smaller number of
guided modes comparing to that at the higher number of
guided modes. This is correct from what has been
obtained from the figure. However, in practice, the
number of guided modes in MF is in the order of
hundreds. This means that the average bandpass
bandwidth at the small number guided modes does not
give any important information for being used in
practice.

Furthermore, from Fig. 6, at oy = 1.5, 3.0, and 4.5 ns,
the average bandpass bandwidths are approximately
450, 100, and 50 MHz, respectively. It is seen that oy
affects the average bandpass bandwidth.

BW;_gg (MH2)

1 15 2 25 3 35 4 45 5
o4 (ns)

Fig. 7. Average bandpass bandwidth of multimode fiber at high
frequency region as a function of delay standard deviation (oy) with

Nmode = 50, 100, and 150 modes.

The effects of Ny and oy on the average bandpass
bandwidth are also shown in Fig.7. From the figure, it is
seen that the average bandpass bandwidth does not
depend on the number of guided modes but only
depends on the value of oy As the value of oy is
increased, the average bandpass bandwidth is
decreased. For example, at oy of 2, 3, and 4 ns, the
average bandpass bandwidth are 130, 100, and 70 MHz,
respectively. Note that in practice, the value oy of
depends on the length of the multimode fiber. If the
fiber length increases, the value of oy becomes higher
resulting in a smaller bandpass bandwidth.

V. CONCLUSIONS

It has been discussed that Gaussian distribution for
the delays in multimode fiber is more suitable that the
previous study in which the uniform distribution was
used. Applying Gaussian distribution to the delays, the

The 8th Electrical Engineering/ Electronics, Computer,
Telecommunications and Information Technology (ECTI)
Association, Thailand - Conference

Communication Systems
(Optical Communications)

average magnitude response and the average bandpass
bandwidth at high frequency region of multimode fiber
have been studied. It is found that the average
magnitude response is inversely proportional to the
number of guided modes. And, the average bandpass
bandwidth depends only on the delay standard
deviation. This work can be applied to the real system
for estimating the loss (attenuation) from transmitting
signals over high frequency region of multimode fiber.
Also, relating the delay standard deviation to the fiber
length, the data rate in which each passband can be
carried can be determined.
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Abstract
! Genetic algorithm (GA) has been shown to be an alternative for achieving suitable subcarriers

in subcarrier multiplexing (SCM) on multimode fiber. Because of the relatively-flat frequency
response at high frequency range of the multimode fiber, the suitable subcarriers can be
determined by applying GA to many divided frequency ranges simultaneously; that is, Paralle]
GA. In this paper, parallel GA is adopted for searching suitable subcarriers in SCM on
multimode fiber. Thirty suitable subcarriers, which are not located at any nulls in the frequency
response of multimode fiber, are determined. These subcarriers are then used for transmitting
many subcarrier signals through the high frequency bands of multimode fiber resulting in a total
data rate of 15 times larger than the data rate obtaining from the 3-dB intermodal bandwidth.
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Performance of Subcarrier Multiplexing on Multimode Fiber Using
Parallel Genetic Algorithm in Designing Suitable Subcarriers
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Abstract

Parallel Genetic algorithm (GA) has been shown to be a potential alternative for designing
suitable subcarriers in subcarrier multiplexing (SCM) on multimode fiber. Because of the
relatively-flat frequency response at high frequency range of the multimode fiber, the suitable
subcarriers can be determined by applying GA to many divided frequency ranges
simultaneously; that is, Parallel GA. In this paper, the performance in terms of bit-error-rate
(BER) of the subcarrier multiplexing system on multimode fiber, in which the suitable
subcarriers are chosen using parallel GA, is studied. It is shown that the total BER achieved
from these suitable subcarriers is as low as the one achieved from using coding techniques.
However, with this designing technique, the passband regions of multimode fiber can be
utilized more efficiently since most of the available passband regions in a given range of
frequency can be taken to be the channels in transmitting signals without wasting some
passband regions for redundant bits in the code. It can be concluded that with this subcarrier
designing technique, a higher data rate can be achieved in a given frequency range with
promising performance in terms of BER.
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