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Abstract—Multimode  fibers have been used in
communication systems for more than 40 years. The
characteristics of such fibers have been investigated and it has
shown that not just the 3-dB modal bandwidth of multimode
fibers, but the high-frequency passbands can also be used to
carry the signal; resulting in an increase of the data rate
transmitted by a multimode fiber. However, the low-frequency
passbands of multimode fibers have not been studied
intensively. In this work, the characteristics of low-frequency
passbands of multimode fibers are considered. The peak
frequency, the amplitude, and the bandwidth of each possible
passband are studied. From the simulation results, it is found
that these parameters can be estimated. The approximation
formulas for these three important parameters are given. Using
the results found, the low-frequency passbands of multimode
fibers can be utilized; thus, in comparison to the data rate
obtained from the 3-dB modal bandwidth, a higher data rate
for transmitting a signal over a multimode fiber can be
increased at least 3 folds.

Index Terms—Multimode Fibers; Peak
Frequency; Peak Amplitude, Bandwidth.

Passbands;

I. INTRODUCTION

In optical communications, the signal is transformed into
light and transmitted over an optical fiber. The wavelength
to be used in optical communications is ranged between 800
to 1,600 nm and the available bandwidth is up to 10 THz
[1]. Optical fibers can be categorized into 2 types: single-
mode and multimode fibers. The main difference between
these two is the number of guided modes carrying the
optical signal; resulting in a limitation on the transmission
bandwidth. In multimode fibers, the most common known
bandwidth is the 3-dB modal bandwidth, which is limited to
300 to 500 MHz-km. To increase this limitation, a technique
called subcarrier multiplexing (SCM) technique [2] has been
done since at this high-frequency range, the frequency
response of multimode fibers are frequency-selective
channels; thus, there are many available passbands.

There were also some studies focusing on the
characteristics of multimode fibers in the high-frequency
range, and it was found that the signal can be transmitted
over the high-frequency range of multimode fibers. Further
studies on multimode fibers in terms of their stochastic
model were done assuming that the mode distributions are
Rayleigh distribution [3] and Gaussian distribution [4, 5]. It
was found that the average amplitude of these passbands
depends on the number of guided modes and the average
bandwidth of these passbands depends on the standard
deviation of the mode delays. Using SCM, the available
bandwidth and the distance of the fiber were also considered
[6]. Many studies and experiments [7—16] for transmitting a
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high data-rate signal over these passbands using SCM have
been done.

Considering the research done in analyzing the frequency
response of multimode fibers, it is viewed that only the 3-dB
modal bandwidth and the high-frequency passband region
with frequency higher than 1.5 GHz were done. The
characteristics of the low-frequency passband region
between 3-dB modal bandwidth and 1.5 GHz have not been
studied. This frequency region can be viewed as potential
channels in transmitting signal and will be analyzed in this
paper. The peak frequency, peak amplitude and the available
bandwidth of each possible passband in this region will be
studied and some mathematical formula in estimating these
parameters will be given.

The organization of this paper is done as follows. The
frequency response of the multimode fiber is given in
Section II. The characteristics of multimode fiber at low-
frequency passband region are studied in Section III. In
Section IV, the mathematical formulas for estimating the
related parameters are presented. Finally in Section V, the
conclusion is given.

II. FREQUENCY RESPONSE OF THE MULTIMODE FIBER

The impulse response [2, 3] of the multimode fiber with
Nmode guided modes is shown in Equation (1).

Ninode
hﬁber(t) = Z 6(t_td,n) (1

n=l1

where: e (f) is the impulse response of the multimode
fiber
Nmode 1 the number of guided modes

t4n is the delay of the n™ mode.

Taking Fourier transform to (1), the frequency response of
the complex envelope of the multimode fiber can be
obtained, as shown in Equation (2).

Numode

Hg.. ( f) = Z o2 o

n=l1

From Equation (1) and (2), it is seen that these responses
depend on two parameters: Nyog and f,,. Normally, the
number of guided modes is in the range of 50 to 200. In this
paper, the number of guided modes of 100 is used. Then,
considering f;,, it is seen that this parameter can be
described wusing its statistical property, that is, the
probability density function, ﬁd,n(td’n)' Assuming that #;, is

uniformly distributed about the average delay, 744, With the
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maximum deviation of #;.; ﬁdn(td,n) is given by Equation

).

<t

1 td,avg - td,dev d,n S

b

.ft‘,ﬁ (td,n) = 2td,dev td,avg + td,dev (3)
0 ; otherwise

Applying Nmoge 0f 100, #;4,, of 5 us, and 744, of 2.50 ns to
Equation (3), the frequency response of the multimode fiber
from (2) can be determined. The magnitude responses from
three different sets of delays are shown in Figure 1.
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Figure 1: Magnitude response of the complex envelope of the multimode
fiber modeled by (2) with Nyode = 100, ty4s = 5 us, and #44., = 2.50 ns.
Three responses correspond to three different sets of delays

Figure 1 shows that in all the three sub-figures ((a) to (c)),
the 3-dB modal bandwidth is approximately 100 MHz.
Further, there are passbands available for the frequency
higher than 0.2 GHz. However, these passbands are not
located at the same frequencies as the set of the delays
changes. Considering particularly in the frequency range
between 0.2 — 1.5 GHz, it can be seen from Figure 1(d) that
the passbands from all the three responses are mostly
located at the same frequencies with a variation of the
magnitude. At this point, it is seen that if these low-
frequency passbands can be used in signal transmission, a
higher data rate signal can be transmitted compared to that
from only the 3-dB modal bandwidth.

III. CHARACTERISTICS OF THE MULTIMODE FIBER AT LOW-
FREQUENCY PASSBAND REGION

In this section, three important parameters that is, peak
frequency, peak amplitude, and bandwidth of the available
passbands in the low-frequency region of the multimode
fiber are studied. These parameters are described in Figure
2.

From Figure 2, the peak frequency of a passband is the
frequency where the amplitude of such passband is at the
highest level, namely at the peak amplitude. The bandwidth
of a passband is determined from the 3-dB bandwidth of the
passband. For example, in this figure, the peak frequency is
at 0.29 GHz; the peak amplitude is at -4.5 dB; and the
bandwidth is approximately 200 MHz.
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Applying Niyedge 0f 100, #4 of 5 us, and 754, 2.50 ns to
(3), 1,000 sets of delays are generated and 1,000 frequency
responses can be simulated. The average peak frequency,
bandwidth, and peak amplitude can be determined from the
simulations. Changing #; 4., from 2.50 ns to 5.00 and 7.50 ns,
1,000 sets of delays and frequency responses for each 7,4,
can be obtained; thus, three considered parameters are
determined.
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Figure 2: Three important passband parameters to be studied
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Figure 3: (a) Average peak frequency, (b) average bandwidth, and (c)

average peak amplitude; obtained from 1,000 sets of frequency responses
for 3 values of maximum delay deviation
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From Figure 3, it is seen that only the first six passbands
are considered. Three parameters of these passbands are
studied as shown in Figure 3(a), (b), and (c). The average
peak frequency of the passbands is shown in Figure 3(a). It
is seen that for 7,4, of 2.50 ns, the peak frequency of the
passband increases almost linearly as the function of the
passband sequence. For example, at the passband no. 2, 3, 4,
and 5, the average peak frequencies are 288, 515, 762, and
1,029 MHz, respectively. Similar results are also obtained
for the case of 7,4, of 5.00 and 7.50 ns. The difference
among these three cases is that for the peak frequency of a
particular passband no., the highest peak frequency is from
the case of #;4., of 2.50 ns, while the lowest peak frequency
is from the case of #;4., of 7.50 ns. Based on all the three
cases, the zeroth frequency is for the 3-dB modal band.

The average bandwidth of the passbands is shown in
Figure 3(b). For t;4., of 2.50 ns, the bandwidth slightly
increases from 200 MHz to 300 MHz as the passband no.
increases. Similar results are obtained for the other two
values of #;4.,. Specifically, for #;4, of 5.00 ns, the
bandwidth increases from 100 MHz to 150 MHz, and for
ta4ev O 7.50 ns, the bandwidth increases from 66 MHz to 97
MHz.

The average peak amplitude is shown inFigure 3(c). It is
clearly seen that for all the three values of ¢4, the results
are almost identical, that is, as the average peak amplitude
reduces as the passband no. increases. However, after the
passband no. 4, the average peak amplitude is kept almost
constant; that is, about -9.5 dB. From this figure, it can be
seen that the average peak amplitude depends only on the
passband no. The value of #,,4., does not affect the average
peak amplitude of the passbands.

From Figure 3(a) and (b), it can be clearly seen that two
parameters that affect the average peak frequency and the
average bandwidth of the passbands are the passband no.
and the value of #;4.,. Further, from Figure 3(c), the only
parameter affecting the value of the average peak amplitude
of the passbands is the passband no. Considering these
relationships, it can be seen that the average peak frequency,
bandwidth, and peak amplitude of the passbands in the low-
frequency passband region of the multimode fiber can be
estimated if the passband no. and f;4, are known. The
formulas for approximating these parameters are analyzed in
the next section.

IV. FORMULAS FOR ESTIMATING LOW-FREQUENCY
PASSBAND PARAMETERS

A.  Average Peak Frequency (fpeak,ave)

From Figure 3(a), it can be seen that the average peak
frequency increases linearly as the passband no. increases.
Further, changing the value of #;4., results in the average
peak frequency to change. Applying the linear regression
analysis, the mathematical formula for estimating the
average peak frequency for a particular passband no. is
given in Equation (4).

0 ;
1.305+0.0298
2td,dev

fpeak,avg (l) =
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where i is the passband no.

From Equation (4), it is seen that a particular passband
NO., fpeakavg €an be determined if 74, is known. For the case
of i = 0, it means the 3-dB modal bandwidth; thus, the
frequency to be used for this has to be zero. The plots of
Jreakave for different cases are shown next.
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Figure 4: (a) The average peak frequency evaluated from Equation (4), and
(b) The error between the simulation and calculation for the average peak
frequency with tygey = 2.50 ns.

From Figure 4 (a), fyeak,ave €valuated from Equation (4) for
three values of 7,4, are plotted. It can be seen that f,cqkave
grows linearly as the function of the passband no. The
equation for evaluating feu v, for a particular value 7,4, is
also shown. And, in Figure 4(b), by comparing between the
simulation and calculation, the error is presented for the case
of t44., = 2.50 ns. The errors for passband no. 1 to 6 are
7.18%, 2.51%, 3.55%, 2.05%, 0.33%, and 1.70%,
respectively. It can be seen that the maximum error is 7.18
% at the Passband No. 1. Further, as the passband no.
increases, all the errors are less than 4 %. This implies that
there is a strong agreement between the simulation and
calculation from Equation (4); thus, the given formula in
Equation (4) can be certainly be used in estimating the
average peak frequency of the low-frequency passbands of
the multimode fiber.

B.  Average Bandwidth (BW,,,)

From Figure 3(b), it can be seen that for a particular #;4.,
the average bandwidth slightly increases as the passband no.
increases. Further, changing the value of #,,.,, lead to the
changes in the average bandwidth. From this figure,
applying the polynomial regression analysis with the degree
of 3, a formula for estimating the average bandwidth for a
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particular passband no. can be obtained and given in
Equation (5).

From Equation (5), it can be seen that for a particular
passband no., BW,,, can be calculated if the passband no.
and ¢, 4., are known. For the case of i = 0, it can be seen that
the bandwidth is just the 3-dB modal bandwidth. This is in
agreement with the results found in the previous research
[6-7]. The plots of BW,,, for different cases are shown in
Figure 5.
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Figure 5: (a) The average bandwidth evaluated from Equation (5), and (b)
The error between the simulation and calculation for the average bandwidth
with 44, = 2.50 ns.

The plot of BW,,,, evaluated from Equation (5) is shown in
Figure 5(a). Three values of ¢, are used resulting in three
corresponding curves. Comparing these curves to Figure
3(b), it can be seen that they are almost identical; that is, as
the passband no. increases, the average bandwidth also
increases. Additionally, for a particular #,4.,, it can be seen
that the bandwidths of passband no. 1 to 6 are slightly larger
than the 3-dB modal bandwidth. For example, for #;4, of
2.50 ns, the 3-dB modal bandwidth is 200 MHz, while the
bandwidth of passband no. 1 to 6 is ranged between 235 to
295 MHz.

To compare between the simulation and calculation, the
case of #;4., of 2.50 ns is depicted in Figure 5(b). The errors
in percentage for the passband no. 1 to 6 are 0, 0.52, 0.53,
0.64, 0.07, and 0.17, respectively. The maximum error is
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less than 1 %. These results clearly indicate that the
estimation formula given in Equation (5) can be used to
determine the average bandwidth of the low-frequency
passbands of the multimode fiber.

C. Average Peak Amplitude (Apeaave)

Considering Figure 3(c), the average peak amplitude of a
low-frequency passband depends solely on the passband no.
Using this information and the results from this figure, the
average peak amplitude (in dB) can be computed using the
following equation.

0 ;

Apeatas (1) = [0.1771’2 —1.761]_ l

-5.09

(6)

where i is the passband no.

Applying the second degree of polynomial in the
regression analysis, the mathematical formula for
calculating Apeqrave for a particular passband no. can be
obtained, as shown in (6). It can be seen that as the passband
no. increases, Apeag becomes less. The results from the
calculation and simulation are given in Figure 6.
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Figure 6: The average peak amplitude from simulation and calculation from
(6).

The average peak amplitudes from the simulation and the
calculation are shown in Figure 6. For both curves, the
average peak amplitude decreases as the passband no.
increases. A strong decrease happens at the low passband
no. Further, the average peak amplitude becomes almost
stable at the passband no. 4 to 6. These results are also
consistent with the research done previously for the high-
frequency passbands for the multimode fiber that the
average peak amplitude of the passbands is a constant
depending on the number of guided modes [6]. Considering
the effectiveness of the formula in Equation (6) for
estimating the average peak amplitude, the error is
computed. The errors in percentage for passband no. 1 to 6
are 2.57, 3.39, 1.12, 1.02, 1.60, and 2.22, respectively. It is
clearly seen that they strongly agree with the maximum
error less than 3.5 %. This approximation formula is shown
to be a useful one for determining the average peak
amplitude for a particular low-frequency passband of the
multimode fiber.

Considering the simulation results in last section and the
approximation formulas shown in this section, it can be seen
that if the maximum delay deviation is known, three
important parameters for a low-frequency passband of the
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multimode fiber, namely the average peak frequency, the
average bandwidth, and the average peak amplitude can be
estimated. Normally, the maximum delay deviation of the
guided modes depends on the type of multimode fiber and
the length of the fiber. The smaller deviation is from the
graded index multimode fiber. Further, as the fiber becomes
longer, the delay spread of the guided modes becomes
larger; thus, higher maximum delay deviation. Using the
average peak frequencies with SCM, the suitable subcarrier
frequencies are known. Knowing the average bandwidth, the
data rate in a particular passband can be determined. The
average peak amplitude of a particular passband can be used
for setting the proper amplification needed at the end of the
fiber in order to compensate the attenuation occurred in the
fiber. If all of the six passbands were utilized, the bandwidth
for transmitting a signal over a multimode fiber can be
increased significantly. Applying #;4., of 2.50 ns to (4) to
(6), the three important parameters are shown in Table 1.

Table 1
Average peak frequency, average bandwidth, and average peak amplitude
of low-frequency passbands from (4), (5), and (6) for ;4. of 2.50 ns

Passband No.
o 1 2 3 4 5 6
f’M;[Zg) 0 267 528 789 1,050 1310 1,572
(f;/l”;[zg) 200 209 234 254 271 285 296
Af:j“g“)vg 0 -67 -79 88 93 95 93

From Table 1, for #;4., of 2.50 ns, three parameters for all
low-frequency passbands are given. The peak frequencies
are at 267, 528, 789, 1,050, 1,310, and 1,572 MHz. These
frequencies can be used as the subcarrier frequencies in
transmitting signals over SCM. The peak amplitudes of
these passbands are also given in the table. These can be
used in the equalization process at the end of the fiber in
order to undo the loss happened in the passbands.
Considering the average bandwidth, it is seen that the
combined bandwidth from all of the passbands is 1,549
MHz, which is 7.7 times larger than the 3-dB modal
bandwidth (i.e., 200 MHz). With this considerable increase
of the available bandwidth, the combined data rate
transmitted over these passbands can be up to 3.8 times
larger than the data rate sent by the 3-dB modal band. From
this consideration, it implies that utilizing these low-
frequency passbands, the total data rate transmitted over the
multimode fiber can be significantly increased.

V. CONCLUSIONS

The low-frequency passband region of the multimode
fiber is studied and analyzed in this paper. It is found that
there are some passbands in this region which can be used in
signal transmission. From the simulation results, it is found
that, for these passbands, three important parameters,
namely the average peak frequency, the average bandwidth,
and the average peak amplitude, can be predicted.
Depending on the passband no. and the maximum delay
deviation of the guided modes, the formulas for estimating
these parameters are found. The estimation results strongly
aligned with the results found in the simulation. Therefore,
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the characteristics of the low-frequency passbands of the
multimode fiber can be precisely estimated. If these low-
frequency passbands of the multimode fiber are utilized to
transmit subcarrier signals with Subcarrier Multiplexing
technique, the data rate can be increased by at least 3 folds
in comparison to the data rate delivered only by the 3-dB
modal bandwidth of the multimode fiber.
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