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Abstract—Nowadays, in-building networks are facing a new challenge
of upgrading their capacity to exceeding 1 Gbit/s, in order to provide
high definition television (HDTV) and new advanced multimedia-based
applications requiring even higher capacity than HDTV. The main
characteristics of multimode fibers (MMF) like the low cost and their
efficiency in short-range links make these fibers adequate to be used in
in-building networks. The main features of orthogonal frequency division
multiplexing (OFDM) ultra-wideband (UWB) signals like the low inter-
symbol interference (ISI) and the tolerance to multipath fading, make
these signals appropriate to be used in MMF systems. In this dissertation,
the transmission of OFDM-UWRB radio signals along multimode fibers in
in-building networks is analysed. A numerical model of the fiber modal
dispersion is developed in MATLAB. The transmission performance of
the OFDM-UWRB signals along the MMF is evaluated using the semi-
analytical Gaussian approach and the maximum distance for single and
multi-band transmission is assessed. The numerical results show that
the maximum transmission distance is very dependent on the power
launching conditions, on the fiber length and on the number of sub-bands
used. The maximum assessed distance ranges from 560 m (achieved for
single-band transmission and for centred launching conditions) to less
than 50 m (achieved for simultaneous transmission of 3 OFDM-UWB
sub-bands and for centred launching conditions).

Index Terms—Multimode optical fiber, OFDM-UWB signals, modal
dispersion, launching conditions, in-building networks.

I. INTRODUCTION

Ultra wide band (UWB) technology is being widely recognised
due to its main features like low self-interference, tolerance to
multipath fading and low probability of interception[1]. UWB is a
radio modulation technique with 500 MHz minimum bandwidth or,
at least, 20% greater than the centre frequency operation [2]. There
are two UWB signal formats: Impulse Radio (IR) and orthogonal
frequency division multiplexing ultra wide band (OFDM-UWB) [3].
In this work, it is used the OFDM-UWB format, since it presents
a better performance for high bit rates [4]. Some of the benefits of
using OFDM modulation are high-spectral efficiency, resiliency to
radio frequency (RF) interference and lower multipath distortion [5].
The enhanced features of the multimode fiber (MMF) in short ranges
links make them adequate to be used in in-building networks. In this
paper, we study and characterize the OFDM-UWB radio signals, in
the time and frequency domain, along multimode fiber propagation.
Based on the modal theory, a numerical model is developed. This
model allows to study the impact of the fiber transmission and the
power launching conditions on the performance of the system, by
evaluating the degradation of the quality of the received signal and the
bit error probability and assess the maximum transmission distance
in single- and multi-channel OFDM-UWB systems. This paper is
structured as follows. In Section II, the description of the OFDM-
UWRB transmission system over the multimode fiber is presented and
analysed. In Section III, the multimode fiber propagation model is

presented and discussed. In Section IV, the performance results of
the whole OFDM-UWB multimode fiber system are presented and
discussed. In Section V, the conclusions of this dissertation and the
future work to be done about this subject are presented.

II. OFDM-UWB SYSTEM DESCRIPTION AND ANALYSIS

A. OFDM-UWB system description

In Figure 1, the block diagram of the OFDM-UWB system used
in this work is presented.

OFDM-TX: OFDM-UWB Transmitter
MZM: Mach-Zehnder Modulator

CW Laser: Continuous wave laser
MMEF: Multimode Fiber

PIN: Positive-Intrinsic-Negative

Fig. 1: Representative scheme of the OFDM-UWB system used in
this work.

OFDM-RX: OFDM-UWBReceiver

The first element of the OFDM-UWB system is the transmitter,
where the OFD-UWRB signals are generated. Once these signals are
built, the next step is to do the electro-optic conversion through the
Mach-Zehnder modulator, which allows the signal to be transmitted
over the multimode optical fiber. At the fiber’s output, the signal
is converted from optic to electric by the Positive-Intrinsic-Negative
(PIN), and it is ready to be processed by the OFDM-UWB receiver.
The main components of this system are presented with more detail
in the following sections.

1) OFDM-UWB signals: The OFDM-UWB approach divides the
UWB spectrum (3.1 to 10.6 GHz) into 14 sub-bands, each with 528
MHz wide [4]. The center frequency of OFDM-UWB signal in each
528-MHz band is given by:

fo=2904 +528n,, [MHz] my=1,2,...,14 (1)

where ny is the number of the sub-band used.
The bit rate of the system is given by [6]:

NSC
Ry = T log, M 2)
So, for Ns.=100, T5=312.5 ns and M=4 (since it is being used
Quadrature Phase Shift Keying (QPSK) modulation), the system
presents a bit rate of 640 Mbit/s.



LPF: Low-pass filter
IFFT: Inverse fast Fourier transformer

DAC: Digital-to-analog converter
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Fig. 2: Block diagram of the OFDM-UWB transmission system.

2) OFDM-UWB transmitter: A block diagram of the OFDM-
UWB transmitter is presented in Figure 2.

An input binary deBruijn sequence with 2! symbols is converted
into a complex-valued sequence using QPSK modulation. After that,
the complex-valued signal is converted from series to parallel and
an inverse fast Fourier transform (IFFT) is applied. The transmitted
signal is now splitted in an in-phase (I) component and in a quadrature
(Q) component, which contains the real and the imaginary values of
the original signal, respectively. These components are first converted
to the analogue domain using digital-to-analogue (DAC) converters.
The analogue signals are then used to modulate cosine and sine waves
at the carrier frequency, respectively. A low pass filter (LPF) is now
applied to each component, in order to reduce the influence of the
aliasing components on the system performance [7]. After that, the
I and Q components are up-converted to the carrier frequency of the
UWB sub-band used. At the OFDM-UWB transmitter, 32 OFDM-
UWB symbols are generated.

3) OFDM-UWB receiver: A representative scheme of the OFDM-
UWRB receiver is presented in Figure 3.

LPF: Low-pass filter

FFT: Fast Fourier transformer

ADC: Analog-to-digital converter
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Fig. 3: Block diagram of the OFDM-UWB receiver.

At the OFDM-UWB receiver firstly, the transmitted signal is
splitted in two components: an in-phase component, which leads to
the real values of the original signal and a quadrature component,
which leads to the imaginary values of the original signal. After this,
each of these signals is down-converted and filtered. The baseband
signals are then sampled and digitised using analogue-to-digital
(ADC) converters. The guard-time of the OFDM-UWB signals is
removed and the signals are converted from series to parallel. Then, a
fast Fourier transform (FFT) is applied to the resulting waveform and
the equalizer transfer function is estimated from the pilot subcarrier
information. The pilots information is used to compensate for the
amplitude and phase distortions induced on the signal along the
transmission system [7], by providing a polynomial interpolation of
the channel between the pilots. The final step is to do the symbol
demapping and the received constellation is obtained.

4) Electrical noise: The PIN performs the opto-electric conversion
of the received signal. First, the signal is photodetected and then

is pre-amplified and filtered, before it reaches the OFDM-UWB
receiver. A simplified scheme of the system PIN + pre-amplifier is
presented in Figure 4.

R, — Polarization resistor
D - Photo-detector

G - Pre-amplifier

-

Fig. 4: Block diagram of the system PIN + pre-amplifier.
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The polarization resistor and the pre-amplifier introduce electrical
noise into the system, due to the existence of resistive and active
elements on them, respectively. This electric noise is also known as
circuit noise and is represented by o2. The noise associated with the
polarization resistor R, can be determined by the current variance
associated with it [8]:

2 _ AkpT
2 _
R,

Ben 3

where kp is the Boltzman constant, T is the temperature (in Kelvin),
R, is the polarization resistor at the pre-amplifier input and B,
is the equivalent bandwidth of the electric noise. The pre-amplifier
noise can be described by its noise figure, f, .. So, the total noise
circuit of the system is given by the contributions of the resistive
noise and of the amplifier noise figure:

4kpT
Ry

0’3 = Ug‘fn,e = ‘fn,e'Be,n (4)

Finally, from the analysis of the Equation 4 .it is possible to
determine the power spectral density (PSD) of the circuit noise, once
Be,rn is the equivalent bandwidth of the electric noise:

ol 4kgT
Ben R,

Sc(f) = fn,e (5)

Table I shows the numerical values used for the circuit noise of
the OFDM-UWB system.

TABLE I: Parameters used for the electrical noise.

Parameters
Boltzman constant kp = 1.38 x 1023 J/K
Polarization resistor Rp =50
Temperature T =290 K
Noise figure frn,e =10

Electrical PSD noise
Sc(f) =3.2x 1021 A%/Hz

B. Back-to-back system results

In order to study the OFDM-UWB system performance, firstly
the back-to-back configuration (with no fiber transmission), shown
in Figure 5, is analysed. The bit error ratio (BER) of the system is
determined by using the semi-analytic gaussian approach presented
in [9].



OFDM-TX: OFDM-UWB Transmitter
MZM: Mach-Zehnder Modulator
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PIN: Positive-Intrinsic-Negative

OFDM-RX: OFDM-UWB Receiver

Fig. 5: Block diagram of the OFDM-UWB system in back-to-back
configuration.

The performance analyse of the block diagram represented in
Figure 5 allows studying how the transmitted signal is affected by
the different components of the system, without taking into account
the multimode fiber propagation effect. This study allows verifying
the reliability of the transmission system. In the following sections,
the results for single- and multi-band transmission are presented.

C. Single-channel transmission

Figure 6 and Figure 7 show the received constellations without
noise at the OFDM-UWRB receiver output in back-to-back configura-
tion, for the first four UWB sub-bands.
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Fig. 6: Received constellations for the first and the second UWB
sub-bands.
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Fig. 7: Received constellations for the third and the fourth UWB
sub-bands.

The results presented in Figure 6 and in Figure 7 show that the
received constellations for the first four UWB sub-bands are identical,
although they are not equals to the sent one. This result is expected
since the system components are not ideals. The Bessel filters, the
up and down-converting processes, the photo-detection and the pre-
amplification processes introduce some distortion into the signal,
originating the non-ideal constellations presented in Figure 6 and
in Figure 7. Nevertheless, the received constellations are very good:
they are concentrated in a small area and they are perfectly apart
from each other. This happens because the signal does not suffers
any significant loss nor distortion for these sub-bands, which means
that all the bits are correctly demapped.

D. Multi-channel transmission

Figure 8, Figure 9 and Figure 10 show the received constellations
without noise at the OFDM-UWB receiver output in back-to-back

configuration, when more than one sub-band is used simultaneously.
For the multi-band situation, it is assumed that the performance of
the system is given by the performance of the worst sub-band.
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Fig. 8: Received constellations for simultaneous transmission of the
first two OFDM-UWB sub-bands.
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Fig. 9: Received constellations of the first and the second OFDM-
UWB sub-band for simultaneous transmission of the first three
OFDM-UWB sub-bands.
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Fig. 10: Received constellation of the third OFDM-UWB sub-band
for simultaneous transmission of the first three OFDM-UWB sub-
bands.
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Figure 9 and Figure 10 show that the performance of the system
for simultaneous transmission of the first three UWB sub-bands is
limited by the performance of the first UWB sub-band, which presents
a significant distortion when compared with the other two sub-bands
used in this multi-band transmission. So, the use of more than two
sub-bands simultaneously leads to the increase of the distortion of
the received signal. One justification of this effect is the interference
between the UWB sub-bands, since adjacent sub-bands are used.

III. PROPAGATION MODEL OF THE STEP-INDEX MULTIMODE
FIBER

In this section, the mathematical theory of the propagation model
of the step-index multimode fiber is presented and discussed.

A. Modal field theory

As it was mentioned in Chapter 1, due to its high core-size,
multimode fibers can support more than one propagation mode. This
happens because the light inside the multimode fiber travels through
several different paths, which means that some rays will travel faster
than others. This effect is known by intermodal or modal dispersion



[10]. Another effect that has a significant impact on the multimode
fiber propagation is the chromatic dispersion. This type of dispersion
happens due to the different wavelengths that travel in the fiber have
different propagation velocities [10]. In this work, only the impact of
the modal dispersion is considered and studied.

Like all electromagnetic phenomena, the propagation of optical
fields in multimode fiber is ruled by the Maxwell equations. The
cylindrical symmetry of the optical fibers suggests the adoption
of a cylindrical polar coordinate system to represent the spatial
dependence of each Cartesian field component, as it can be seen
in Figure 11.

X.y.z: Cartesian axis
1.6 : Cylindrical polaraxis

p: Coreradius

CLADDING

, :

Fig. 11: Representation of the two coordinates systems used to
represent the electric and magnetic fields in the multimode fiber.

Expressing the spatial dependence of each Cartesian field com-
ponent in the cylindrical polar coordinate system (r, ¢, z) makes
possible to determined each modal field as a function of the radial
and azimuthal coordinates.

According to Snyder and Love [11], the wave equation for the
step-index fiber presented in Equation 6 [12]:

(Ve +10°K = Bim Wi (r, ) = 0 (6)

where V., (1, ¢) corresponds to solutions of the scalar wave equation
of the electric or magnetic field of each mode. Where V;? represents
the Laplacian vector, n represents the refractive-index profile, Sip,
represents the propagation constant and k = 27 /) represents the
free-space wavenumber and A represents the wavelength . Equation 7
shows the normalized transversal frequencies in the core and cladding
region of each propagated mode, respectively:

{ Ulm =p
Wlm =p
where p is the fiber core radius.

It is important to know that the sum of the squared values of
the normalized transversal frequency in the core and in the cladding

region is a constant for the modal solution of the optical fiber. This
quantity is called normalized frequency or parameter V and is given

by:
2
VE\/ Uh, + Wi, = %p\/ nZ, —n2. (€

The normalized frequency V' gives also information about the
type of fiber used: for values of V between 0 and 2.405, the fiber
propagates a single mode and for values superiors to 2.405 the fiber
shows multimode operation [11].

According to Snyder and Love [11], the transversal normalized
modal fields of the weakly guiding circular fibers are the ones
presented in Table II:

k2n%o B /82lm
ﬂzlm - k2n2clad

Q)

TABLE II: Transversal modal fields of the weakly guiding step-profile
multimode fiber.

Modal Field expressions
Mode ey hy;
HE;{1,m {xcos(lp) — B{xsin(lp) + ycos(lp)} Fy
ysin(lg)}Fy
T Mo, m {xcos(¢) + —B{xsin(¢) — ycos(¢)} F1
ysin(o)} Fy
TEo,m {xsin(¢) — B{xcos(¢) + ysin(¢)} F
ycos(¢)}F1
EH;_ 1 m {xcos(lp) + —B{xsin(lp) — ycos(l¢) } Fi
ysm(l@](*Fz :
— L UR
FZ_AKJI((VLJ%), 0<R<1
Fl:C}él(W)ﬁ 1<R< o
forl=0,1,2, ...
B = Ncoy/ %

The characters A and C represent the integration constant pairs
resulting from the solutions of the wave (or eigenvalue) equation [12].
These constants can be determined by specifying the boundary condi-
tions at the fiber core-cladding interface, which require the continuity
of the both electric and magnetic fields [12]. So, all the existing
electric and magnetic fields must be equal at the radial coordinate
r = p or, equivalently, R = 1, which allows to determinate the
unknown coefficients A and C. By applying the boundary conditions
to the field expressions presented in Table II at the core-cladding
interface (R = 1), it is easy to conclude that:

JU) L K(W)

A% = C R ®
<~

A=cC (10

In this work, the chosen values for the unknown integration coeffi-
cients are A =C = 1.

B. Mode classification

The number of allowed modes in the multimode fiber is given
by the number of solutions of the Equation 6, for every existing
azimuth mode number. Once the azimuth mode number is fixed, due
to the smooth oscillatory behavior of the Bessel function of the first
kind, a finite number of solutions is determined. It is clear from the
mathematical structure of the modal solutions in Equation 6, that the
azimuth mode number identifies the order of the Bessel functions
in the core and cladding regions. So, all the modes characterized by
the same azimuth mode number have the same Bessel order function.
Another important statement is that the same value of the propagation
constant can be common to different mode structures. This happens
because for some different pairs of mode numbers, the eigenvalue
equation has the same solution or, equivalently, the same propagation
constant. This characteristic leads to mode degeneracy. The mode
structures with the same propagation constants can be grouped and
form the denominated linearly polarized (LP) mode groups [11]. In
this work, the four types of allowed modes, namely HE, TE, TM and
EH modes are considered separately.

1) T Eom and T Mo, modes: As it was mentioned on the previous
section, the T'Eo., and T'My,, modes are obtained by setting [ = 1
on the Equation 6. Since both T'Ey ., and T'My ., modes satisfies
the same eigenvalue equation, they must necessarily have the same
propagation constant for every fixed radial mode number m [12].



Substituting [ = 1 on Equation 6 allows to determine the propagation
constant of each T'Ey ,, and T'My , mode by solving numerically
the following system [12]:

Uom JoUom) Wom Ko(Wom) _

Jl<UD'm> K1<W07n>
Uom = PV kQ"LCOQ - /BOm2 (11)

2
WOm =p /BOm - ancladQ

This system needs to be solved numerically. The only physical param-
eters envolved are the fiber core radius p, the refractive indexes nco
and nciqq and the operating wavelength \. The physical multimode
fiber parameters used in this dissertation are shown in Table III.

TABLE III: Parameters used for simulate a step-profile multimode
fiber.

Fiber parameters
Multimode fiber core radius [pum] p=25
Multimode fiber cladding radius [um] pelad = 125
Wavelength [nm] A = 1550
Core refractive index Neo = 1.48
Cladding refractive index Nelad = 1.465
Attenuation coefficient [dB/km] a=1.5

The numerical solutions of the eigenvalue equation of the T'Ey .,
and T'My,,» modes, for the given set of the fiber parameters presented
in Table III, are shown in Table IV.

TABLE IV: Computed eigenvalue for 7'Eo,, and 1T'Mo,, modes.

T Eom, T Mo,, modes
m Uom Wom Bom [10611'171]
1 21.2671 1.1814 5.9388
2 18.5760 10.4220 5.9532
3 15.6611 14.4365 5.9666
4 12.6984 17.1007 5.9779
5 9.7103 18.9577 5.9868
6 6.0725 20.2178 5.9934
7 3.6627 20.9826 5.9976

2) HE;11,m modes: The H Ej4 1 ,, modes are obtained by setting
{>0 in the Equation 6. The propagation constant of each HEj 1 .,
modes is determined by solving numerically the following system
[12]:

Ji41(Ui41,m) W, Kip1(Wig1,m) _ 0
J1Uit1,m) HLm T Wi ,m)

2
Ul+1,'m =p k2n002 - BH’L””
2
I/Vl~&»1,7n - p\/ﬂl+1,m - '141‘277/(;lad2

Ul+1,m
12)

In this case, the eigenvalue equation depends on the azimuth mode
number. So, for each fixed azimuth number, the Equation 12 will
present several solutions.

The eigenvalue equation has solutions until the azimuth mode
number does not exceed the cut-off value. From that point on, there
are no more intersections between the eigenequation members, which
will lead to no more mode solutions for that mode family [12].
Figure 12 shows the situation of mode cut-off. In particular, for a
fiber with the parameters presented in Table III, the mode H F1g,1 is
still supported but the successive mode H E19 1 is not, leading to no
more mode solutions of the eigenvalue equation, which means that
this mode can’t be supported by the fiber used,

Eigenequation solutions for HE. = modes
40 - — 19m

Tigenequation members
(=]
|
{
|
|

Hsoa 595 596 597 598 599 6

Propagation constant [IOGm'I ]
Fig. 12: Graphical solutions of the eigenvalue equation for H E19,,
modes.In this situation, there is only one interception between the
eigenequation members.

C. EH;_1,, modes

The EH;_1,, modes are obtained by setting ! > 1 on the
Equation 6. It is possible to determine the propagation constant of
each £ H;_1 , modes by solving numerically the following system
[12]:

Ji_1(Ui—1,m) Ki_1Wi—1,m) _
Ui—1,m Ji(Ui—1,m) + Wi-1,m Ki(Wi_1,m) =0

2
Ulfl,m =p k2nc02 - ﬂlfl,m
2
Wlfl,m = P\/Bl—l,m - kjgnclowi2

Like for the HEj4+1,m, the eigenvalue equation only has solutions
until the azimuth mode number does not exceed the cut-off value.
Figure 13 shows the situation of mode cut-off, for a fiber with the
parameters presented in Table III. The EH;71 mode is no longer
supported by this fiber, leading to no more mode solution of the
eigenvalue equation, as it possible to see in Figure 13.

13)
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Fig. 13: Graphical solutions of the eigenvalue equation for EH 17y,

modes. There is no intersection between the eigenequation members,

so this mode will never be sustained by the fiber used.

IV. MODAL AMPLITUDE AND MODAL POWER
The power generated by the electromagnetic fields of the optical
fiber can be obtained from the Poynting vector. The Poynting vector
represents the electromagnetic power flux density across the unit
surface normal to the power flux direction [12]:

S = %Re{E x H*} (14)

The modal power P, associated to each guided mode is given
by the integration of the power flux density across the infinite fiber
section Ao of that mode:

1 *
P, = / Sz,lm(p7 ¢)dA = §|alm‘2 / {Et,lm(p, ¢)XHt’lm(p7 ¢)}ZdA
Aco Ao

15)

So, in order to determine the total power carried by the multimode
fiber, it is necessary to determine the modal amplitudes a;,, of each
guided mode. To achieve this purpose, the orthogonal property of the



bound mode set needs to be used. This property is derived from the
Maxwell reciprocity theorem applied to a non-absorbing waveguide.
The demonstration of this theorem is out of the scope of this work.
A careful demonstration of this property can be seen in [11]. The
modal amplitude of each guided mode under the weakly guiding
approximation is given by Equation 16:

Ja AEs(p,¢) x 2 X B 1, (p, §)} - 2dA
L1 [Eeim(p, ¢)]?dA

16)

Alm =

Equation 16 shows that once the source field Es(p, ¢) is known,
the modal amplitude depends exclusively on the transversal compo-
nent of the electric field. The total power carried by each mode, under
the weakly guiding approximation, is given by:

Nco,clad Z |fo {E P ) Xz X E: lm(p7 ¢)} ) Zd"4|2
270 [1_ Eeim(p, 6)]?dA

l,m

Piot =

a7
1) Source field: At this point, it is important to define the optical
source used in this work. The most common type of source used to
couple the light into a multimode fiber is from a single mode fiber.
The small SMF core radius, where the most of the optical fiber power
is contained, allows launching the light in any point of the MMF
region, exciting different types of modes. So, by choosing the point in
the MMF where we want to couple the power launched from the SMF,
it is possible to study the modal power distribution in the multimode
fiber, because different launch conditions will excite different types
of modes. A single mode fiber, in opposition to the multimode fiber,
supports only one mode: the fundamental H F11 mode [1]. So, the
field expression of the single mode fiber is similar the expression of
the multimode fiber H E'11 mode, presented in Table II.

TABLE V: Electromagnetic field of the single mode fiber.

Fundamental H F/11 mode

et; hy;

]Fy Ngmf,co %S’FO
Fo=Asmr J})(E(UUI? 0<R<1

Fo = Asur 5200, 1< R<oo

where Asnr represents the field amplitude coefficient and
Nsmf,co represents the refractive index of the core region of the
single mode fiber. Assuming the source is linearly polarized along
the x axis, Es(p, ) = Es(p, ¢)x, the modal amplitude expression
presented in Equation 16 can be simplified:

_ ono Es(p7 ¢) ;,lm(pv ¢)dA
ono |Et,lm(p7 ¢)|2dA

The next step is to determine the amplitude coefficient of the source
electric field Asar. The amplitude coefficient can be obtained by
manipulating the expression of the total power carried by the fiber
Psyr [13]:

(18)

Qai,m

1 27 oo ) )
Psyr = 5/ / (ExHy - Eny )rdrdqb (19)
o Jo
The total power carried by the SMF is obtained by summing the
existing power in the core and cladding regions, Psyr = Peo +
Piaq. So, it is possible to split Equation 19 in two parcels, one

representing the power contained in the core region and the other
representing the power contained in the cladding region:

2w P
_ % / / (E.H," — E,H," )rdrdd 20)
0 0

27 oo
Peaa = % / / (E,H,” — E,H,")rdrd¢ (1)
0 P

By manipulating and summing the power in the core and cladding

regions and solving the equation in order to Aga/r, the amplitude
coefficient of the SMF field is obtained:

2PSMFp2%, =
I3 (U) Kf(W)
{nsan,co (1 + J;Q(U)> + Nsmf,clad (K%(W) - 1)}

So, it is obvious from Equation 19 that, by imposing the power
transmitted by the electric source field, it is possible to determine
the amplitude coefficient of the SMF field Asarr. The physical
parameters of the single mode fiber used in this work are presented
in Table VI.

ASJWF =

TABLE VI: Parameters used for simulate a step-profile single mode
fiber.

SMF Fiber parameters
Single mode fiber core radius [um] Psmf,co =4
Single mode fiber cladding radius [pm] Psmf,clad = 125
Wavelength [nm] A = 1550
Core refractive index Ngmf,co = 1.48
Cladding refractive index Nsmf,clad = 1.477

A. Multimode fiber transfer function

The multimode fiber transfer function can be represented as linear
combination of the individual mode contributions. Each excited mode
presents a fraction of the total launched optical power, associated
with a given modal delay. The modal delay is defined by the product
between the delay per unit length and the fiber length. The delay per
unit length of each mode is given by the following expression [12]:
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Tim =
According to Bottacchi [12], the power transfer function of the
multimode fiber is given by:
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where p;.,, represents the fraction of power of each guided mode, f
is transmission frequency, 7, represents the delay per unit length
of each mode, Ly v represents the length of fiber used and «
represents the attenuation coefficient associated with the multimode
fiber operating wavelength. In order to explore the power distribution
of the different modes supported by the MMF, two different launching
conditions are analysed: centred and 20 um offset. Figure 14 and
Figure 15 show the multimode amplitude responses for two different
launching conditions of the optical source: zero and 20 pum offset,
for fiber lengths of 100 m and 500 m, respectively.

(22)



Amplitude response for the UWB band for a fiber length of 100m
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Fig. 14: Amplitude response for a fiber length of 100 m and for
centred fiber axes and for a launch offset of 20 um. The vertical
colored lines represents the RF carrier frequency of each of the 14

UWB sub-bands.

Amplitude response for the UWB band for a fiber length of 500m
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Fig. 15: Amplitude response for a fiber length of 500 m and for
centred fiber axes and for a launch offset of 20 um. The vertical
colored lines represents the RF carrier frequency of each of the 14
UWB sub-bands.

The first important conclusion to take from the analysis of the
amplitude frequency responses is that, for non-centred launching
conditions of the source optical power, there is power coupling losses.
These losses are due to the misalignment between the SMF and
the MMF core axes. So, for an offset launching of 20 pm, there
are coupling losses of 2.8 dB. From Figure 14 and Figure 15, it is
possible to concluded that the multimode fiber frequency response
is quite different from one sub-band to another. The RF carriers,
which are located in a smoother region of the multimode fiber
frequency response, will transmit information with better quality than
the ones located in peak regions. Another important and expected
result is that, the amplitude response of the multimode mode fiber
has significantly smoother behavior for a fiber length of 100 m than
for a fiber of 500 m. This happens because the length of the fiber
has a direct impact on the modal delay which, consequently, affects
the multimode fiber amplitude response, as it possible to see in
Equation 24. The higher is the length of the fiber, the higher is
the modal delay. This effect creates more distortion in the transfer
function and leads to a significant degradation of the amplitude and
delay responses. Another important feature of the multimode fiber
propagation model is the modal power distribution. This distribution
is strongly dependent on the launching conditions. Figure 16 presents
the power fraction distribution for the existing fiber modes plotted
as a function of its modal delay, for centred launching conditions.
Figure 17, Figure 18, Figure 19 and Figure 20 show the power
fraction distribution for the existing fiber modes plotted as function
of its modal delay, for a 20 pum launch offset.
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Fig. 16: Power fraction of the HFE;,, modes for a fiber length of
100 m and centred launching conditions. In this situation, only the
lower order H E1,, modes are excited.
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Fig. 17: Power fraction of the H E1,,, and T Eop,, modes for a fiber
length of 100 m and a launch offset of 20 pm.
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Fig. 18: Power fraction of the EFHg_i),, modes for [ =
2,4,6,8,10,12, for a fiber length of 100 m and a launch offset of
20 pm.
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Fig. 19: Power fraction of the EH(;_1) ,, modes for | = 14, 16 and

HE(41),m modes for | = 2,4,6, for a fiber length of 100 m and a
launch offset of 20 pum.
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Fig. 20: Power fraction of the HFE(;,i),, modes for [ =
8,10,12,14, 16, for a fiber length of 100 m and a launch offset
of 20 pum.

An important feature of the modal power distribution in the
multimode fiber is that, for each mode type, the modes with a higher
modal delay, which are the ones with a higher value of the radial
mode number m, have more power coupled than the lowest ones,
for any launching conditions. This means that the higher modes
within each mode type, carry more power, as it is possible to see,
for example, in Figure 16 and 17.

Another important conclusion is that, for non-centred launching
conditions, only the T'Eo,» and the odd EH(_1)m and HE (1),
modes have coupled power.

V. OFDM-UWB SYSTEM PERFORMANCE

The maximum assessed distance will be limited by the degrada-
tion/distortion of the transmitted signal. The target bit error ratio
of the system is 107%, since with this value it is possible to use
effectively forward error correction (FEC) algorithms and improve the
system performance. The bit error ratio of the system is determined
by the semi-analytic gaussian approach [9]. The performance of the
system for centred launching conditions is presented in Section V-A.
In Section V-B, the performance of the system for a launch offset of
20 pm is presented.The numerical results obtained in this chapter are
obtained for a launch power of 1 mW, for a Mach-Zehnder modulator
with a modulation index of 10% and a Vjiqs point of 2.5 V and for
Bessel filters of 6" order with a -3 dB bandwidth of 400 MHz. The
equalizer transfer function is obtained by a polynomial interpolation
of 3"¢ order.

A. Centred launching conditions

Figure 21 and Figure 22 show the performance of the system for
the first and the fourth UWB sub-bands, respectively.
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Fig. 21: Performance of the OFDM-UWB system for the first OFDM-
UWRB sub-band. The orange line represents the target bit error ratio
of this system.
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Fig. 22: Performance of the OFDM-UWB system for the third
OFDM-UWRB sub-band. The orange line represents the target bit error
ratio of this system.

Figure 21 and Figure 22 show that the degradation of the signal
is strongly dependent on the sub-band used and increases with
the increase of the fiber length. This result is expected since the
multimode fiber transfer function presents a different behavior for
the different RF sub-carriers, as it is possible to see in Figure 14
and in Figure 15, in Chapter 3. The smoother is the behavior of the
multimode fiber transfer function for the sub-band used, the better is
the system performance. Figure 23 and Figure 24 show the received
constellations without noise, in the third UWB sub-band, for fiber
lengths of 100 m, 500 m and 600 m, respectively.
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(a) Fiber length of 100 m. (b) Fiber length of 500 m.

Fig. 23: Received constellations for fiber lengths of 100 m and 500
m, in the third UWB sub-band.
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Fig. 24: Received constellations for a fiber length of 600 m, in the
third UWB sub-band.

Analysing the results presented in Figure 24 and Figure 23, it
can be concluded that the distortion of the received constellations
increases with the increase of the fiber length. In fact, for a fiber
length of 600 m, which is the situation close to the target bit error
ratio, the received constellation presents a very high distortion. In
this situation, the OFDM-UWB receiver is not able to decode the
signal properly, since some of the received constellation points are
spread all over the complex plan. So, the signal distortion limits the
maximum assessed distance. So, for single-band transmission and
centred launching conditions, the OFDM-UWB system is mainly
limited by signal distortion and the maximum assessed distance is
560 m.

It is also be interesting to study the performance of the system
in a multi-band environment. Figure 25 and Figure 26 show the



system performance when two and three OFDM-UWB sub-bands
are transmitted simultaneously, respectively. The performance of the
overall system is given by the performance of the worst sub-band.
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Fig. 25: Performance of the OFDM-UWB system for simultaneous
transmission of the first and the fourth UWB sub-bands. The orange
line represents the target bit error ratio of the system.
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Fig. 26: Performance of the OFDM-UWB system for simultaneous
transmission of the first, second and third UWB sub-bands. The
orange line represents the target bit error ratio of the system.

Analysing Figure 25 and Figure 26, it is possible to see that the
degradation of the system increases substantially when more than one
sub-band is used simultaneously. For the case presented in Figure 25,
the sub-band that presents the worst performance is the first one. In
this situation, the maximum assessed distance which guarantees a
BER inferior to 10™* is 380 m, which is 180 m less than when
only a sub-band is used. In the situation presented in Figure 26,
the performance of the system decreases drastically. When three
sub-bands are transmitting simultaneously, the maximum assessed
distance is reduced to less than 50 m.

B. Launch offset of 20 um

Figure 27 and Figure 28 present the bit error ratio of the first four
UWRB sub-bands, respectively.
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Fig. 27: Performance of the OFDM-UWB system of the first OFDM-
UWB sub-band, for a launch offset of 20 pum. The orange line
represents the target bit error ratio of this system.
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Fig. 28: Performance of the OFDM-UWB system of the fourth
OFDM-UWB sub-band, for a launch offset of 20 pum. The orange
line represents the target bit error ratio of this system.

Figure 28 and Figure 28 show that the degradation of the OFDM-
UWB system for a launch offset of 20 um is considerably higher
than for centred launch conditions. As it was mentioned previous
on the text, the performance of the overall system is limited by
the performance of the worst sub-band. For a launch offset of 20
pm, the sub-band which presents a shorter distance for the target
bit error rate (10~%) is the fourth one. So, under this condition, the
maximum assessed distance which guarantees a good performance of
the OFDM-UWB system is about 270 m, less 330 m than for centred
launching conditions.

Figure 29 and Figure 30 show the received constellations for the
fourth UWB sub-band (which is the sub-band that limits the system
performance), respectively, for fiber lengths of 100 m, 270 m and
300 m.
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Fig. 29: Received constellations of the fourth UWB sub-band for a
launch offset of 20 um, for fiber lengths of 100 m and 270 m.
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Fig. 30: Received constellations of the fourth UWB sub-band for a
launch offset of 20 pum for fiber lengths of 300 m.

Figure 29 and Figure 30 show that, like for the centred launching
conditions, when we have a launch offset of 20 um, the increase of
the fiber length also increases the distortion of the transmitted signal.
The numerical results show that for fiber lengths exceeding 270 m,
the received constellation presents a very high distortion, what makes
not possible to demap the received constellation correctly.

So, for a launch offset of 20 um, the maximum assessed distance
is 270 m.

Received Constellation for a launch offset of 20 ym - UWB 4, 270 m
1.5



The use of a multi-band OFDM-UWB system will certainly have
a strong impact on the BER of the overall system. Figure 31 and
Figure 32 present the BER of the system for a launch offset of 20
pm, when two and three OFDM-UWB sub-bands are transmitted
simultaneously, respectively.
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Fig. 31: Performance of the OFDM-UWB system for simultaneous
transmission of the first and second UWB sub-bands, for a launch
offset of 20 pum. The orange line represents the target bit error ratio
of the system.
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Fig. 32: Performance of the OFDM-UWB system for simultaneous
transmission of the first, second and third UWB sub-band, for a
launch offset of 20 pm. The orange line represents the target bit
error ratio of the system.

As it was seen for the centred launching conditions, the use of the
multi-band technique increases the degradation of the performance of
the overall system. In the case of having two sub-bands transmitting
simultaneously, the maximum transmission distance is slightly supe-
rior to 200 m. For the transmission of three sub-bands simultaneously,
the maximum transmission distance is less than 100 m. Nevertheless,
this value is superior to the centred launching conditions, for the same
conditions.

VI. CONCLUSIONS

In this article, the transmission of OFDM-UWB signals along
multimode fiber is studied and evaluated through a numerical sim-
ulation. The increasing capacity demands of the actual networks
and the advantages of using multimode fiber optical systems are
presented in section 1. In section 2, the main components of the
OFDM-UWB system are presented and analysed. The system analysis
in back-to-back configuration allowed to evaluate the performance
of the system without multimode fiber transmission. The obtained
results show that system performance depends on the number of
sub-bands used. In section 3, the model of the multimode fiber
propagation is developed from the theoretical model. The obtained
results showed that the launching conditions, the fiber length and the
carrier frequency of the UWB sub-band used have a significant impact
on the multimode fiber transfer function. The excitation of higher
order modes by setting non-centred launching conditions introduces
coupling losses and contributes to the degradation of the multimode

fiber transfer function. In section 4, the overall system performance
is evaluated based on the bit error ratio, on the signal to noise
ratio and on the received constellations. Three main conclusions are
achieved: the launching conditions, the multimode fiber length and
the number of UWB sub-bands used have a strong impact on the
system performance. The maximum assessed distance for single-
channel transmission and centred launching conditions is 560 m,
while for a launch offset of 20 pm the maximum distance is only 270
m. In the case of having multi-band transmission of two sub-bands,
for centred launching conditions the maximum transmission distance
is 380 m and for a launch offset of 20 pm, the maximum transmission
distance is 210 m. For the simultaneous transmission of the first three
UWB sub-bands, the maximum transmission distance is less than 50
m, for centred launching conditions, and less than 100 m, for a launch
offset of 20 um. It was also concluded that the equalizer used in
this simulator is not appropriated to the multimode fiber propagation,
since it can’t estimate correctly the channel’s behavior between the
pilots. A suggestion that will improve the system’s performance is to
use an equalizer more able to the channel’s estimation between the
pilots.
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