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Abstract

With the rapid grown of informational and visual services, larger capacity and higher-speed
transmissions are demanded in today’s cellular network, which makes the current wireless
networks eventually fail to deal with the growing total traffic. As a result, the way of
achieving large capacity and high-speed transmission has undoubtedly been a critical task
for the next generation mobile service carriers.

Radio-over-fiber (RoF) is one of the promising solutions to the exploding traffic, which
can incorporate with Orthogonal Frequency Division Multiplexing (OFDM), namely OFDM-
RoF, to resolve the capacity thirst with relatively lower cost.

In this thesis, two OFDM-RoF systems under different transmission schemes are studied
regarding their end-to-end bit-error-rate (BER) performances. Particularly, a baseband
OFDM-RoF system is simulated and analyzed by Matlab, where the nonlinear effect of the
MZM transfer function will be focused in the first system, while the BER performance of
the optical transmission line under various laser powers and fiber lengths will be considered
in the second. Finally, the BER of the two systems are compared under different M-QAM
modulations.
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Chapter 1

Introduction

1.1 Motivation

Radio-over-fiber (RoF) is one of the promising solutions to deal with growing Internet
traffic on the wireless mobile systems. By incorporating Orthogonal Frequency Division
Multiplexing (OFDM) and the electro-optic device Mach-Zehnder modulators (MZMs),
OFDM-RoF has been considered the next-generation wireless access technology that en-
abling cost effective bandwidth provisioning.

Previous studies on bit-error-rate (BER) analysis mostly focus on the effect of MZM on
the optical fiber link [5]. In this thesis, we go one step further by investigating two OFDM-
RoF transmission scenarios, where the end-to-end BER performance of OFDM-RoF system
is simulated and analyzed. In the first scenario, the study focuses on the nonlinear effect of
the MZM transfer function utilizing Matlab, while in the second, a different transmission
scheme is implemented using a commercial software package, Optisystem, where the BER
performance of the optical link is simulated under different Laser powers and fiber lengths.
Finally, the BER of the two systems are compared under various M-QAM modulations.

1.2 Techniques

To achieve large capacity and high data rate, straightforward methods include reduction
of cell sizes and exploration of unused bandwidths such as millimeter wave (mm-wave)
frequencies. However, considering the installation and maintenance of the network infras-
tructure, these solutions may lead to extraordinarily high cost. Radio-over fiber (RoF) has
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been considered a promising approach that can achieve high-speed transmissions at very
low cost provided with the existing fiber backbone infrastructure [13] [21].

Y
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Figure 1.1: System diagram for Radio-over-fiber (RoF)

Fig. 1.1 shows a general architecture of RoF. the central office (CO) works as the
gateway to the optical metropolitan backbone formed by the RoF and also serves a large
number of widely distributed antenna base stations (BSs) and remote nodes (RNs). Low-
cost optical backbone will be utilized to reduce the cost in the transmission to BSs.

Another issue is that the fiber dispersion will cause some non-linearity problems when
applying fiber in transmission. Recently, the concept of Orthogonal Frequency Division
Multiplexing (OFDM) has been applied to reduce the effect of dispersion in high-speed

optical communication systems [26]. OFDM is one of the multicarrier modulation forms,
using a number of harmonically related narrowband subcarriers to transmit a single high-
speed information bearing stream [7]. By incorporating with Mach-Zehnder modulators

(MZMs), the optical OFDM transmission system can achieve the lowest optical loss and
the highest optical power handling capability. Applying such techniques, the OFDM-RoF
system will have advantages in high speed transmission.

1.3 Organization

The thesis is organized as follows: Chapter 1 is an introduction; Chapter 2 provides essen-
tial background of Radio-over-fiber, OFDM-RoF systems and Mach-Zehnder modulators;



Chapter 3 provides an end-to-end BER analysis of a baseband OFDM-RoF system over
Rayleigh fading channel; Chapter 4 presents a simulation of an analog OFDM-RoF system
design by Optisystem, and the end-to-end BER of the system is also studied. Finally, the
conclusions and discussions are given in Chapter 5.



Chapter 2

Background review

This chapter provides the background of Radio-over-fiber (RoF), Orthogonal Frequency
Division Multiplexing (OFDM) RoF systems, and Mach-Zehnder Modulator (MZM).

2.1 Radio-over-fiber (RoF)

The radio-over-fiber (RoF) technology serves as a cost-effective last-mile access approach
for the next generation radio access networks (RANs) [12]. It aims to save the operation
and infrastructure cost by sharing common optical communication backbone with other
carriers. Fig. 2.1 shows the structure of a typical RoF system that integrates both optical
and wireless access networks via a common unified backbone [17]. The base stations (BSs)
can be either traditional BS or simply a remote antenna unit, by which the management
complexity can be minimized.
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Figure 2.1: An illustration of an RoF access system [17]

In the RoF transmission systems, the electrical signal can be modulated onto the optical
carrier by using either direct or external modulation and transmitted over the optical
fiber. There are generally three transmission schemes of the fiber-wireless network based
on the types of the transmitted electrical signal, which are baseband (BB) signal, analog
radio frequency signal (analog RF) and digitized radio frequency signal (digitized RF)
transmission over fiber.

Because of the nonlinearity fact of the transmitter and the chromatic dispersion over
fiber, the analog RF signal (Fig. 2.2a) is subject to limited dynamic range, and this problem
becomes more severe at higher RF carrier frequencies. In the second case of using BB over
the fiber transmission (Fig. 2.2b), the problem of dispersion could be less significant at the
expense of higher complexity in processing the baseband signals. In the third scheme as
shown in Fig. 2.2¢, the analog RF signal is digitized by bandpass sampling before launched
in optical fiber in order to make the signal less sensitive to fiber dispersion [21].
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Figure 2.2: Transmission schemes of (a) Analog RoF (b) BB over fiber (c) Digitized RoF
[13]

Based on these transmission schemes, a large number of researches in RoF systems have
focused on improving the system performance by applying innovation techniques or devices.
T.Van studied an RoF system with EDFA and a coherent receiver. The transmission length
and signal quality can be significantly improved by implementing EDFA-Coherent detection
[21]. Results show that digitized RoF transmission can realize better performance and
higher linearity comparing to the analog RoF link, and increase system efficiency in terms
of longer transmission distance, lower received optical power, and simpler BS structure
[25]. Other modulation techniques such as optical-single-sideband-with-carrier (OSSB+C)
are proposed to overcome the chromatic dispersion of fiber [20]. Note that all the above
studies focused on the performance of the optical link, while the end-to-to-end BER with
regard to the RF channel has never been considered.



2.2 Orthogonal Frequency Division Multiplexing (OFDM)
RoF systems

Despite the convenience and simplicity, the RoF system suffers from the fiber dispersion
problems, while Orthogonal Frequency Division Multiplexing (OFDM) is capable of dealing
with the fiber dispersion [(]. By incorporating OFDM with RoF, the OFDM-RoF system
is superior in spectrum utilization and resistance of Intersymbol Interference (ISI).

i i
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Figure 2.3: The block diagram of the OFDM-RoF system

Fig. 2.3 shows the block diagram of an OFDM-RoF system. It can be divided into
several functional blocks, including OFDM modulator, the fiber-optic transmission and
OFDM demodulator. Compared with using general FDM signals, the OFDM signal is
transmitted over the fiber to reduce the effect of fiber dispersion.

Extensive research efforts have been addressed on the OFDM-RoF systems. Rao et al.
investigated its BER performance by using different types of fiber, such as single mode
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fiber (SMF) and dispersion compensated fiber (DCF) [18]. To handle the phase noise and
nonlinear distortion of the OFDM-RoF systems, C. Wei, et al. established an experimental
set-up of long-reach OFDM-RoF system at 60 GHz, where the phase noise compensation
and bit-loading algorithms are employed [23]. A. Islam et al. investigated the OFDM-
RoF link regarding its nonlinear performance and found that the OFDM-RoF system is
less sensitive to the non-linear distortion of Mach-Zehnder modulator than that with the
conventional single-carrier RoF system [10].

It is clear that the nonlinear effect of MZM critically limits the overall BER performance
of the system [3], which will be further detailed in the next section.

2.3 Mach-Zehnder Modulator

Direct modulation of the laser sources is the simplest way of intensity modulation. How-
ever, the relative intensity noise (RIN) and distortions raise sharply when the modulation
frequency reaches up to the relaxation resonance frequency of a semiconductor laser. Be-
sides, direct modulation falls short in the case of long-distance transmission due to the large
frequency chirp, especially for digital applications. Mach-Zehnder Modulators (MZMs),
which serve as the most cost-effective and low-complexity external modulation approach
in optical communications, can resolve the situation thanks to their lowest optical loss and
the highest optical power handling capability. Fig. 2.4 shows the procedure of external
modulation, where a constant-amplitude light signal is launched in an external modulator
from the optical source, and the output signal of the modulator is a time-varying optical
signal in a linear relation with the electrical driving signal.
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Figure 2.4: External modulation of a Laser diode

The optical property of a dielectric material can be changed by an electro-optic effect
due to the presence of a static or low-frequency electric field. Electro-optic (EO) effect is
the fact that the optical refractive index is changed in nonlinear optical (NLO) crystals in
the presence of electric field. Currently, LiNbOs is one of the most widely used materials for
the electro-optic devices manufacturing. Optical waveguides made of LiNbO3 are generally
superior in high EO coefficient, low optical loss and high optical coupling efficiency with
single-mode optical fiber.

To make use of EO effect, the change of optical refractive index results in the difference
in optical phase, which can be converted into intensity modulation in a MachZehnder
interferometer [11].

MZM is a class of guided-wave electro-optic phase modulators, which can be utilized
to build up waveguide interferometers for effective amplitude modulation of guided optical
waves, which means that the transfer function of the MZM is the output optical power
with respect to the applied voltage. A Mach-Zehnder waveguide interferometer is made up
of two parallel waveguides connected at the input and output ends. The two waveguides
are generally connected by beam-splitting and beam-combining optical couplers. One of
the typical couplers is a Y-junction waveguide, which is shown in Fig. 2.5.



Figure 2.5: The layout of a Y-junction MZM [15]

The input optical signal is divided into two equal portions at its optical input port
by using an optical splitter. The two separate waveguides are often known as two arms
of MZM to propagate the split signal [15]. In an MZM, one or both of these waveguides
are designed as electro-optic (EO) waveguides. The optical phase is modulated by an
applied voltage along the waveguides. The optical waves passing through the two arms
are combined as a single mode near the combiner resulting in a maximum intensity output
when these two are in phase, or as a higher order spatial mode, resulting in a minimum
intensity output when these two are out of phase, where most part of the optical output
will become an unguided wave.

The output optical field amplitude of the MZM is given by the Eq. (2.1)

V2

Aout = 7(1416]@)1 + A2€j¢)2) (21)

where A; and A, are the input optical amplitudes in the two arms, respectively, A%+ A3
is the total optical input power P,,, and ®; and ®, are the optical phase delays of the two
arms.

Py = A2 + A2 (2.2)

The output optical power can be calculated as Eq. (2.3):

Pout = |Agut|? = =[A2 4+ A5 + 24, Ascos (P — §y)] (2.3)

1
2
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There are two parts of the phase difference: one is the phase difference at zero applied
voltage; and the other is the phase difference caused by the applied voltage. When only
one arm is modulated, the phase difference becomes:

AD = vAnQTWL (2.4)

where An is the optical index change in the active layer of the waveguide; ~ is the
optical confinement factor, which is the confined portion of optical mode in the active
layer, yAn is the index change for the optical mode; A is the optical wavelength; L is the
modulation length. If both of the two arms are modulated in a pushpull mode, where the
phase changes in the two arms are opposite to each other, the overall phase change A® is
doubled. If the modulation is based on the EO effect, then

1 %

Where n is the optical index of the active layer at zero applied voltage; 7;; is the relevant
EO coefficient, which is relevant to the material, optical polarization and electrode design;
V' is the applied voltage; d is the spatial gap between the electrodes where the voltage V'
is applied. We can get the Eq. (2.6) and (2.7) by combining these equations:

T3 oL 7wV

and
Ad
AL 2.
v ngrij vL (27)

V. is the electrical voltage value at which the phase shift induced by voltage reaches m
or 180°. It is a very important parameter for the MZM, as it determines the linear region
of the MZM.

The transfer function of MZM is given by Eq. (2.8) [10]
TV, Vi

1 i =
B = (3¢ 2Vx + 2¢ 2V, (2.8)
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where FE,,; is the output field of MZM; F;, is the input optical field; V, and V, are
applied electrical voltages which are related to the input data; v € [0, 1] is the imperfectness
parameter of MZM, and it is the parameter about the imbalance of the two arms of MZM.

As the MZM is in a push-pull configuration with a differential input data (V, = —V}),
when 7 = 1, the output optical field is a sinusoidal function as Eq. (2.9).

Vi
B = Cos(;TT)Em (2.9)

Since the transfer function of MZM is not a linear function, the nonlinear distortion
will occur when implementing MZM in the system.

12



Chapter 3

The end-to-end BER simulation of a
baseband OFDM-RoF system

In this chapter, a baseband OFDM-RoF system is simulated and analyzed by Matlab,
where the nonlinear effect of the MZM transfer function will be focused. The end-to-end
BER of the downlink system is calculated under different modulation schemes. The result
analysis also compares the BER between external modulation scheme implementing the
MZM and direct modulation scheme without the MZM.

3.1 The schematic model of the baseband OFDM-
RoF system

The baseband OFDM-RoF system is described in Fig. 3.1. It can be seen that the system
generally consists of several parts, i.e., OFDM modulation, optical link, HPA and RF
channel and OFDM demodulation, where the OFDM signal is generated by the OFDM
modulation part; the electric-to-optic (EO) conversion, fiber transmission and optic-to-
electric (OE) conversion are done within the optical link part; the signal is then transformed
by a high-power-amplifier (HPA) and broadcast over the Rayleigh fading channel. Finally,
the received signal is demodulated by the OFDM demodulation part and BER of the
system is calculated.

13
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Figure 3.1: Transmission scheme of a baseband OFDM-RoF system

Fig. 3.2 depicts the detailed block diagram of the baseband OFDM-RoF system simu-
lation, where the types of signal are identified between the blocks. The simulation build-up
of each block is introduced in the following sections. Since the MZM is the only device
that has a nonlinear transfer function, the MZM effect on the system BER performance is
carefully examined.
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Figure 3.2: Block diagram of the baseband OFDM-RoF system simulation

3.2 OFDM Modulation

The original input data is generated by a random binary generator to form the original
serial data vector, which has a total number of N. In order to make the serial binary
data M-QAM modulated, the serial data vector is reshaped into an m X n matrix, where
N =m x n, and m = log, M. When the symbols are BPSK modulated, this step can be
skipped.

n symbols n symbols n symbols

m groups
Figure 3.3: Regroup of the data

The next step is M-QAM modulation. The Quadrature Amplitude Modulation (QAM)
involves both amplitude-shift and phase-shift keying, where the amplitude and phase of a

15



QAM signal are modulated as two independent parameters. The signal can be expressed
as Eq. (3.1):

X, (t) = a(n) cos(wpt) + b(n) sin(wyt)
= v(n) cos(wpt + ¥y,) (3:1)
where
v(n) = /(a?(n) + b?(n)) (3.2)
and

U, = tan !

a(n) n=0,1,,N—1 (3.3)

According to IEEE 802.11a standard [!], the regrouped binary symbols are M-QAM
modulated. The bit-encoding constellation is shown in Fig. 3.4, and the bit-encoding table
is presented in Table. 3.2, where by is related to the I value in BPSK; for QPSK, by is
related to the I value and by is related to the Q value; bob; is related to the I value and
bobs is related to determines the ) value in 16-QAM; for 64-QAM, byb1bs is related to the
I value and bsb,bs is related to the Q value. The M-QAM encoding is performed according
to the encoding table in Matlab simulation.

The QAM signal should be normalized according to the Kyop. The signal (I + jQ)
value of a QAM signal is multiplied by the normalization factor K,;op, as described in
Eq. (3.4):

d=(I+jQ)Kyop (3.4)

The Ky;op factor is determined by Table. 3.1

Modulation | Kyop
BPSK

1

QPSK 1/v2
16-QAM | 1/4/10
64-QAM | 1//42

Table 3.1: Kjrop factors of different modulation

16
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Figure 3.4: IEEE 802.11a Standard bit-encoding constellation of BPSK, 4-QAM, 16-QAM
and 64-QAM [1]
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BPSK encoding table

Input bit(by) l-out Q-out
0 -1 0
1 1 0
QPSK encoding table
Input bit(by) | l-out Input bit(b;) | Q-out
0 -1 0 -1
1 1 1 1

16-QAM encoding table

Input bit(bobs) | l-out | | Input bit(b, bs) | Q-out
00 -3 00 -3
01 -1 01 -1
11 1 11
10 3 10 3

16-QAM encoding table

Input bit(bob;b,) | I-out Input bit(bsbsbs) | Q-out
000 -7 000 -7
001 -5 001 -5
011 -3 011 -3
010 -1 010 -1
110 1 110 1
111 3 111 3
101 5 101 5
100 7 100 7

Table 3.2: IEEE 802.11a Standard bit-encoding table

After the signal is QAM modulated, the signal is performed inverse discrete Fourier
transform (IDFT) to be converted into the OFDM signal. The DFT and IDFT of signal
s(k),k=0,1,2,..., K — 1 is shown in Eq. (3.5) and (3.6), respectively:
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S(n) = \/% 5=/ Knk (3.5)
s(k) = % 3 S(n)eden/ Ok (3.6)

The OFDM signals are obtained after the IDF'T progress.

3.3 Mach-Zehnder Modulator Transfer Function

The modulated OFDM signal is transformed by MZM with a transfer function given in Eq.
(2.9). In this study, the bandwidth of MZM is assumed to be wider than the bandwidth
of OFDM signal. The transfer function of MZM is plotted according to the Eq. (2.9) in
Fig. 3.5, with a typical V, = 6V [17].

The transfer function of MZM

BN /
N /

- /
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Figure 3.5: The transfer function of MZM (V, = 6V)
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Because of the cosine behavior of the function, the non-linear distortion may cause
sharp increase in the bit-error-rate when the OFDM signal is MZM external modulated.

Bohara and Ting built up an equivalent polynomial model for non-linear power ampli-
fiers [1], and this method can be used for the modeling of MZM as well. When ¢y, of
this transfer function is 37/2, the baseband equivalent polynomial model for the output
electrical field of the MZM is described with Eq. (3.7):

K
Yo=Y ar(zy)" k — odd (3.7)

k=1

where the discrete vector z,, is the applied voltage and vy, is the output of the MZM. n
is the discrete time domain samples, a; is the nonlinear odd coefficients, and k is the order
of nonlinearity. A third order polynomial approximation of MZM, which is in the working
region of 3V, £ V., can be expressed by Eq. (3.8) [10]:

Yn = A1Ty + a3($n>3 (38)
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The polynomial model of MZM
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Figure 3.6: The polynomial model of MZM

The relation of x,, and vy, is shown in Fig. 3.6, which is used in Matlab simulation of
MZM.

3.4 The rest of the optical link

The rest part of the optical link includes the single mode fiber and photodetector. Fig. 3.7
shows a typical transfer function of a photodetector, where the output voltage has a linear
response versus the input optical power within the working region.

21



Vg A (jll_}S
o dPp,
VS ’I
R i
rms(vy) |-~/ i
DR
0 NEP Pssat }')S

Figure 3.7: The response of a typical photodetector as a function of input optical power
vs output voltage [15]

The attenuation and dispersion of a single mode fiber can be described by Eq. (3.9)
and (3.10), respectively:

Pyout(dBm) = Py(dBm) — a(dB - km™ ") L(km) (3.9)

o(ps) = D(ps - km™" - nm™ ") L(km)\(nm) (3.10)

The signal spread caused by the fiber dispersion is very small for 50 km fiber transmis-
sion distance after calculation and it has little effect on the baseband OFDM transmission,
which is ignored in the simulation. The noise of the fiber can also be ignored compared
with the noise of photodetector. Since the transfer function of photodetector is linear, the
noise can be considered as a white Gaussian noise with an SNR defined in Eq. (3.11) [20]:

4kgTF,Af
Ry
where R is the responsivity of the photodetector, T" is temperature, kg is Boltzmann

constant, ¢ is the electric charge, Ry, is the load resistor to convert output current to a

voltage signal, Af = Bpg/2 is the bandwidth, and F,, is the receiver noise figure. There
is no nonlinear noise drawn from the fiber and the photodetector.

In conclusion, the rest of the optical link is modelled as an AWGN channel, whose SNR,
is mainly decided by the noise of photodetector.

SNRpp = R*P;,/( +29RP,Af) (3.11)
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3.5 HPA and Rayleigh fading channel

In order to clip the signal amplitude to an appropriate level, a soft limiter high power
amplifier (HPA) is used ahead of the Rayleigh fading channel [11].The relation between
the input signal F(t) = 2(t)e”® and the output signal y(t)e?® can be expressed by Eq.
(3.12):

— A ifla(t)] £ -
y(t) =y = h(x) = { alt) ifle(t)] < A (3.12)
A ifle(t) = A

where A and —A is the clipping threshold of the HPA.

The signal is then broadcast over a Rayleigh fading channel, which is randomly de-
layed, reflected, scattered, and diffracted by buildings and obstacles. Multipath fading is
composed of the constructive and destructive of these signal components, which can be
modelled by the Rayleigh multipath fading channel [19].

For a Rayleigh distributed random variable, the average power can be described as:
Q = Ela®] = 207 (3.13)

In this case, the channel fading amplitude a is distributed according to

ful) = eap(=5) (314

The channel response of Rayleigh fading is Gaussian progress with zero mean and
variance of /2 | which supported by Matlab.

3.6 OFDM Demodulation

The OFDM demodulation is the exact inverse operation of the OFDM modulation. Dis-
crete Fourier Transform (DFT) is performed to reconstruct the M-QAM data after passing
through the Rayleigh fading channel. The received data matrix is reshaped and demodu-
lated by an M-QAM demodulator, and the decimal data is then reconverted to the binary
data. The detailed progress is shown in Fig. 3.8.
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Figure 3.8: The OFDM Demodulation

3.7 Result analysis

Based on the simulation model described in the previous sections, the simulation steps are
summarized as follows:

1. Generate original baseband signal with random binary generator.

2. Reshape the original data matrix and modulate into different modulation, i.e., BPSK,
4-QAM, 16-QAM, 64-QAM.

3. Perform IDFT to modulate into OFDM signal.

4. Change the signal using MZM and HPA applying their transfer functions.

5. Add an additive white Gaussian noise to the signal caused by the photodetector.

6. Transform the signal with the Rayleigh fading channel model.

7. Demodulate the received signal and calculate the BER.

The BER of the system is calculated by comparing the final data output data sequence
with the original one, which is shown in the Eq. (3.15):

nT‘T

BER = (3.15)

sym

where n,, is the number of error symbol and N, is the total number of symbol
transmitted.

Ey /Ny is the energy per bit to noise power spectral density ratio. It is a normalized
signal-to-noise ratio (SNR) measure, which is also known as the “SNR per bit”. It can be
used to compare the performance of different modulation schemes without taking band-
width into consideration.
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The theoretical BER of BPSK modulation scheme over Rayleigh fading channel is given

by Eq. (3.16) [22]:
T

Fig. 3.9 shows both simulated and theoretical BER vs Ej,/Nj plot of the OFDM-RoF
system using BPSK modulation over Rayleigh fading channel.

BER of the BPSK OFDM system

10°
—B— Rayleigh-Theory  f
—*— Rayleigh-Simulation [}
10-1 —__
LT P
@
o
-3 o o ‘
10 e
Yo NN N N N . -
10°

Eb/No,dB

Figure 3.9: simulated and theoretical BER vs Ej, /Ny plot of the OFDM-RoF system using
BPSK modulation over Rayleigh fading channel

As we can see from the figure, the simulated BER vs E,/Ny plot is different from the
result of theoretical Rayleigh channel BER plot because of the white Gaussian noise of the
optical link.
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Although direct modulation has severe disadvantages in the high-speed transmission
systems, it can be taken as a reference to examine how MZM will affect the BER of the

system. In the direct modulation system, the MZM is not used and no nonlinear noise is
introduced in electrical to optical conversion.

Fig. 3.10 displays the BER of BPSK, 4-QAM, 16-QAM and 64-QAM under external
modulation with presence of MZM. And Fig. 3.11 displays the BER of BPSK, 4-QAM,
16-QAM and 64-QAM applying direct modulation without MZM.

—— BPSK }
—o—4-QAM
—A— 16-QAM1

Log of BER

Ko —

Eb/NO dB

Figure 3.10: The BER of BPSK, 4-QAM, 16-QAM and 64-QAM using MZM as external
modulator
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Figure 3.11: The BER of BPSK, 4-QAM, 16-QAM and 64-QAM using direct modulation
without MZM

From Fig. 3.10 and 3.11, it can be concluded that the BER of the system is higher
under higher level of M-QAM modulation. Fig. 3.12 compares the BER of a) BPSK, b)
64-QAM under direct modulation without MZM and external modulation with MZM.
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Figure 3.12: The BER of a) BPSK, b) 64-QAM under direct modulation without MZM
and external modulation with MZM

From above studies, we know that the BER performance of the system is worse under
higher level of M-QAM modulation; MZM will introduce distortion to the system because
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of the nonlinear part of its transfer function, and this effect is more obvious when M-QAM
modulation is higher due to a greater peak-to-average power ratio (PAPR).

There are several potential ways to reduce the distortion that introduced by MZM.
Linghui RAO, et al. [18] use electro-absorption modulator (EAM) to replace MZM in the
system. However, the photocurrent generated by the electro-absorption may have effect
on the modulator performance at high optical power. Y. London, et al. [16] applied pre-
distortion technique before the MZM, which can artificially increase the linear region of
the MZM, but may result in extremely low driving voltage when the peak power is high.

o054 ey . | SAQAMVDESV

\ —e— 64-QAM Vpi=6V|

Log of BER

25 A — -

-3.0

Eb/NO dB
Figure 3.13: The BER of 64-QAM system with different V

From the studies of MZM, we know that V is a fixed parameter for a certain MZM,
which is mainly determined by the material and chip size. In this thesis, the method of

choosing MZM with different V; is proposed. From Fig. 3.13, we know that a smaller V
leads to a better BER performance of the system.
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Chapter 4

The end-to-end BER analysis of the
analog OFDM-RoF system

In this chapter, the end-to-end BER performance of an analog OFDM-RoF system is
simulated and analyzed by incorporating a commercial software Optisystem and Matlab
coding. The downlink BER of the optical link of the system is studied under various Laser
powers and fiber transmission distances. The end-to-end BER of the baseband scheme
system and the analog RF scheme system are compared at the end of the chapter.

4.1 The analog OFDM-RoF system build-up

An anlog RF OFDM-RoF system is built up to analyze the BER of the system. Fig. 4.1
presents the transmission diagram of the analog OFDM-RoF system. The simulation of
the first half of the system, i.e. optical transmission part, is completed with the commercial
software Optisystem, while the simulation of second half, i.e. RF channel part, is done
utilizing Matlab coding. Ideally, the insertion module is not necessary in the actual system.
However, there is no RF module available in the software package Optisystem. To co-
simulate with Matlab, the error-free insertion module is added to build up a equivalent
simulation system.
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Figure 4.1: Simulation scheme for the analog OFDM-RoF system

To calculate the end-to-end BER of the system, the BER from the Optisystem is
utilized to build a binary sequence with a BER,,. This sequence with error is then
OFDM modulated and transmitted over the Rayleigh fading channel. The end-to-end

BER is calculated by comparing the demodulated data sequence with the error free original
sequence.

The detailed structure and key parameters in each block are introduced in the following
sections.

4.2 OFDM Modulation of the simulated system

The first half of the transmission system is completed with commercial software Optisys-
tem. There are two simulation stereotypes of systems in the software according to the
methods of demodulation: direct detection optical orthogonal frequency division multi-
plexing system and coherent detection orthogonal frequency division multiplexing system.
As for the two systems, the coherent detection system surpasses in performance to direct
detection system, but the structure of coherent detection system at the receiver end is much
more complex; while the direct detection system is superior in simpler system structure.

In this study, a direct-detection system is implemented due to its simplicity at the receiver
end.
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Figure 4.2: The OFDM Modulation scheme

According to the simulation diagram shown in Fig. 4.2, the OFDM modulation part
of the OFDM-RoF system is established, where each block component works as a specific
device in the system. Fig. 4.3 is the global parameter settings of the system.
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lirect Detection Uptics UF1 ¥stem Farameters

Label: IDirec:t Detection Optical OFDRM System

Simulation ISignaIs ISpatiaI effects ]Nnise lSignaItracing I

Hame Yalue Units Mode
Simulation window St bit rate MNarmal
Reference bit rate ™ Marmal
Bit rate Te+(03: fuls Mormal
Time window 2 045e-E 5 MNarmal
Sample rate 2oBe+ 09 Hr Mormal
Sequence length 2045 Bits Normal
Samples per bit il Mormal
Guard Bits 0 MNarmal
Symbol rate 2.8e+009 : symbols’s P Mormal
Humber of samples H24288 MNormal
Cuda GPU r Marmal

Figure 4.3: Global parameter settings of the system

PRBS Generator module: the main function of this module is to generate a binary
pseudo-random bit sequence as the original input signal of the OFDM-RoF system. The
sequence length is set to 2> — 1. The detailed parameter settings of the module are listed
in Fig. 4.4.
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FEBS Generator Froperties

Lakel: IPHES [enerataor

Digp Hame Value | units Mode
[ |Bit rate Bit rate sl pits Scrint
[T |Operation mode Oreter Normal
[ |order ingrSequence fengthyioo s Seript
[T |Mark probability 0.5 Normal
[T |Humber of leading zeros 1 Normal
[T |Humber of trailing zeros 1 Normal

Figure 4.4: Parameter settings of PRBS Generator module

QAM Sequence Generator module: this module encodes the original binary bit sequence
generated by the PRBS Generator module, which can achieve BPSK, 4-QAM, 16-QAM,
64-QAM or 256-QAM constellation by changing the parameter settings.

Subsystem module: this is the M-ary pulse generator module which generates an elec-
trical signal for the M-QAM signal.

OFDM Modulator module: this module generates the OFDM signal. The parameter
settings of this module are shown in Fig. 4.5. The number of IFFT points and subcarriers
is set to 1024 and 512, respectively.
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OFDE Bodulator Froperties

Label IEIFDM M aicduilator

Dizp Hame Value Units Mode

_r Humber of input ports i Narmal
[# [Humber of subcarriers 5z Narmal
[T |user defined position ™ Naorral
[+ |Position array 256 Naorral
[# [Humber of FFT points 1024 Narmal
[T [Symmetric spectrum r Naorral
[ [Cyclic prefix Symbol extension Narmal
[# |[Humber of prefix points i Narmal

Figure 4.5: Parameter settings of OFDM Module

Quadrature Modulator module: the function of this module is to achieve I/ mod-
ulation. The I and Q portions are multiplied by the cosine signal and the sine signal,
and then added together by an adder, modulating the baseband OFDM signal onto the
millimeter-wave carrier. After the module, the signal expression can be written as:

Vout(t) = G[I(t)cos(2mfe + ¢c) — Q(t)sin(2m fe + ¢¢)] + b (4.1)

Where I(t) and Q(t) are the input electrical signals, G is the gain, f. is the carrier
frequency, ¢, is the carrier phase, and b is the offset voltage.

Quadrature modulator: the I/@ modulation is carried out by the quadrature modula-
tor. The frequency of the RF signal can be changed by setting the value of sine and cosine
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waves. After the quadrature modulator module, the baseband OFDM signal is modulated
on a millimeter-wave carrier.

4.3 The Optical Transmission

In the optical transmission part, MZM, Laser, fiber and photodetector are implemented in
the system. The diagram of optical transmission is shown in Fig. 4.6.
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Figure 4.6: The diagram of optical transmission

MZM Module: the characters of MZM are well introduced in the last two chapter. In
this MZM module, the output is given by the software in Eq. (4.2):

. ‘/é(t) . ‘/biaSZ . ‘/l(t) . ‘/biasl
s g Jm +J

[eej Vire "~ Vapo + (1 —0)e Varr = Vibc| (4.2)

Ein(t)

- 1(yinsertionloss/20

Eout (t)

where FE,,(t) is the output signal of the MZM; E,,(t) represents the input signal;
Vi(t) and Vi(t) represent the RF signals modulation voltage; Vias1 and Vieso are the bias
voltage 1 and 2; V,pc and V,gr are the switching bias voltage and switching RF voltage,
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respectively; and 6 is the extinction ratio, where 0 = (1 — )/2.The MZM parameter

NG
settings is displayed in Fig. 4.7.
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[T |Modulation voltage1 2ils MNaormal
[ |Modulation voltage2 =2E MNaormal
[ |Bias voltagei Qi Narmal
[ |Bias voltage? 2il Narmal

Figure 4.7: Parameter settings of the MZM

In this transmission system, the CW (continuous wave) laser is implemented. It gen-
erates continuous wavelength of light at 1552 nm (center frequency 193.1 THz), and the
output power can be set to different values, as shown in Fig. 4.8.

37



CY¥ Laser Properties

Label: IEW Lazer
%_Hf__i_ﬂ___jlPnlarizatinn ] Simulation ] Moise l Randaom nu... l Custom a... I
Ep Hame Value Unit=s Mode
¥ |Frequency 19395 THz MNarrmal
¥ |[Power -4 B MNarrmal
[T |Linewidth 5iMHz MNarrmal
[T [Initial phase 25 deg MNarrmal

Figure 4.8: Parameter settings of the CW laser

A standard single mode fiber (SSMF) is utilized in the system, and the main parameters
of the fiber are given in Fig. 4.9. The attenuation constant of SSMF is o« = 0.2dB/km;

the dispersion constant is D = 16.75L
nm - km

is 0.5ps/vkm. In this simulation system, some less significant parameters of the fiber are
not considered, which include the third-order dispersion coefficient, self-phase modulation,
cross-phase modulation and so on.

; and the polarization mode dispersion PMD
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Optical Fiber Froperties

Label: II:IpticaI Fiber

Main |ois [Pwp o [Wu. [or. [sim. [N Ran. [cus. |

.....................
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Figure 4.9: Parameter settings of the Single Mode Fiber

The role of the photodetector is to convert the received optical signal into an electrical
signal. A PIN photodetector is used in the system, whose output current is determined by
the following formula:

I;(t) = RPy(t) + I,,(t) (4.3)

where I4(t) is the output current of PIN receiver; R is the responsivity of the PIN
photodetector; Py(t) is the input optical power after attenuator; I,(t) is a collection of
noise introduced by the current. These noises include thermal noise, PIN noise and dark
noise. For simplicity, we only consider the thermal noise in the simulation. The thermal
noise is set to 15 x 10724W/H z, the responsivity is 1 A/W, and the dark current is 10 nA.
The parameter of the PIN photodetector is shown in Fig. 4.10.
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Photodetector FIN Froperties

Label: IF'hu:ut-:udeteu:tu:ur FIM

Respons... éNDiSE EIFrequen... ] Downsa... l Randam ... l Custam .. I
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[ |Absolute temperature ZASEK MNarmal
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[ |Shot noise distribution Faunssiahn Normal

Figure 4.10: Parameter Settings of the PIN photodetector

4.4 OFDM Demodulation of the simulated system

The OFDM Demodulation of the system is quite straightforward, which is essentially the
reverse operation of the modulation section. The OFDM Demodulation of the OFDM-RoF
system is displayed in Fig. 4.11.
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Figure 4.11: The diagram of OFDM Demodulation of the simulated system
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OFDE Demodunlator Froperties

Lakel: IEIFDM Drernodulator

Main ISimuIatinn lRandum nummbers lCustDm arder ]

Digp Hame Value | Units Mode
[ |Reference bit rate Bit rateld sl pits Scrint
[T |Delay compensation Ois Normal
[T |Humber of output ports 1 Normal
[ |Humber of subcarriers 512 Normal
[T |us=er defined position v Normal
[+ |Position array 296 Normal
[¥ |Humber of FFT points 1024 Normal
[T |Symmetric epectrum r Normal
[ |Humber of prefix points 0 Normal
[T |Gain 1 Normal

Figure 4.12: Parameter settings of OFDM Demodulator

According to Fig. 4.11, the optical signal is converted into a radio frequency signal after
the PIN photodetector. The radio frequency signal is /) demodulated by the quadrature
demodulator module to recover the baseband signal and then OFDM demodulated to ob-
tain the binary data. Fig. 4.12 depicts the parameter settings of the OFDM Demodulator
module. The BER of the optical transmission is calculated as BER,.

4.5 Co-simulation with Matlab

To calculate the end-to-end system BER performance, we co-simulate Optisystem with
Matlab to achieve simulation of signal transmission over the RF channel.
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Figure 4.13: End-to-end BER calculation

As shown in Fig. 4.13, we can get a BER,, of the optical link from the software
Optisystem, which can be used to build a binary sequence with error by Matlab. This
sequence with error is then OFDM modulated and transmitted over the Rayleigh fading
channel model which is built up in last chapter. The end-to-end BER of the OFDM-
RoF system is calculated by comparing the demodulated data with the original error-free
sequence.

4.6 Result analysis

The BER performances of the optical link are studied under various fiber lengths and Laser
powers, which are compared under different M-QAM modulations.
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Figure 4.14: BER vs Laser power plot under different modulations (fiber length = 20 km)
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Figure 4.15: BER vs Laser power plot under different modulations (fiber length = 50 km)
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Figure 4.16: BER vs Laser power plot under different modulations (fiber length = 80 km)

Fig. 4.14, 4.15 and 4.16 display the BER vs Laser power plot under different fiber
lengths, where the modulation schemes are BPSK, 4-QAM, 16-QAM and 64-QAM, re-
spectively. As we can see from the figures, the higher the Laser power, the better the BER
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performances; the BER performances of BPSK and 4-QAM are quite close to each other
as they have a similar PAPR.
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Figure 4.17: BER vs fiber length plot under different modulations (Laser power = 0 dBm)
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Figure 4.18: BER vs fiber length plot under different modulations (Laser power = -2 dBm)
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Figure 4.19: BER vs fiber length plot under different modulations (Laser power = -4 dBm)

Fig. 4.17, 4.18 and 4.19 show the BER vs fiber length plot under different Laser powers.
We can draw a conclusion from the figures that the BER performances have a sudden rise
at the fiber transmission distance 80 km, which means that the BER performance may
have a sharp increase at a certain transmission distance. The reason for the sudden rise
in the BER is that the chromatic dispersion of fiber leads to signal broadening and the
probability of error detection increase dramatically after some distance of transmission.
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Figure 4.20: The end-to-end BER vs E} /N, plot of analog RF system

Summarizing the above studies, the higher the Laser power, the better the BER per-
formances; the BER performances of BPSK and 4-QAM are quite close to each other
as they have a similar PAPR; the BER performances have a sharp increase at a certain
transmission distance the chromatic dispersion of fiber.

After the optical BER simulation, we can further look into the end-to-end BER per-
formance of the analog OFDM-RoF system by co-simulation with Matlab. Fig. 4.20 gives
out the BER vs E}, /Ny plot of the analog RF system and now we can compare the BER
with the baseband system, as shown in Fig. 4.21.
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Figure 4.21: The BER comparison of the two systems

From Fig. 4.21, we can see that the BER performance of the analog RF system system
is better than that of the baseband system under lower modulation level (i.e. BPSK,
4-QAM), but worse than the baseband system when modulation level is higher (i.e. 16-
QAM, 64-QAM). It means that the analog RF system is more sensitive to the PAPR; it
also indicates that the PAPR of the signal smaller, the BER performance better.
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Chapter 5

Conclusions

The thesis has studied radio-over-fiber (RoF) that uses Orthogonal Frequency Division
Multiplexing (OFDM) and the elector-optical device Mach-Zehnder modulators (MZMs),
which is a promising candidate for enabling the next-generation wireless access for cost
effective bandwidth provisioning. Specifically, two OFDM-RoF systems under different
transmission techniques are investigated regarding their end-to-end bit-error-rate (BER)
performances. The first is based on baseband OFDM-RoF while the second based on analog
OFDM-RoF. By going through extensive simulation, we have observed the inferences of the
nonlinear effect due to the MZM, and further tried various laser powers and fiber lengths
of the optical transmission line in order to gain sufficient understanding of its performance
behavior. Finally, the BER of the two systems are compared under different M-QAM
modulations.

5.1 Results and discussion of the end-to-end BER of
a baseband OFDM-RoF system

A baseband OFDM-RoF system is simulated and analyzed by Matlab, where the nonlin-
ear effect of the MZM transfer function is analyzed. The end-to-end BER of the downlink
system is calculated under different modulation schemes. The result analysis also com-
pares the BER between external modulation scheme implementing the MZM and direct
modulation scheme without the MZM.

After analyzing the end-to-end BER of the system, we can learn that: the BER perfor-
mance of the system is worse under higher level of M-QAM modulation; MZM will cause
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signal distortion due its nonlinear transfer function, and this effect is more obvious when
M-QAM modulation is higher because of a higher peak-to-average power ratio (PAPR).
The method of choosing MZM with a smaller V is proposed to reduce the effect of MZM
nonlinear distortion.

5.2 Results and discussion of the end-to-end BER of
an analog OFDM-RoF system

The end-to-end BER performance of an analog OFDM-RoF system is simulated and ana-
lyzed by using a commercial software Optisystem and Matlab coding. The downlink BER
of the optical link of the system is studied under various laser powers and fiber transmission
distances. Finally, the obtained results are further compared with that of the baseband
scheme system.

We can draw several conclusions by analyzing the BER performance of the optical
link of the system: the higher the laser power, the better the BER performances; the
BER performances of BPSK and 4-QAM are quite close to each other as they have a
similar PAPR; the BER performances have a sudden rise after a certain transmission
distance because of the chromatic dispersion of fiber. Most importantly, we found the
BER performance of the analog RF system is better than that of the baseband system
under lower modulation level (i.e. BPSK, 4-QAM), but worse than that of the baseband
system when modulation level is higher (i.e. 16-QAM, 64-QAM). It means that the analog
RF system is more sensitive to the PAPR, and the BER performance is better under smaller
PAPR of the signal.
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