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RESUMO

Atualmente, a utilizacdo de servigos de comunicagdo € indispensdvel, exigindo
um aumento na taxa de transmissao e da qualidade do servico (QoS). Devido ao cresci-
mento exponencial dos produtos e do nimero de utilizadores, € expectdvel que no futuro
a comunicagdo wireless terd que lidar com o congestionamento nas baixas frequéncias.
Por esta razdo, estdo a ser realizados estudos nas ondas milimétricas com especial énfase
na banda nado licenciada 60GHz, particularmente destinada a aplica¢des redes locais
(WLAN), tendo em vista a proxima geracao de comunicagao wireless - 5G. A arquitetura
C-RAN (Centralized Radio Acces Network) € uma estratégia promissora para ultrapassar
o problema do congestionamento da banda e da taxa de transmissdo. Nesta abordagem,
todas as funcionalidades de processamento sao transferidas das estagdes base (base stati-
ons [BSs]) para a designada unidade central [central unit (CU)], e as estacdes base sdo
substituidas por antenas remotas [remote radio heads (RRHs)], reduzindo o custo da rede.
A ligacao entre as CU e as RRHs ¢ feita através de ligacdes de fibra 6tica (radio over
fiber [RoF]). Apesar dos sistemas de comunicacao por fibra 6tica permitirem uma maior
largura de banda e poucas perdas em relag@o aos cabos coaxiais, eles introduzem distor-
¢do nos sinais de radio frequéncia.

Para atenuar a distor¢ao causada pela ligacdo RoF que interliga as CU e as RHHS,
foram propostas técnicas de pré-distorcao baseadas em algoritmos de polindmios de me-
moria. O seu desempenho foi analisado num ambiente de simulaco.

Esta dissertacdo valida experimentalmente a melhoria de desempenho alcancada
quando a pré-distor¢cao € aplicada num sistema RoF que utiliza modulagio OFDM
(Orthogonal Frequency-Division Multiplexing). O trabalho esta dividido em duas partes.
A primeira consiste na andlise de um sistema de transmissdo OFDM, sendo identificadas
e discutidas as suas limitacdes em termos de ordem de constelacdo. Na segunda parte, a
ligacdo eletro-Gtica € adicionada ao sistema e a funcdo de pré-distor¢cdo é implementada
e as melhorias no seu desempenho sao analisadas e discutidas.

Palavras-Chave: Radio sobre Fibra (RoF), Orthogonal Frequency-Division Multiple-
xing (OFDM), Radio, Compensac¢ao de distor¢ao, Polindmios de Memdria.
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ABSTRACT

Nowadays the use of communication services is indispensable, requiring the in-
crease of data rate and quality of service (QoS). Due to the exponential growth of products
and number of users, is expected that in the future wireless communication will have to
deal with a congestion in low frequencies. For this reason, studies are being carried out
for the next generation of wireless communication, 5G, at millimeter-waves with special
focus in the unlicensed 60 GHz band, particularly aimed for indoor applications. Central-
ized radio access network (C-RAN) architecture is a promising strategy to overcome the
congestion and data rate problem. In this approach, the baseband processing and radio
functionalities are moved from the base stations (BSs) to a called central unit (CU) and
the base stations are replaced by remote antennas (remote radio heads [RRHs]), which
reduce the cost of the network. The connection between the CU and the RRHs is made
through radio over fiber (RoF) optical fiber links. Despite the fact that optical fiber links
have higher bandwidth and few losses when compared with coaxial cables, they introduce
distortion in the radio signals.

To mitigate the distortion introduced by the RoF link that connects the CU and
the RHHs, pre-distortion techniques based on memory polynomial algorithms have been
proposed and their performance analyzed in a simulation environment.

This dissertation validates experimentally, the performance improvement
achieved when pre-distortion is employed in a RoF system that employs orthogonal fre-
quency-division modulation (OFDM). The work is divided into two parts. The first con-
sists in the analysis of an OFDM transmission system, being identified and discussed its
limitations in terms of constellation order. In the second one, the electro-optical link is
added to the system and the predistortion function is implemented in the system and the
improvement in its performance is analyzed and discussed.

Keywords: Radio over Fiber (RoF), Orthogonal Frequency-Division Multiplexing

(OFDM), Distortion compensation, Memory polynomials.
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CHAPTER 1 — INTRODUCTION

1.1 CONTEXT AND MOTIVATION

A few years ago, scientific community predicted that by now the wireless traffic vol-
ume would be huge when compared to the existing one, and the data rate would be 10 to
100 times superior with low latency requirements [1]. This trend does not seem to slow
down, considering that the pace of technological development has grown exponentially
year by year. It is estimated that in a near future the spectrum up to 10GHz will be con-
gested. A solution to avoid spectrum congestion has been the topic of study of several
researchers. One approach that is considered reliable is the shift to the millimeter wave
spectrum, more precisely, for indoor application, to the 60 GHz unlicensed band that pro-
vides a multi-giga communication services. There are already some standards for wireless
local networks (WLAN) developed for this millimeter-wave (mm-wave) band such as
IEEE 802.15.3c and IEE.802.11ad [2]. For these reasons it is expected that 60 GHz band
will have an important role for the 5 generation (5G) mobile networks. However, mm-
waves have significant propagation issues, including atmospheric and rain absorption,
low diffraction, which leads to blockage sensitivity. Moreover, mm-waves are extremely
directional, and need to employ beamforming techniques. These drawbacks impose a lim-
itation on wireless propagation distance, which implies an increase in the number of re-
mote radio heads (RRHs). Studies are being carried out for the past years in order to
improve the radio over fiber (RoF) link in the distribution of these RRHs systems [3].

The exponential growth of the wireless traffic volume also brings another bottleneck
to the existing network architecture, since the increase of the number of users represent a
need to deploy more BSs. Consequently, the energy consumption and the infrastructure
costs would increase. Therefore, a new strategy for 5G architecture emerged: Centralized
radio access network (C-RAN). The concept of this configuration is to create a centrali-

zation of the signal processing. In other words, the central unit (CU) includes the digital



to analog converter (DAC), the analog to digital converter (ADC) and all processing func-
tionalities, whereas the RRHs only contain the optical to electrical (O/E) and electrical to
optical (E/O) converters, amplifiers and antennas. The connection between the CU and
the RRHs is made by a RoF link. Despite of the advantages that RoF technology brings,
its optoelectronic devices introduce nonlinear distortions, to which RF signals, such as
orthogonal frequency division multiplexing (OFDM) signal, are very sensitive. A strategy
to compensate the non-linearity effects involves the implementation of a predistortion

algorithm [4].

1.2 OBJECTIVES

The main goal of this dissertation is the experimental validation of the compensation
of the RoF system nonlinearities by means of predistortion implemented in [3]. The ex-
perimental validation methodology will be divided in two parts. In first place, a study of
the limitations of the OFDM system transmission in terms of constellation order will be
carried out, according with the variation of certain parameters such as number of carriers,
number of OFDM symbols and samples per symbol of the filter, which directly affect the
bit rate. It will also be chosen an intermediate frequency (IF) to carry the OFDM signal.
This study is helpful to select reliable parameters for the second part. Here, the OFDM
signal modulates a continuous wave (CW) by means of a Single-Driver Mach-Zehnder
Intensity Modulator. The distortions introduced by the RoF link are identified and char-
acterized, and the improvement of system performance with predistortion algorithm de-

veloped in [3] is analyzed.



1.3 STRUCTURE

After the contextualization of this dissertation, chapter 2 will present the evolution
of the mobile network architecture in direction of C-RAN and the RoF technologies used
to transmit wireless signals. Following this, chapter 3 gives an overview of the OFDM
radio signal. It is also made a description of the transmission scheme and its components,
an identification of OFDM drawbacks and a brief note of the system assessment metrics.

In order to introduce the RoF experimental scheme, chapter 4 brings out the RoF
system model, introducing the RoF link and the up-conversion system. It is also identified
the nonlinear distortions imposed by each optical component, the figures of merit used to
characterize these distortions and how they can be compensated.

Chapter 5 takes care of the experimental validation, which is the focus of this disser-
tation. The experimental setups and procedures are presented, as well as the characteris-
tics of the components used. The characterization of the nonlinear distortions is also pre-
sented for different levels of signal amplitude. To end the chapter, the implementation of
predistortion is accomplished by means of the predistortion coefficients optimization and
its application to the OFDM signal. The results are presented and discussed.

Lastly, in chapter 6, present conclusions and future work suggestions.



1.4 MAIN CONTRIBUTIONS

The main contribution of this dissertation is the experimental validation of the pre-
distortion method developed in [3] for certain OFDM parameters. In this dissertation it
was developed all the software necessary to support the experimental set-up. The software

models developed and implemented were:

= Matlab function to generate and save in “.txt” OFDM signal

= Matlab function to transpose a generated data to the 25 GHz

= Matlab function to receive the OFDM signal from the scope and calculate the
predistortion coefficients based on memory polynomials

= Matlab function to generate OFDM signal and apply the predistortion coefficients

= Matlab function to receive the predistorted signal from the scope and characterize

the improvement accomplished with predistortion

It was also prepared a user manual, that includes all the necessary steps to upload the

signal to the signal generator used (AT-AWG-GS 2500).



CHAPTER 2 — MOBILE FRONTHAUL

OVERVIEW

The objective of this chapter is to provide an overview of the cellular base station
architecture towards a C-RAN. The different segments of the architecture are identified,
namely the mobile backhaul (MB), the mobile fronthaul (MF) and the access network.

RoOF technology is identified as an innovative technology to support the MF [5].

2.1 CELLULAR BASE STATION ARCHITECTURAL

EVOLUTION

2.1.1 TRADITIONAL RADIO ACCESS NETWORK (RAN)

A traditional radio access network (RAN) called Macro Base Station (MBS), as
shown in Fig. 1, was used in 1G and 2G mobile networks and comprises stand-alone BSs
two electronic subsystems: a radio unit (RU) and a radio equipment controller (REC),
also known as base band unit (BBU). The RU is responsible for the transmission and
processing of the RF signal, whereas the BBU process baseband, i.e., it’s in charge of the
communication through the physical interface. These were usually located in a dedicated
room at the base of the tower or in a building. The connection between the RU and the
antennas was made by heavy and large diameters coaxial cables. BS covers a cell, and is
responsible for processing, transmitting and receiving signals to and from all mobile ter-
minals in the BS coverage range. The cell sites are connected with the wireless core net-

work mobile switching center (MSC) through packet switched backhaul networks. This



architecture has high deployment costs, large equipment footprint and high power con-

sumption.

Ao
A tenna -
e ﬁT L0

(( )) BS~  Coaxcable ;

DY

Coax cable

/ Antenna

", Coax cable [ | BS-Base Station
A MSC-Mobile Switching Center
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""""""""""" Backhaul

FIGURE 1 - TRADITIONAL RADIO ACCESS NETWORK (RAN). SOURCE: [13]

2.1.2 DISTRIBUTED BS ARCHITECTURE

For 3G, a new version of traditional MBS (Fig. 2) was introduced by a leading
telecom equipment vendors group. In this architecture the BBU and RU or RRH are sep-
arated using a fiber connection instead of copper cabling; although, microwaves connec-
tion can also be applied. This replacement leads to considerable improvements such as
wider network coverage, low power requirements, higher bandwidth, reduction of noise
and also allows that BBU and RRHs can be placed a hundred meters or kilometers away
[5]. This improved version of conventional MBS also installed the RRH near the anten-

nas, which helps to reduce the power consumption and losses in the RF signal.
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FIGURE 2 - DISTRIBUTED BS ARCHITECTURE. SOURCE: [13]

2.1.3 CENTRALIZED RAN (C-RAN)

Mobile Network Operators (MNOs) felt the need to improve the existent archi-
tecture due to the increase of communications users and applications, because this growth
implies also a rise on the number of BS and, consequently, more energy consumption.
The principle of the upgrade version of this configuration, C-RAN, is to move the BBUs
from the BSs to the MSC, creating the so-called BBU centralization. Therefore, the BS
turns into a simple RRH, which can be set on lampposts or rooftops, resulting in an effi-
cient cooling system and reduction in energy expenditure. The connection between the
BBU and the core network is identified as Mobile Backhaul (MBH), whereas the BBU-
RRH link is called Mobile Fronthaul (MFH). Due to the centralization processing, other
advantages emerge, such as the mitigation of inter-cell interference. A schematic figure

of this architecture is shown in Fig. 3.
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FIGURE 3 - CENTRALIZED RAN (C-RAN). SOURCE: [13]

2.3 ROF TECHNOLOGIES

2.3.1 ANALOG ROF

The analog RoF (A-RoF) modulate directly the optical carrier with microwave

signal. This modulation can be implemented with modulated lasers (DMLs) for low fre-

quencies, whereas, for higher frequencies, external modulators are required, such as

MZM. In an A-RoF transmission, because there is no up/down RF conversion, the system

only needs the optical modulator at the transmitter and a PD at the receiver. However,

with multi-carrier RF systems, such as OFDM system, the RoF link suffers from inter-

modulation distortions (IMD) introduced by nonlinearity of both RF and optical compo-

nents. Moreover, optical fiber chromatic dispersion and attenuation, that increases with

the fiber length, also contribute to the degradation of the link and limitation of the dy-

namic range [5].



2.3.2 DIGITIZED ROF

Contrary to A-RoF, the Digitized RoF (D-RoF) move the Analog to Digital Con-
verter (ADC) and Digital to Analog Converter (DAC) functions to the RRH. With this
approach, the laser is directly modulated by the digital signal, which mitigates the non-
linear effects presented in A-RoF transmission. Therefore, the dynamic range of the sys-
tem is independent of the fiber length. Furthermore, this configuration turns the CU sim-
pler and enable a higher perfomance at RRHs. However, it brings other issues such as

aliasing, quantization and an increase in the number of circuit elements.

2.4 ANALOG VERSUS DIGITIZED ROF

Since the general consensus is that from 4G to 5G the network capacity will in-
crease by roughly 1000x [6] . This makes 5G backhaul a key technical challenge. There-
fore, in the fronthaul section of the network, digitalization of the wireless signal is not a
good option, since heavy signal processing would be necessary at the RRHs, which would
increase complexity, power consumption and add extra network latency the RRH. There-
fore, the strategy that will be studied in this dissertation, for the fronthaul, is the transmis-
sion of the RF signals, more specifically OFDM signals, in their native format, by external

modulation of an optical carrier through a single-drive Mach-Zehnder intensity modulator

(MZIM).



CHAPTER 3 - OFDM OVERVIEW

In this chapter, only the electrical part of the RoF system is considered, i.e., the
OFDM transmission system. Initially, OFDM is introduced. In section 3.2 an OFDM sys-
tem scheme and its components are presented. Then, section 3.3 gives a general idea of
the OFDM drawbacks. Another major issue — intermodulation distortions (IMD) — is in-
troduced in section 3.4. The chapter ends with an identification of the performance as-

sessment metrics used.

3.1 INTRODUCTION TO OFDM

3.1.1 SINGLE-CARRIER VS MULTI-CARRIER TRANSMIS-

SION

High data rate transmission over mobile or wireless channels is required by many
applications. In order to support the symbol rate (R;), the minimum required bandwidth
is the Nyquist bandwidth, which is given by Rg/2. Therefore, a broader bandwidth is
required to support a higher data rate, in a single-carrier transmission system (Fig. 4),
such as Time-Division Multiple Access (TDMA) or Global System for Mobile Commu-
nications (GSM). Furthermore, when the signal bandwidth becomes larger than the co-
herence bandwidth in the wireless channel, the link suffers from multi-path fading, incur-
ring the inter-symbol interference (ISI). In general, adaptive equalizers are employed to
deal with ISI. However, the complexity of an equalizer increases with the data rate so as
the ISI. The growth of the complexity is due to the fact that the inverse function becomes

sharper as the frequency-selectivity of the channel increases [7].
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FIGURE 4 - SINGLE-CARRIER TRANSMISSION SYSTEM. SOURCE: [7]

To overcome the frequency selectivity problem in single-carrier transmission, multiple
carriers can be used. In a multi-carrier transmission system (Fig. 5), a wideband signal is
analyzed into several narrowband signals at the transmitter and synthesized at the receiver
so that the frequency-selective wideband channel can be approximated by multiple fre-
quency-flat narrowband channels. This method is denominated as frequency non-selec-

tivity and reduces the complexity of the equalizer for each subchannel.

Analysis Filter Bank Synthesis Filter Bank

o

— Encoder |+ H,(f) 7—@* ‘@% Hy(f)

1
1
1
N
1
]
1
1
1
1
1
]
1
X Encoder 1 H, (f) —f—~(8>—'€ Channel —’®—r- H(f) —'-: Decoder <>—>X
1
]
1
1
1
1
1
]
1
1
1
1
1
1
| — —
1
1

Decoder

Decoder

'~ Encoder |} Hh’—l(f)—'—’®— —’®—r‘ Hy-1(f)

FIGURE 5 - MULTI-CARRIER TRANSMISSION SYSTEM. SOURCE: [7]
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In a classical parallel data system, such as Filtered Multi-Tone Transmission (FMT), the
bandwidth is divided into nonoverlapping frequency subchannels, each having a subcar-
rier frequency, whereupon the signal is centered (Fig. 6). This means that multi-carrier
transmission can be seen as a Frequency Division Multiple Access (FDMA).

For better understanding of the differences between single and multi-carrier trans-
missions in a few words, a single fade or interference may cause the entire link to fail in
a single-carrier system, whereas, in a multi-carrier system only a few subchannels will be

affected, which can be corrected with error correction coding.

Ch. 1 Ch.2 Ch.3 Ch.4
| |
|

q |

Frequency
BW

FIGURA 6 - TRADITIONAL MULTICARRIER SYSTEM. SOURCE: [8]

3.1.2 OFDM (DEFINITION)

Another type of multi-carrier transmission system is the Orthogonal Frequency
Division Multiplexing (OFDM). Unlike an FDM system, OFDM subcarriers are over-
lapped. As the Fig. 7 indicates, using this technique it is possible to reduce the bandwidth
usage nearly 50%. However, with the overlapping of the subcarrier Inter-Carrier Interfer-
ence (ICI) increases. Therefore, as the name indicates, they need to be mutually orthogo-
nal. This orthogonality is accomplished in practice using Discrete Fourier Transform
(DFT) and Inverse Discrete Fourier Transform (IDFT), which, in turn, are implemented
by Fast Fourier Transform (FFT) and Inverse Fast Fourier Transform (IFFT). To deal
with the ISI effect over the multipath channel, in the OFDM system is implemented a

12



guard interval. Under certain conditions, that will be presented in the next section of this

chapter, the ISI and/or ICI can be reduced almost entirely.

Ch.1 Ch.2 Ch.3 Ch.4

Saving of Bandwidth

|
|
L
|
|
|

I
|
J
I
I
|
I
i
: Frequency

BWFDM

FIGURE 7 - ORTHOGONAL FREQUENCY DIVISION MULTIPLEXING (OFDM). SOURCE: [8]

Despite of the OFDM system be advantageous in many ways, it has also draw-
backs. Due to the overlapping of the subcarrier, OFDM is more sensitive to frequency
offset and phase noise and has a considerable peak-to-average power ratio, which reduce

the power efficiency of the RF amplifier.

3.1.2.1 GUARD INTERVAL

The OFDM guard interval can be added in two different ways: Cyclic Prefix (CP)
or Zero Padding (ZP). CP is the cyclic extension of the OFDM symbol copying the last
samples of the symbol to its front (Fig. 8). The duration of the OFDM symbol is now
Tsym = Ts + T¢p , where T is the symbol duration with guard interval and T¢p is the
duration of the cyclic prefix. To mitigate the ISI and ICI effects and maintain the orthog-
onality the length of the CP must be longer than the maximum delay of the multipath

channel.
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N N

cP Ith OFDM symbol cP (1+1)th OFDM symbol

Tsym

FIGURE 8 - CYCLIC PREFIX METHOD. SOURCE: [7]

The other way of a use a guard interval is to insert zeros in the same condition as the one
mention before (ZP). However, even under this condition a small symbol time offset may
occur. Thus, the guard interval of the next OFDM symbol is copied and added into the

head part of the current symbol to avoid the ICI, as shown in Fig. 9.

Zero Ith OFDM symbol Zero (1+1)th OFDM symbol

FIGURE 9 - ZERO PADDING METHOD. SOURCE: [7]

3.2 OFDM TRANSMISSION SYSTEM

The structure of the transmitter and receiver of an OFDM system are represented
in Fig. 10. The binary data is first mapped into a sequence of M-Quadrature Amplitude
Modulation (M-QAM) or M-Phase Shift Keying (M-PSK) (will not be used in the system
implemented) symbols, which will be converted from serial to N parallel blocks. Each

one of them is carried out by a different subcarrier.
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FIGURE 10 - OFDM TRANSMISSION SCHEME. SOURCE: [7]

Due to the serial to parallel (S/P) conversion, the duration of transmission time (Ty) is
extended according with the number of symbols N, creating a single OFDM symbol with
a length of Ty,,,, = NT [7]. Consider X, [k] the [*" transmit symbol at k" subcarrier, with
1=012,..,0andk = 0,1,2,..,N — 1,and ¥}, (t) the [*" OFDM signal at the k*" sub-

carrier, which is given as

1)

ejZn’fk(f—lTsym), 0<t< Tsym

0, otherwise

¥ () = {

Thus, the passband OFDM signal, in the continuous-time domain can be defined as
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N-1

2)

1 (e}
=R
x,(t) e { Toom Z

and the baseband OFDM signal as

Xi[k]. W, (t)}

0 k=0

=

-1

1 < . (3)
x,(t) = X,[k]e/2mfk(t=tTsym)
2

sym

=
Il

0

The baseband OFDM signal being sampled at t = Ty, + nT;, with Ty = Ty, /N and
fx = k/Tsym, becomes the N-point IDFT of PSK or QAM data symbols and can be com-
puted efficiently by using the IFFT. The discrete-time OFDM signal can be expressed as

= @
xln = ) X[kl

After the IFFT process, the signal is converted to serial and the CP is added. After that,
the data is converted to the analog domain by using a DAC. A Square Root Raised Cosine
(SRRC) is used as Low-Pass Filter (LPF) to mitigate the aliasing components inserted by
the DAC. The final process of the OFDM transmitter is up-convert the OFDM signal to
a carrier frequency f;r, using a quadrature (IQ) modulator. In a similar way, the received

discrete-time OFDM symbol is denoted as y;[n], then the received OFDM signal is given

as

=
N

®)
Nkl = ) yln]e/zrkn/n

S
Il
o
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At the receiver, are applied the reverse operations, yet an equalizer is implemented after

the FFT block in order to compensate the error in amplitude and phase.
3.2.1 M-ARY QUADRATURE AMPLITUDE MODULATION

OFDM transmitter, as is depicted in Fig. 10, convert the bits into a sequence of
M-ary PSK or QAM symbols before the OFDM modulation. In this dissertation only the
M-QAM Modulator and Demodulator (at the receiver) were used. M-ary QAM systems
are a two-dimensional generalization of M-ary PAM (Pulse Amplitude Modulation), i.e.,
two orthogonal PAM signals are transmitted on the same channel by quadrature-carrier
multiplexing, without require more bandwidth. One of the signals represents the in-phase

component and the other the quadrature component:

w, (t) = ﬁcos(Znﬁt) , 0<t<T (6)

w,(0) = ﬁsen(Zﬂﬁt) , 0<t<T. o

Considering the constellation point (y, ¥, plane) denoted as ( a;dmin/2 , bidmin/2),
where d,,;;, represents the minimum distance between two constellations points. In its
turn, dpmin/2 = /Ey , which is the square root of half the energy of the point closest to

the origin of the axes. The QAM signal can be express in terms of y, (t) and v, (t) as

Si = ai\/E—ol//l(t) +bi\/E—0'//2(t), (8)
i=—-L+1,..,-1,0,1,L—1,with L =M.
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Fig. 11 shows the rectangular constellations of 4-QAM (or Quadrature Phase Shift Key-
ing-QPSK), 16-QAM, 64-QAM and 256-QAM. Note that they are not normalized.
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FIGURE 11 - QAM CONSTELLATIONS DIAGRAM

An illustrative example of QAM modulator and demodulator scheme is presented

on the figures below, respectively:

18



DAC
@ cos(2mtf;x)
P o] e

0 DAC X

FIGURE 12 - QAM MODULATOR

ADC
cos(2mtfyx)
Complex Signal Ii (
é ADC
Q
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3.2.2 RAISED COSINE FILTER

As shown in the transmission system scheme, both the transmitter and the receiver

have a SRRC in order to the overall filtering be a raised cosine (RC) response, which can

be expressed as

5 st
1O res(in -2 SEanstE
0, otherwise
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and its bandwidth as

BW = ? (Hz) (19)

where T is the symbol duration, f the frequency vector and £ the roll-off factor (0<f <1).
As the equations shows, the roll-off factor shapes the filter and its bandwidth, so that the
filter goes from rectangular (f = 0) to cosine (f = 1) and the bandwidth increases with
p. This type of filtering is applied because its spectrum is a sync function with zero-

crossing in multiples of T, mitigating the ISI effect.

3.2.3 EQUALIZER

As mention before, the Equalizer implemented in the receiver is used to compen-
sate the distortion introduced by the channel in the frequency domain. This improvement
is accomplished using training symbols, which are chosen in the beginning of the trans-
mission. The first step of the equalization method is to calculate the transfer function by

subcarrier. Each one is defined as

1
Ykn
TFoysp = — ) —
sys,k Nt Xk,n (] ])

After all transfer functions are calculated, each of their inverse is respectively applied to

the received signal, concluding the equalization process.
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3.3 DRAWBACKS

3.3.1 PEAK-TO-AVERAGE POWER RATIO (PAPR)

It is known that even linear amplifiers inflict nonlinear distortions due to their
saturation characteristics. Since OFDM subcarriers are overlapped, in the time domain
they are added causing high amplitude peaks. This amplitude peaks lead the system to
operate under nonlinear conditions. Therefore, OFDM systems have a considerable Peak-
to-Average Power Ratio (PAPR) problem. Denoting the transmitted signal as s(z), PAPR
is define as the ration between the maximum power and the average power of the pass-

band signal:

max{|s(t)|?} (12)

PAPR =—Fis0m

A meticulous study about this problem and its possible solutions has been made in [7].

3.3.2 PHASE NOISE AND FREQUENCY OFFSET

In the OFDM receiver there are two principal distortions related with the carrier
frequency: phase noise and frequency offset. For the demodulation process, the receiver
needs to know the exact number of samples of the transmitted signal, i.e., in order to the
FFT function can be applied, the synchronization must be done in the starting point of
each OFDM symbol; otherwise, the OFDM signal suffers a symbol time offset (STO). A
STO in the time domain incurs in a phase offset in the frequency domain. Phase noise
mainly affects the OFDM system in two different ways. The first is that insert a random
phase variation, which is common to all carrier frequencies; yet, if the OFDM symbol

rate is much bigger than the oscillator linewidth. This effect can be minimized through
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tracking techniques or differential detection. The second and more notorious is that the
subcarriers are no longer space by 1/T in the frequency domain, such that ICI occurs [8].
Carrier frequency offset (CFO) is caused by Doppler effect, beside the ineluctable phys-

ical differences of the oscillators. Doppler frequency shift f; is given as

_ v f, (13)

c

fa

where v is the velocity of the receiver, f. is the carrier frequency in the transmitter and ¢
is the speed of light [7]. If a frequency offset occurs, the number of cycles in the FFT
window is no longer an integer, which leads to appearance of ICI after the FFT. The ICI
effect is more glaring for subcarriers in the middle of the OFDM spectrum than for the

subcarriers at the bandwidth brinks [8].

3.4 INTERMODULATION DISTORTION

Another big drawback of OFDM systems is the sensitivity to nonlinear distortion
in the RF transmissions, mainly caused by the power amplifiers (PA). In practice, the
nonlinear properties of the PA introduce intermodulation products (IMPs), which increase
the distortion in OFDM signal band and causes interference to neighbor channels. IMPs
also appears in the harmonic frequencies of the signal; however, those are easily removed
by filters since they are outside of the transmission band. To demonstrate the effect of
intermodulation distortion, let denote a signal with two carriers as s(t), which is defined

as
s(t) = cos(2mfit) + cos(2mfyt) (14)

and the transfer function of the non-linear system as

+ An explanation of the Doppler effect is made in [14]
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h(x) = a;s(t) + a,s?(t) + azs3(t) (15)

Expanding and collecting terms, the output will be

y(t) = a, DC terms (16)
+ [a1 +§a3 +za3] X [cos(2mfit) + cos(2mf,t)]Fundamental terms

+ % a,[cos(2m(2f;)t) + cos(2m(2f,)t)] 2~harmonic terms
+ az[cosu(f; + f2)t) + cosu(f; + f2)t)]  2=order products

+ i as[cos(2m(3f;)t) + cos(2m(3f,)t)] 3<harmonic terms

+za3 [cos(2m(2f; + f2)t) + cos(2m(2f, + f;)t)] 3~order products

+2az[cos(2m(2f, — f)1) + cos(2m(2f, — 1)D)]

It can be seen that emerge new components in the transmitted signal. The fundamental
terms are now affected by coefficients a; and asz. Considering that f; and f, (as they
should in a communication system), the 3<order products at frequencies (2f; — f,) and
(2f, — f1) lie inside of the transmission band, which will cause several interferences at
the receiver. The other generated signal components will be filtered or out of band [9].

Below are illustrated the IMPs (Fig. 14).

23



Carrier

Power

_— 2nd istorti duct
Transmission Band order distortion products
P =- 1 37d order distortion products
1 1
1 |
! Vit+h
| |
1 . . . .

: \ 2+ 2t fi

fi=fi 12hi—Ff 2fa = fi) 1

I |

1 1

| |

1 |

fi ko 2y 2f; 3fi  3f, Frequency

FIGURE 14 - ILUSTRATION OF INTERMODULATION DISTORTIONS

3.5 PERFORMANCE ASSESSMENT METRICS

3.5.1 ERROR VECTOR MAGNITUDE

Error Vector Magnitude (EVM) is a measurement to assess the system performance in
communication applications. It is a difference vector between the received signal and the
ideal symbol, i.e., the symbol that would be received if there were no interference in the
transmission channel. The EVM is typically expressed as a percent of the average power

per symbol of the constellation:

1

1 & 2 |2

i L3

VM, (%) = x100 17
Ll "
Nk=l *

where X = X + Xy is the ideal point of the constellation and Y, = Y}, + i¥j is

the received symbol.

24



3.5.2 BIT ERROR RATE

Bit Error Rate (BER) is a performance metric used in communication systems that
depict the probability of error according to the number of incorrect bits. Considering that

a M-ary modulation is used, the probability of error, P,, can be express as [15]

~

P, ~

log, L -1 N_0 (18)

ﬁ@ j<3 log, L) 2E,

where L is the number of levels in each dimension of M-ary modulation system, Ej is the
.. No . . . . .
energy per bit, 70 is the noise power spectral density and Q is the Gaussian co-error func-

tion and is given as

1 -y2 19
0= —eFay 1

Though, in order to set a relationship with the EVM, BER can be define as follows

1
- (1-7) (3 log, L) 2
> Toggl | \Z-1)EvME,  log, M (20)

where L and Q represents the same as above and M is the number of M-ary symbols

transmitted.
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CHAPTER 4 - ROF SYSTEM MODEL

This chapter starts with a brief contextualization of the RoF link, including optical up-
conversion. The nonlinear distortions imposed by the optical components are identified.

It is also presented a characterization of these distortions and the compensation method.

4.1 ROF LINK

IF @
| +
Baseband o]

CWj Laser v

[———] OA |@; o RE-A i
& sas -
]

FIGURE 15 - SCHEMATIC ILLUSTRATION OF ROF LINK. SOURCE: [4]

A macro view of the system schematic is illustrated in Figure 15. A continuous
wave (CW) laser is modulated by an OFDM signal located at the intermediate frequency,
IF, by means of a Match Zehnder modulator (MZM). The OFDM signal is transmitted in
the optical domain from the CU to the RRH. At the RRH, the optical signal is photo-
detected and bandpass filtered to avoid unwanted components; the filtered signal is am-
plified by a RF power amplifier and irradiated by the transmitting antenna.

We can identify several limitations on this architecture:
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a) Need for high frequency RF oscillators and mixers.

b) It is difficult to generate RF frequencies higher than 10 GHz. The conventional
RF techniques used to generate mm-wave carriers rely on several stages of RF
frequency multiplication or mixing which add excessive phase noise to the RF
carrier.

¢) Need for high bandwidth MZM. MZM with bandwidths higher than 10 GHz are
Very expensive.

d) The optical components and optical fiber introduce nonlinear distortion.

The a), b) and c) limitations can be overcome by using optical up-conversion strategies
[11]. However, nonlinear distortions introduced by the optical link remains in the system.
In order to demonstrate these distortions, a spectrum of experimental tests was collected

and is shown in Fig. 16.
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FIGURE 16: SPECTRUM COLLECTED DURING THE EXPERIMENTAL TESTS THAT ILUSTRATES IMDS
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4.2 ROF LINK EMPLOYING OPTICAL UP-CONVER-

SION

A simple up-conversion strategies mixes, upon photodetection, a modulated optical

carrier (the one at the output of MZM) and unmodulated optical carrier, generating the
RF signal. The optical field of each carrier is, respectively, E; (t) = /2P, e/(2mv1t+6:(0)

and E, (t) = /2P,e/(2m72t+62(0) 'where P, and P, are the respective optical powers, v,

and v, the optical frequencies, 6, (t) and 6, (t) the instantaneous phases [3]. The gener-

ated photocurrent /,,(¢) is given by,

Lop(t) = R|E,(t) + E; (¢)|? e/ (2n(wz=v)t+62(-61(D) 4 other terms 21

where R is the responsivity.

The mixing process leads to the generation of new components at the sum and
difference of the two input frequencies, whereby the difference in frequency is set to be
at the required RF carrier frequency, as shown in Fig. 17. However, this process is af-
fected by the phase noise of the optical carriers and therefore only correlated optical

sources upon photodetection produce spectrally pure RF carriers.
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FIGURE 17 - ROF LINK EMPLOYING OPTICAL UP-CONVERSION. SOURCE: [4]
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It is important to note, that optical up-conversion does not increase the nonlinear
distortion of the system. Since the focus of this dissertation is the compensation of the

nonlinear distortion, optical up-conversion will not be considered.

4.3 NONLINEAR DISTORTION INTRODUCED BY

THE ROF LINK

4.3.1 SINGLE DRIVE MACH-ZEHNDER INTENSITY MODU-

LATOR

As mention before, the electro-optic conversion can be accomplished by means of
a Mach-Zehnder intensity modulator, shown in Fig. 18. The field of the optical waveguide
at the input is equally split. Each arm of the MZIM is an electro-optic phase modulator
(EOPM), used, as the name suggests, to modulate the phase of the optical carrier by means
of a driving voltage, V;. When this voltage is applied to the electrode of each arm sepa-
rately, the refractive index (RI) of the waveguide changes and, consequently, the phase
of the optical field as well. For other words, the phase of the optical field can be controlled

by the driving voltage. The optical fields from the arms are summed up at the output [12].

Electrodes

B
7

Vpe, () + Vg, (1)

Ep(t) —— Epue(t)

v
z
Vpe, (t) + Vir, (t)

FIGURE 18 - MACH-ZEHNDER INTENSITY MODULATOR
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The driving voltage is given as

Vdi = VDCi + VRFi li = 112 (22)

where the Vp, is the DC component and Vg, the radio signal. The MZIM used on the

experimental validation was the single-drive MZIM, which only use on of the arms.

Therefore, there is no driving voltage on arm 1, which means that Ve, =0 ,Vgp =0,

VDCZ = VDC and VRFZ = VRF‘

Thus, the optical field at the output can be expressed as

E, t . VpctVRF
Epu(t) = in (£) ll +e’" l

Va
2
(23)

= E;,(t)cos|= Ve

T[VDC + VRF] _]gM
2

where V,; is the voltage needed to introduce a phase shift of «.

In a MZIM an optical double side band format is generated. Moreover, MZIM

implies that the RF signal applied is real, which means that the OFDM signal must be

carried to an intermediate frequency through an IQ modulator. Therefore, the data also

appears at the other harmonics on both sides of the carrier.
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4.3.2 OPTICAL AMPLIFIER

An optical amplifier is a device used to amplify optical signals without conversion
into electrical signal. Yet, during the amplification process, noise is introduced due to
spontaneous emission generated photons, which have a power spectral density (PSD)

given by

Sase = (G — D ngyhv (24)

where ASE stands for Amplified Spontaneous Emission, G is the amplifier gain, ng,
represent the spontaneous emission inversion factor, h is the Plank constant and is equal

t0 6.626 x 1073* and v is the optical frequency [3].

4.3.3 PHOTODETECTOR

In the experimental validation tests of the nonlinearity compensation the photode-
tector used was Lab Buddy. Photodetection are affected by two types of noise: shot noise
and thermal noise. The first one is due to the photon fluctuations from the laser or to a so-
called dark current, which is the current that flows in the detector when this is not being
expose to the light. The second is caused by the carriers fluctuation in the resistance of
the photodiode. Similarly to the amplifier noise, the spectral density is considered white

noise. However, its effect is considered irrelevant when compared to such.

4.3 .4 OPTICAL FIBER CABLE

The optical fiber cable has also some drawbacks that affect the optical signal trans-
mission. The two majors are attenuation and dispersion effects. The optical loss is com-

posed essentially by intrinsic loss, microbending loss and splicing loss. The intrinsic or
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material loss is essentially caused by the absorption loss due to hydroxyl groups (OH)
impurities and to the microscopic inhomogeneities of the material, called Rayleigh Sca-
terring loss. Microbending loss is due to the power coupling of the guided fundamental
and radiations modes. Lastly, splicing loss results from the axial misalignment of the fiber
core, which drastically reduces the unrepeated distance that can be achieved [12]. The

attenuation coefficient, a, can be expressed in dB/Km by

Pin

Q
Il

10 Pout (25)
- toono ()

The dispersion in optical fiber is defined as the spreading of the light pulse over
time. It is divided into material dispersion, waveguide dispersion and modal dispersion.
A thorough analysis is made in [12].

The transfer function of the low pass equivalent representation of optical single-
mode fiber (SMF) around the optical wavelength A., considering attenuation and the

group velocity dispersion (GVD), can be expressed as:

, 2z

2, w2z
Hfiber(zrf) =e 27e ¢ (26)

where z is the fiber longitudinal coordinate, c is the free-space speed of light, D is
the fiber dispersion parameter usually expressed in ps/nm/km and o the attenuation con-
stant usually expressed in dB/km [3].

In the experimental setup only small fiber cables (less than 3 meters) were used

in the link.
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4.4 CHARACTERIZATION OF THE NONLINEAR
DISTORTION

Nonlinear distortions present in the fiber can be characterized by several figures
of merit. Two of them are the characteristic curves Amplitude to Amplitude (AM/AM)
and Amplitude to Phase (AM/PM). The AM/AM characteristic curve represent the dis-
tortion of the output power compared to the input power. Unlike to a nonlinear system,
in an ideal/linear system, the output power increases linearly with input power. Therefore,
in order to compare the difference between the nonlinear and linear systems, a linear

curve is present in Fig. 19.

AM/AM with predistortion (averaged)

Ko o
09 f &mq% ol

Amplitude of the Received OF DM signal (normalized)

0 0.1 02 03 04 05 06 07 08 09 1
Amplitude of the Transmitted OFDM signal (normalized)

FIGURE 19: AM/AM

The other figure of merit, AM/PM (as shown in Fig. 20), depicts the existent distortion
in the phase of the output signal, according to the input power. Here, if there were no

distortion (linear system) all the values would be zero.
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FIGURE 20: AM/PM

4.5 COMPENSATION OF THE NONLINEARITY

The compensation of the nonlinear distortions is accomplished by the implemen-
tation of the predistortion algorithm based on a special case of Volterra series analysis
model using memory polynomials proposed by J. Kim and K. Konstantinous in [16] de-
picted in Fig. 21. The predistorter coefficients are calculated in a so-called training phase,
and its procedure is explained in [3]. The training block uses an adaptive optimization
method to adjust its parameters and, after a considerable number of samples, it is imple-

mented as predistorter [17].
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X Predistorter RoF System y

Training
Block

FIGURE 21 - COMPENSATION OF THE NONLINEARITY.SOURCE: [29]

The signal x represents the OFDM transmitted signal at an intermediate frequency, y the
OFDM received signal and xp4the signal after the coefficients are applied, which is give

as

K Q
Xpg = z 2 akgx(n—q) [ x(n—q) | ¥ 27)

k=1q=1

where K represents the nonlinear order and Q the memory depth of the mathematical
model. These should optimize in order to provide the best performance of the predistorter
system. Note that only odd orders should be chosen for k, since the system is not substan-

tially improved with even values [3].
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5. EXPERIMENTAL VALIDATION

This chapter is the main focus of the dissertation. Parameters are defined for elec-
trical and RoF systems tests. First, the limitations of the RF equipment are identified, an
OFDM signal is generated transmitted and received, its performance is evaluated in terms
of EVM, different constellation parameters are considered. In the second part experi-
mental validation of the compensation of the RoF system nonlinearities by means of dig-

ital predistortion algorithms implemented in [3] is carried out.

5.1 ELECTRICAL EXPERIMENTAL SYSTEM EVAL-

UATION

The objective of the electrical system tests is to understand the performance of the
electrical part of the RoF system and its limitations. In other words, the objective is to
identify the maximum QAM modulation order (M), for certain conditions and parameters,
that provides a back to back RF system performance, within the EVM limit. The EVM
limit corresponding to a bit error rate (BER) of 10° for which Forward Error Correction

(FEC) can reduce the BER to 10.
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5.1.1 EXPERIMENTAL SETUP

The electrical laboratory setup is illustrated in Fig. 22.

IF Transmitted signal @ 2.5 Gs/s

AT-AWG-GS 2500

IF Transmitted signal @ 2.5 Gs/s

I . I IF Received signal @ 25 Gs/s M e

L7

PC SCOPE

FIGURE 22 - ELECTRICAL EXPERIMENTAL SCHEME

For the electrical system tests, the transmission and reception of the electrical signal was
implemented on PC/laptop by means of two Matlab functions. The Transmitter function
generates a sequence of bits that are modulated using OFDM modulation. The OFDM
signal is generated with a 2.5 GHz sample frequency (Fs). After that is up-converted to
an intermediate frequency (IF), f;r. The IF signal is uploaded in the signal generator AT-
AWG-GS 2500 and received by the scope (Tektronix DPO 70404). The receiver function
collects the signal in the scope at 25 Gsamples/s and apply the demodulation process.
Since the scope and the signal generator operate at different frequencies, an external clock
is connected between them in order to reduce the frequency offset and phase noise. It was
also used the DC Direct output of the signal generator because was the one that introduces

less interference.

37



5.1.2 EQUIPMENT MAIN FEATURES

In this subsection are identify the main features of the experimental equipment to

consider for the evaluation of the electrical system performance.

5.1.2.1 AT-AWG-GS 2500

The principal characteristics of the signal generator are:

e Analog outputs:Direct DAC:Bandwidth: 1GHz (calculated @ 500
mVpp SE); dynamic range: 800 mVpp SE, 1.6 Vpp Diff
o DC Amplified:Bandwidth: 600 MHz (calculated @ 1 Vpp SE); dy-
namic range: 2 Vpp SE, 4 Vpp Diff
The DC Amplified has a hardware filter (-3 dB @ 900 MHz) that can be used to
improve harmonic or non-harmonic distortions at higher frequency rates and to
reduce sampling clock spurs. [18]
o External clock: Maximum sampling clock frequency is 2.5 GHz
o Sample rate: 2.5 Gsamples/s
o 14 bits DAC

5.1.2.2 TEKTRONIX DPO 70404

The main characteristics of the scope are: analog bandwidth of 4GHz, analog sam-

ple rate-25 Gsamples/s and memory - 10 M samples.
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5.1.3 EXPERIMENTAL CAPABILITIES

In order to evaluate the system performance, was considered an intermediate fre-

quency of 625 MHz, which is the maximum frequency allowed for a 2.5 Gsamples/s op-

eration. The parameters that were varied to identify the maximum order of constellation

were: the samples per symbol (sps) of the SRRC filter applied ( which affects the bit rate

through the equation Ry;; = sI;TSs n , where n is the number of bits per symbol ), number

of subcarriers and number of OFDM symbols, so that the 5 M samples are not exceeded.

The results are presented in TABLE 1.

Samples Number Maximum
Number
Per Bit Rate of . Constellation
o
symbol (Gbps) OFDM Order
Subcarriers

(SPS) symbols M)
5 800 64 256
4 5 640 128 256
5 320 256 256
4375 160 512 128
4375 80 1024 128

2.8125 640 64 512 (1)

g 2.8125 320 128 512 (1)

2.8125 160 256 512 (1)

25 80 512 256 (1)
2.1875 40 1024 128

1.5625 300 64 1024 (1)
1.4063 150 128 512
16 1.4063 80 256 512
1.25 40 512 256

0.9375 20 1024 64 (1)

TABLE 1: MAXIMUM CONSTELLATION ORDER ACCODING WITH OFDM PARAMETERS
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Since the constellation order decreased for 1024 subcarriers and for rate close to

1 Gbps, it was decided to assess for what debts the remaining constellation orders were

decreasing according to the number of carriers. The obtained results are shown in the

table below (TABLE 2):
Samples Number Maximum
Number
Per of ; Constellation Bit Rate
0
symbol OFDM Order (Gbps)
Subcarriers
(SPS) symbols M)

20 30 512 128 () 0.875
28 45 256 256 () 0,7143
64 60 128 256 () 0,3125
96 40 64 512 () 0,2604

TABLE 2:BIT RATE VALUES FOR WHICH THE CONSTELLATION ORDER DECREASES

These results were taken into consideration in the choice of the parameters for the tests

performed in the experimental validation of the nonlinearity compensation.
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5.2 EXPERIMENTAL VALIDATION OF THE NON-

LINEARITY COMPENSATION

5.2.1 EXPERIMENTAL SETUP

The laboratory setup is shown in Fig. 23 and Fig.24, where the components are

identified.

FIGURA 24: OPTICAL SYSTEM SETUP
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The components identified are:

Scope

PC/laptop

AT-AWG-GS 2500

Photodetector

DC sources

Optical Modulator Driver
Mach-Zehnder Intensity Modulator

Laser

e X AN R WD =

Power splitter (50%)
10. Attenuator
11. Optical Amplifier

To analyze the RoF experimental link performance, it was also used Matlab functions
for the transmission and reception. Similarly to the electrical tests, the OFDM signal is
sent to the optical system through the signal generator. The signal modulates the laser by
means of MZIM. The Mach-Zehnder modulator is connected to the optical amplifier by
an isolator in order to avoid reflections. The modulated optical signal is amplified and
filtered. Following, the power of the signal is attenuated and then equally split; one is
used for monitoring the power, whereas the other goes to the photodetector to be con-
verted into an electrical signal and sent to the scope. The receiver function collects the
signal from the scope using a cycle with 10 iterations to get a considerable number of
samples, with about 4 000 000 in each iteration. The demodulation process is achieved
and the coefficients of the predistortion method are calculated. Then the all process is
repeated, but, this time, the coefficients are applied to the signal to be transmitted and the
receiver analyze the improvement of the system performance.

A scheme of the RoF experimental system is depicted in Fig. 25. A power balance
of the setup was achieved, and the points of interest are indicated in the figure. The power
measured are: P, = —7dBm; P, = 11dBmP; = 14 dBm; P, = —14.56 dBm and
Ps = —19.09 dBm.

42



Optical Modulator Driver

AT-AWG-GS 2500

Optical
Amplifier
] JDSU (2) ;
Laser — (1) Optical
OFB (,, 04" ) Filter
MOD9204
— MZIM ®
PC
[ (6) Power (4)
Scope Photodetector Splitter |— Attenuator
(50%)
(5)
) Optical
Multimeter

FIGURE 25 - ROF EXPERIMENTAL SCHEME

The optical amplifier (OA) has a gain of 17 dB and the optical filter (OF) attenuates 3
dB. Considering that the maximum power allowed in the photodetector is Py, q,= 4dBm,
attenuation was introduced in the link, so that the output power of PD is 0 dBm. The
power measured in PD was Pg= 0.06 dBm and in the optical multimeter was P,= 0.33
dBm, which means that the cable connected to the PD has an attenuation of 0.27 dB.
Some components of the system were characterized. First a measurement of the
optical DC transfer characteristics of the MZIM was performed in order to obtain the

value of I;. The curve obtained is shown in Fig. 26.

O%ti;:al DC Transfer Characteristics of the Mach-Zender Intensity Modulator

X:-15
0.6 Y:05728 T

05f -

X:-5.5
Y: 002582

-6 -4 -2 0 2 4
Voltage (V)

FIGURE 26 - OPTICAL DC TRANSFER CHARACTERISTICS OF THE MACH-ZEHNDER INTENSITY MODULA-
TOR
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The maximum bias voltage of the MZIM is |V},;,s| = 4 V ,however the peak of the curve
is at -1.5 V instead of 0 V. Thus, the study was made until -6 V. The minimum voltage
measured was -5.5 V. Therefore, the voltage needed to introduce a phase shift of 7 is
V, =|—-55—-|—-15/=35V.

Fig. 27 shows the optical spectrum of the laser which is centered at A = 1550,9 nm, and

the peak power is -1 dBm.

A AN

IR DR P WU VT R VS P S

1,550.55
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g91.jpg - Thu Sep 06 15:03:43 EDT 2018

FIGURE 27 - LASER POWER SPECTRUM

The key features of the optical modulator driver (Model H301) are: data rate - from
2488 to 12.2 Gb/s; maximum output amplitude - 7.5 Vpp; Gain - 14 to 24 dB, variable;
P.. output- 4 dBm

5.2.4 EXPERIMENTAL CHARACTERIZATION OF THE SYS-

TEM NONLINEARITIES

As mention before, the characterization of the nonlinear distortions can be accom-
plished by means of AM/AM and AM/PM curves. It was considered three levels of dis-
tortion according to the amplitude percentage of the OFDM signal that is sent by the

signal generator. The percentages considered were 50, 75 and 100. The following figures
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(28-33) depict the nonlinear distortions characterization for the tree levels (blue curves)

as well as the measured pre-distorted curves (red curves). The straight line corresponds

to an ideal system.
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FIGURE 31: AM/PM FOR AMPLITUDE (%) =75
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Amplitude (%) = 100
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FIGURE 32: AM/AM FOR AMPLITUDE (%) = 100 FIGURE 33: AM/PM FOR AMPLITUDE (%) = 100

5.2.5 DISTORTION COMPENSATION

The compensation of the nonlinear distortions was performed in two parts: train-
ing phase and implementation of the predistortion. In the training phase, an OFDM signal
carried at IF = 625 MHz, x, was generated and send to the RoF system through the signal
generator AT-AWG-GS 2500. The receiver function collects the electrical signal from

the scope and applied the functions of the predistortion algorithm to calculate and opti-

mize the coefficients of the memory polynomials. This process is illustrated in Fig.34.

Training Phase

X RoF System y

Training
Block

Coefficients

(akq)

FIGURE 34: PREDISTORTER TRAINING PHASE
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After the optimization of the coefficients is complete, the predistorter is imple-
mented. Here, a new OFDM signal is generated by the same function used in the training
phase and send to the RoF system also via the signal generator. The received OFDM
signal is collected and saved. Thereafter, a different transmitter function applies the co-
efficients to the signal used in the previous transmission and send the predistorted signal
to RoF system. A different receiver function is also used, where the demodulation process
is identical, however, with the addition of a comparison between the received signal with
and without predistortion. This improvement analysis is accomplished by means of
AM/AM and AM/PM curves, and constellation diagrams. A simple representation of the

predistortion implementation procedure is shown in Fig. 35.

Implementation

without predistortion
.r J

. — RoF System —— y,q4
with predistortion Xpa

akq

ROF System [—— Y

FIGURE 35 - PREDISTORTER IMPLEMENTATION PHASE

5.2.6 OPTIMIZATION OF THE MEMORY POLYNOMIALS FOR

THE DIFFERENT LEVELS OF DISTORTION

In order to improve the system performance, an optimization of the memory pol-
ynomials was achieved by the selection of K e Q for the different levels of distortion. The

OFDM parameters chosen for the optimization are indicated in Table 3.
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Parameters Values
Intermediate Frequency (IF) 625 MHz
Constellation order (M) 16
Number of Subcarriers 128
Samples per symbol (SPS) 16
Bit Rate 625 Mbps
Number of OFDM symbols 160

TABLE 3: OFDM PARAMETERS

The results of the optimization for each level of distortion are presented in the table be-

low:

Order Memory EVM EVM

Amplitude (%) Of Depth without with
Nonlinearity Q) predistortion predistortion

(K) (dB) (dB)

50 5 2 -29.1 -343

75 5 2 -22.7 -31.5

100 5 5 -179 -28.8

TABLE 4: OPTIMIZED COEFFICIENTS ACCORDING WITH THE LEVEL OF DISTORTION

The results indicate that the system has more EVM improvement with the 75% and 100%

amplitude levels. Although there was an improvement in amplitude, the phase noise re-

mains.

Since the latter has a huge level of distortion, the 75% amplitude level was the

chosen one to analyze the system with predistortion for different values of constellation

order.
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5.2.7 IMPROVED SYSTEM PERFORMANCE FOR DIFFERENT

VALUES OF CONSTELLATION ORDER

The OFDM parameters chosen for the analysis of predistortion implementation

for different values of M were the same as the ones used for the optimization tests. The

results are shown in the following table (Table 5):

EVM EVM

Constellation without with FEC
Order predistortion predistortion Limit
(M) (dB) (dB) (dB)

16 -22.72 -31.54 -12.94

32 -21.51 -30.42 -16.03

64 -20.5 -29.21 -19.05

128 -21.54 -31.21 -22.03

256 -20.8 -30.28 -24.99

512 -18.67 -28.17 -30.92

TABLE 5:IMPROVEMENT OF THE SYSTEM PERFORMANCE FOR DIFFERENT CONSTELLATION ORDER

For the chosen OFDM parameters, the results show that only for M=512 the EVM of the

improved system remains above of the FEC limit. Therefore, for this case errors cannot

be corrected. In order to illustrate the system operation with digital pre-distortion several

representative system performance metrics are shown in Figs. 36-39.
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FIGURE 36 - AM/AM FOR M = 64

The amplitude of the received signal without predistortion is the blue curve, the predistor-
tion signal is the orange and the signal with predistortion is the yellow. It can be seen that

with the implementation of the predistortion the signal became closer to the ideal/linear.
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FIGURE 37 - AM/PM FOR M = 64
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Similarly to the AM/AM characterization, the phase of the received signal without pre-
distortion is the blue curve, the predistortion signal is the orange and the signal with pre-
distortion is the yellow. In spite of the improvement of the system performance, the phase

noise introduced by the system remains, even though small.

Mean EVM is -29.2138 dB

-20 +

—e— EVM per subcarrier
— — FEC limit

-225

25 +

EVM (dB)

20 40 60 80 100 120
SubCarrier index

FIGURE 38 - EVM FOR M= 64

Besides the fact that the previous EVM for this constellation order is not present in the

figure, Table 5 indicates that its value is -20.5 dB. This means that the EVM had an up-
grading of nearly 10 dB.
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Constellation Diagram

Average constellation
T

FIGURE 39 - CONSTELLATION DIAGRAM FOR M =64

The blue dots are the constellation points without predistortion, whereas the green ones
are the constellation points with predistortion. It can be seen that the cloud of the pre-
distortion points are closer of the ideal point, which indicates a considerable improvement

in the system.
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6. CONCLUSION

In this latter chapter, the conclusions of the experimental validation work are dis-

cussed in the first section. The second section presents suggestions of future work.

6.1 CONCLUSIONS

The aim of this dissertation was the experimental validation of nonlinear effects
compensation in RoF systems. This compensation technique was accomplished by means
of predistortion algorithm based on memory polynomials. A study of the OFDM system
was carried out in order to understand its limitations in terms of constellation order. Upper
and lower limits were defined according with the samples per symbol of the SRRC filter,
since this parameter directly affects the bit rate. The maximum M achieved was 1024, for
64 carriers and 1.5625 Gbps, whereas the minimum was 64, for 1024 carriers and 0.9375
Gbps. We concluded that, in a real environment the use of a bit rate around the 1Gps is
more reliable. These results were helpful to select the OFDM parameters for the analysis
of the optical link.

The main goal of this dissertation is the experimental validation of the compensation
of the RoF system nonlinearities by means of predistortion implemented in [3]. The ex-
perimental validation methodology will be divided in two parts. In first place, a study of
the limitations of the OFDM system transmission in terms of constellation order will be
carried out, according with the variation of certain parameters such as number of carriers,
number of OFDM symbols and samples per symbol of the filter, which directly affect the
bit rate. It will also be chosen an intermediate frequency (IF) to carry the OFDM signal.
This study is helpful to select reliable parameters for the second part. Here, the OFDM

signal modulates a continuous wave (CW) by means of a Single-Driver Mach-Zehnder
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Intensity Modulator. The distortions introduced by the RoF link are identified and char-
acterized, and the improvement of system performance with predistortion algorithm de-
veloped in [3] is analyzed.

in

In [3] the compensation of the RoF system nonlinearities by means of digital pre-
distortion was implemented. The predistortion method was analyzed for several system
parameters, such as number of bits per symbol, bit rate and fiber length. It was verified
that either for AM/AM or AM/PM the predistortion can compensate the nonlinear distor-
tions. In this dissertation, a laboratory setup to test the predistortion method was assem-
bled. Using this experimental setup the predistortion method was experimentally vali-
dated. The experimental validation was assessed for different OFDM signals, for fixed
RF carrier and various constellation order. Under these conditions, the predistortion al-
gorithm proved to be valid in a real environment. Although, unlike [3], the AM/PM curve
was not compensated, i.e., the phase noise introduced by the system, even small, was not

completely compensated.

6.2 FUTURE WORK

The suggestions for future work are:

= Implementation of a graphical user interface

= Experimental study with different OFDM parameter, including intermediate fre-
quency

= Experimental analysis of the fiber length impact

= Experimental study in order to improve the phase noise
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