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Abstract

Currently, the usage of wireless devices and broadband communications is
growing. As a consequence the research in how to implement high data rates in Radio
over Fiber (RoF) links is becoming an interesting field to investigate.

This Master Thesis examines two proposals for developing high capacity
millimetre wave RoF systems.

The first proposal is the Integrated Photonic Broadband Radio Access Units for
Next Generation Optical Access Networks (IPHOBAC-NG) project. It proposes novel
photonic radio access for Wavelength Division Multiple Access (WDMA) networks.
The proposed Radio Access Unit (RAU) enables connections between optical fiber and
E-band (60-90 GHz) wireless communications, avoiding the re/demodulation latencies
due to the coherent heterodyne detection and optical up/down conversion using 90°
optical Hybrids for Wavelength Division Multiplexing Passive Optical Networks
(WDM-PON). This proposal presents an alternative to allocate wavelengths in optical
fibers without needing to implement multiplexers and demultiplexers for separating
each wavelength channel.

The second proposal consists of an Adaptive and Cognitive RoF System
(ACROFS) using an Optically Controlled Reconfigurable Antenna (OCRA) and a
broadband horn antenna for 28-38 GHz frequency band. The novel OCRA, which is
examined in this thesis, enables to reconfigure the antenna properties for three different
frequency bands; 28, 34 and 38 GHz bands.

Moreover, this Master Thesis explains different blocks for implementing a
digital coherent optical receiver in order to understand how a coherent receiver is able
to recover the received signal.

This Master Thesis also examines the experimental setup and the results obtained
for testing and characterizing two bidirectional V-band (57-63 GHz) transceivers.
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Introduction

1

Introduction

The rapid increase of wireless devices, such as tablets, laptops and smartphones,
creates the need to explore new frequency bands for future wireless communications.
Currently, the spectrums of Amplitude Modulation (AM) / Frequency Modulation (FM)
radio, high-definition TV, cellular, satellite communications, GPS and Wi-Fi are
allocated from 535 KHz to 30 GHz frequency [1]. So that, future mobile broadband
networks should start to use the underused millimetre wave (mm-wave) frequency
spectrum, from 30 GHz to 300 GHz frequency bands, in order to support the mobile
data traffic growth [2].

Moreover, the demand of broadband services, such as telemedicine services,
online multiparty gaming and future 3D teleconferences, is rapidly growing so the
research in new and novel systems for transmitting multigigabit data rates and enabling
good coverage of areas and low cost for network implementation, is becoming an urgent
work to do.

Despite the signal attenuations owing to the atmosphere gaseous absorptions,
heavy rain or obstacle materials, mm-wave bands allow higher data transfer rates and
are useful for in/outdoor environments. Furthermore, high data capacity is achievable
due to the increased carrier frequency.

Current implementations combine mm-wave wireless systems with optical fiber
transmissions. It takes the advantages of the wireless and optical fiber communications.
On one hand, RoF communications take the mobility and distribution of the wireless
communication. On the other hand, they take the benefits of optical fiber transmissions
which provide signal transparency and wide bandwidth. Moreover, if wireless links are
using beamforming technique and high-gain reconfigurable antennas, it is possible to
achieve mobile broadband networks reducing the number of components, hardware
complexity and cost implementation.

Beamforming technique consists of creating adaptive transmit/receive beam
patterns to avoid the interference in the wavefront. So that, reconfigurable mm-wave
antennas are implemented to exploit polarization and new spatial processing techniques,
such as massive Multiple-Input and Multiple-Output (MIMO) or adaptive beamforming,
due to the much smaller wavelength [3].

Techmical University of Denmark

11

"



Introduction

¥R (dB/lm)

Specifiec Attenuation,

Consequently, future systems, which combine mm-wave Radio-over-Fiber (RoF)
systems with adaptive and cognitive systems, are a great challenge to develop for future
cellular and Wi-Fi services providing broadband communications.

1.1 Problem Statement

Unfortunately, there are also impairments operating with mm-wave bands.
Atmosphere gaseous losses and precipitation attenuate the signal. For 28 GHz band, the
signal is attenuated 7 dB/Km [2]. As Figure 1.1 shows, for some mm-wave bands occur
less signal attenuations. For example, the 28-38 GHz band has only 1.4 dB of rain
attenuation over 200 m distance and it also presents a low dependence on atmospheric
absorption.
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Figure 1.1: a) Rain attenuation in dB/Km. b) Atmospheric absorption in
dB/Km [2].

Regarding Figure 1.1 b), the blue dots indicate the most affected frequencies due
to the atmosphere gaseous absorption. The green dots represent the less affected
frequencies by the atmospheric attenuation and the white dot indicates the 28-38 GHz
frequencies, which are used in the Adaptive and Cognitive RoF Systems (ACROFS)
experiment. In general, Figure 1.1 a) and b) show higher attenuations with increasing
frequencies for free space transmission.

These attenuations reduce the transmission power of the system and create the
necessity to implement ACROFS to achieve directive and high powers transmissions.

Another issue of using higher frequency bands, such as E-band (60-90 GHz), W-
band (75-110 GHz) or Terahertz frequency bands (0.3-300 THz), is the high complexity
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Introduction

of the coherent electrical detection, due to the need of using complex electrical
components. However, the most current solution for signal detection is to use coherent
optical detection. Coherent optical detectors are using Local Oscillators (LO) for doing
the up/down conversion in the optical domain.

Furthermore, not all mm-wave bands are allowed to be used. For example, the E-
band and W-band are lightly licensed, i.e. the frequency ranges of 71-76 GHz, 81-86
GHz and 92-95 GHz are allowed to transmit ultra-high speed data, while the rest of the
frequency range is not permitted by the government to use [3].

1.2 State of the art

Despite intense research in mm-wave wireless communications, the most
published experiments in networks are related on transmissions at 28-60 GHz bands.
For example, T. Rappaport et al have done prolonged measurements campaigns at 28-38
GHz frequency bands for indoor and outdoor environments in Austin and New York
city [2]. However, P. Smulders et al performed narrowband and wideband
measurements in various indoor and outdoor environments to enable the development of
reliable prediction models for 60 GHz radio channels [4].

Other experiments using directive horn antennas and beamforming technique are
also provided with different implementations in order to achieve high power
transmissions. For example, the experiment for optically controlled E-shaped-Antenna
for Cognitive and Adaptive RoF Systems implemented by A. Cerqueira et al [5], in
which is demonstrated the antenna frequency response can be modified in the optical
domain. To difference of the proposed ACROFS in this thesis, the E-Antenna of this last
ACROFS transmits at 2.4 and 5.8 GHz bands and it only enables to reconfigure two
different frequency bands.

For the Radio Access Unit (RAU) implementation there are several publications
about mm-wave transmissions using coherent detection. RAU enables to convert the
optical signal to the wireless domain. In general, the experiments are using Time-
Division Multiplexing (TDM) technology or Orthogonal Frequency Division
Multiplexing (OFDM).

A. Wiberg et al investigated broadband transmissions in the 40 GHz mm-wave
band for downstream. To do so, they are using coherent heterodyne photo-detection at
the Base Station (BS) and self-homodyne mixing at the Mobile Station (MS) [6]. V.
Thomas et al proposed a baseband RoF architecture, where up to four Radio Frequency
(RF) carriers can be generated, while using the coherent heterodyne optical detection of
only two optical signals. The RoF system uses Time-Division Multiplexing Access
(TDMA) for transmitting at 56-60 GHz frequency bands [7].

Recently, X. Pang et al proved a photonic generation and down-conversion
method for implementing a 100 Gbps wireless link at the 75-110 GHz frequency band.

Techmical University of Denmark
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It consists of photonic coherent detection using 90° optical hybrids and digital signal
processing to recover OFDM wireless signals [8] [9]. Furthermore, A. Caballero et al
also reported several publications about high capacity RoF transmission links
implementing photonic digital coherent detection for mm-wave wireless signals [10]
such as 20 Gbps OFDM and Quadrature Phase-Shift Keying (QPSK) signal
transmissions at W-band [11].

The Wavelength Division Multiplexing (WDM) techniques for Passive Optical
Networks (PON) are being recently investigated so there are few reported experiments
at over 70-110 GHz. However, several publications restate the idea of using WDM-
PON to achieve ultra-high-speed flexible next-generation PONs, such as M.
Daneshmand et al explain in [12] or Y. Hsueh et al are proposing in [13].

K. Iwatsuki et al also described some solutions and an experimental
demonstration for access and metro networks based on WDM technology in [14].

1.3 Methodology

This thesis is the result of an intense research on mm-wave wireless and optical
fiber systems. Firstly, I studied the front end and Digital Signal Processing (DSP)
algorithms of a digital coherent optical receiver. It also consisted of researching in the
signal impairments and the DSP algorithms complexity due to the linear and non-linear
distortions.

Then, I wanted to study the limitations of a digital coherent electrical receiver and
compare the electrical and optical coherent detection. But, firstly, I had to check the
transceivers used for transmitting at mm-wave frequencies. For this reason, two
bidirectional V-band (57-63 GHz) transceivers were tested and characterized. This
experimental helped me to get familiar with mm-wave components and setup
equipment.

Moreover, I collaborated on the implementation of an Adaptive and Cognitive
Radio over Fiber System (ACRoFS) for 32 QAM and 64 QAM transmissions at 28-38
GHz band. I researched in different methods to achieve high speed and power
transmissions using broadband horn antennas and reconfigurable antennas.

Finally, all knowledge learnt during this six month is reported in this thesis as
well as the main issues for high frequency bands transmissions are presented in order to
be resolved in a future work.
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Introduction

1.4 Thesis Outline

The content of this thesis is organized as follows.

Chapter 2 presents the IPHOBAC-NG project and explains the novel Radio
Access Unit (RAU) proposed by IPHOBAC-NG.

Chapter 3 provides a detailed description of how the digital coherent optical
receiver enable recover the received signal using coherent heterodyne detection.

Chapter 4 explains the experimental setup for testing and characterizing two
bidirectional V-band transceivers. The experimental results for the bidirectional V-band
transceivers are also presented in this chapter.

Chapter 5 provides an overview of the advantage of using optically controlled
reconfigurable antennas and broadband horn antennas for mm-wave wireless
communications. The experimental setup for an adaptive and cognitive radio over fiber
system is also presented in this section. Then, the experimental results for the ACRoFS
are explained providing error measurements such as Error Vector Magnitude (EVM)
and Signal to Noise Ratio (SNR).

Finally, Chapter 6 proposes the main conclusions of the thesis and the future work
to achieve future networks such as mm-wave mobile communications for 5G cellular.

Techmical University of Denmark
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2

IPHOBAC-NG

This section presents the IPHOBAC-NG project. It also explains the novel Radio
Access Unit (RAU) proposed for Next Generation Optical Access Network (NGOA)
and the task carried out by DTU on the IPHOBAC-NG.

Finally, the IPHOBAC-NG impact for high capacity radio over fiber systems is
also presented.

2.1 Integrated Photonic Broadband Radio Access Units for
Next Generation Optical Access Networks

IPHOBAC-NG is a project within Europe Union (EU), whose aim is to find a
solution for Next Generation Optical Access Networks (NGOA) and satisfy one of the
targets of the Digital Agenda for Europe (DAE).

According to the DAE, broadband networks and applications must be available
for all European business and costumers by 2020. All of them should have access to
high-speed broadband at least 30 Mb/s by 2020.

It is not a trivial task considering on the need to develop high capacity systems
enabling reduced complexity and cost implementations.

In EU there are a lot of rural homes that are waiting for Next Generation Access
(NGA) and some of them are really of difficult access. IPHOBAC-NG proposes, as a
solution to implement, high capacity radio over fiber systems for wireless to optical
communications using coherent detection.

Moreover, the usage of high frequency bands, such as E-band (60-90 GHz) and
W-band (75-110 GHz), due by high broadband demand owing to the wireless devices
rise, provides high data rates transmissions.
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Figure 2.1: Optical network scenario by IPHOBAC-NG [15].

The Table 2.1 shows the eight partners from six different countries, which
participate on the IPHOBAC-NG project, which has started on the 15 April 2013.

Participant no: Participant organization name Pa:é;I;ort Country
(Coorc}inamr) Universitat Duisburg-Essen UDE Germany
2 -V Lab -V Lab France
3 Denmark Technical University DTU Denmark
4 Siklu Communication Ltd. SIKLU Israel
5 Telekomunikacja Polska SA TP Poland
6 U2T Photonics AG uzT Germany
7 U2T Photonics UK Ltd. U2T-UK United Kingdom
8 University College London UCL United Kingdom

Table 2.1: List of IPHOBAC-NG participants [15].

The goal of IPHOBAC-NG is to develop radio access units which enable transmit
and receive information using optical to wireless and wireless to optical networks. The
idea is to use specific lasers, optical modulators and detectors to construct Photonic
mm-Wave Radios (PMWR) providing complementary broadband 1-10 Gb/s wireless
access and 3 Gb/s mobile backhaul [15].

To do so, it is used specific photonic components such as:
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- Coherent heterodyne 70-80 GHz optical receivers (Pout > 3 dBm, S > 0.5
A/W).

- Low linewidth (100 KHz) frequency agile wavelength tunable lasers (> 3nm).

- High frequency (70-80 GHz), high efficient (> 0.5 A/W), high power
photodiodes (> +3 dBm).

- High frequency (70-80 GHz), high output power amplifiers (> +17 dBm).

Each part of the RAU is implemented by one of the different partners. In DTU
case, it defines the specific requirements and studies the subsystem limitations in order
to design, test and characterize the receiver subsystem of the RAU. The three main
blocks for receiver subsystem are [15]:

- The low linewidth tunable laser, which is used as Local Oscillator (LO) signal.
- The coherent optical receiver.
- The optical modulator for E-band frequencies.

The whole task consists of implementing a coherent optical receiver with a low
linewidth tunable laser. This coherent receiver enables wireless to optical
communications without needing DSP algorithms either multiplexers or demultiplexers
for Wavelength Division Multiple Access (WDMA) networks. This means that the
proposed RAU uses a transparent conversion system i.e. it makes a direct wireless to
optical conversion, so that re-/de-modulation is not needed enabling a reduced
complexity and cost implementation.

Implementing the novel RAU proposed, IPHOBAC-NG will improve the
European industrial, reinforce competitiveness between companies and expand the
market of field optical and wireless access [15].

Definitely, if IPHOBAC-NG becomes successful, it will do a great change in
future communications and it will allow to the operators quickly enlarge business
volume with new clients [15].
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2.1.1 Photonic Radio Access Units

The IPHOBAC-NG proposal is to construct Photonic mm-Wave Radios (PMWR)
integrated in New Generation Optical Access (NGOA) networks based upon
Wavelength Division Multiplexing Passive Optical Network (WDM-PON)
infrastructures.

Combining WDM-PON infrastructures with coherent optical detection techniques
enable to implement high sensitivity and long distance systems. This kind of systems
often use digital signal processing, which compensates the signal distortions and allows
spectrally efficient modulation formats, and photonic integrated circuits, which help to
get a cost suitable for the current access market.

Moreover, WDM-PON provides symmetric communications of long distance
from 60-100 Km and a high splitting factor up to 1000. [IPHOBAC-NG is based upon
WDM-PON instate of using Time Division Multiplexing (TDM) because the
implementation price of this latter is unable for the market. Furthermore, WDMA
provides higher bandwidth, flexible bandwidth, higher security and fast network
reconfigurations.

Figure 2.2 shows an optical network with Ultra-Dense Wavelength Division
Multiplexing (UD-WDM) for PON access, where the Optical Line Terminal (OLT)
provides the optical wavelength channels in an ultra-dense wavelength net. The
assigned downstream wavelength is selected in the Optical Network Unit (ONU) by a
tunable laser using coherent optical detection. The same tunable laser in the ONU
provides the upstream signal, which is locked on to the downstream wavelength with a

small offset.
Downlink channels from OLT to ONU <—"'uum—

Long

ONU distance
FTTC = Ioffict-:-
-
Mobile backhauling Photonic
- - IP core
wireless RAU RAU \ /
access :] [:] -

oLT

all the UD-WDM channels
transported in the ODN

Uplink channels from ONU to OLT = swessssssmip-

Figure 2.2: Optical network with UD-WDM PON access. UD-WDM: Ultra-
Dense Wavelength Division Multiplexing, PON: Passive Optical Networks, OLT:
Optical Line Terminal, ONU: Optical Network Unit, RAU: Radio Access Unit,
ODN: Optical Distribution Network, FTTC: Fiber To The Cabinet [15].
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The OLT connects the long distance station with the ONU and the RAU. The
ONU enables connections as Fiber To The Cabinet (FTTC) and RAU enables wireless-
optical connections.

e In the OLT, a single tunable laser source generates adjustable wavelengths for
downstream transmission. For upstream, the same laser is used as for the
downstream, but as Local Oscillator (LO) signal in order to feed the coherent
receiver. A wideband photodiode receives the upstream wavelengths generated by
ONUs. Finally, the UD-WDM channels are transported in the Optical Distribution
Network (ODN).

e In the ONU, for downstream reception is used a coherent heterodyne optical
receiver. Moreover, a 90° optical hybrid is not needed because the heterodyne
detection has an Intermediate Frequency (IF) of down to 1 GHz. The upstream
signal is obtained by the same laser used as LO signal for the downstream. Then,
downstream and upstream wavelengths are interleaved and transported in the
ODN.

e The novel RAU proposed by IPHOBAC-NG uses coherent heterodyne optical
detection, low linewidth lasers, as photonic local oscillators, and single-sideband
optical modulators. It enables direct signal conversion between the optical and

wireless domain avoiding latencies and providing energy efficiency due not to use
DSP in the RAUs.

Figure 2.3 shows the block diagram for the three subsystems and the IPHOBAC-
NG task which consists of implementing the novel RAU proposed.
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Figure 2.3: OLT, ONU and RAU implemented in a WDM-PON [15]. UD-
WDM: Ultra-Dense Wavelength Division Multiplexing, PON: Passive Optical

Networks.

Figure 2.4 shows the optical spectrum at the RAU input and the RF spectrum at
the RAU output and Figure 2.5 helps us to understand the physical relations for direct
optical to RF conversion.
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+—— Downstream (OLT to ONU) +—— Downstream (OLT to ONU)

Figure 2.4: Radio Frequency (RF) signal at Radio Access Unit (RAU) output
and Ultra-Dense Wavelength Division Multiplexing (UD-WDM) signal at RAU
input [15].

As Figure 2.5 shows, the red line represents the wavelength of a tunable laser
which is used as LO signal. In this case, LO signal is centralized in (2A — 73 GHz) and
A is the channel spacing parameter. The RF carrier frequency is called Intermediate
Frequency (IF). As the equation (2.1) shows, the IF can be expressed as a relation
between the carrier wavelength and the LO frequency.

F”:' = /15 - (/15 - 73 GHZ) (21)

Fig: Intermediate Frequency, Ag: carrier wavelength and A: Channel spacing
parameter.
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Figure 2.5: Concept for direct optical to RF conversion. A: Channel spacing
parameter [15].
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For downlink transmissions, the tunable laser in the RAU is adjusted according to
the frequency of the optical WDM channel to detect the optical signal using coherent
heterodyne detection and enable to transmit this one by wireless networks.

For uplink transmissions, the received wireless uplink signal is converted to the
desired optical wavelength which can be re-integrated into the WDM spectrum by using
the integrated single-sideband modulator in the RAU.

For these reasons, the proposed novel RAUs have to support coherent optical
detections enabling to reconfigure the optical channel allocation and be energy efficient
and fully integrated. Furthermore, RAUs have to use E-band antennas in order to
achieve broadband 1-10 Gb/s wireless access and wireless distance up to 4 Km or 5 Km.

Millimetre wave technology provides high speed data transmission surpassing the
performance of microwave solutions. Enterprises, governments and telecom carriers
will use the 70-80 GHz band for connecting buildings or cell towers over distances of
several miles. Compared to the cost of fiber optical infrastructures, the E-band provides
a cost effective alternative for high speed network applications [15].

For these reasons, IPHOBAC-NG can be an excellent solution to provide 1-10
Gb/s wireless access for all European business and costumers, and improve 3 Gb/s
mobile backhaul communications.

2.1.2 IPHOBAC-NG impact

IPHOBAC-NG is a solution to NGOA networks because it uses coherent optical
detection in the RAUs which allow high bitrates and advanced modulation formats on
the same infrastructure. Moreover, it provides energy efficiency and cost effectiveness.

Furthermore, it does not require hardware changes to switch from wireless to fiber
access after fiber deployment and in the future will be possible to extend or modify the
network without changing optical access fiber infrastructures. On the other hand, the
OLT and ONU are using the same frequency agile lasers and this also reduces costs.

As known, by using a photonic LO signal it is possible to do channel
reconfiguration and gives flexible channel allocation. Moreover, the direct optical to RF
and RF to optical conversion without re-/de-modulation are viable using coherent
heterodyne detection thus reducing latencies and energy consumption of the RAU.

However, the main advantage of IPHOBAC-NG is that offers 1-10 Gb/s wireless
communication and distances of 4 to 100 km using symmetric transmission. This can
offer a new view about the next generation optical access and a change in network
communications.

Moreover, this proposal is an alternative to combine and separate each wavelength
channels without implementing multiplexers and demultiplexers for WDMA networks.
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Besides, it offers a new competence in telecommunication market and new goals
for telecommunication companies. Consequently, IPHOBAC-NG has enough potential
to speed up fiber deployment in Europe.
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3

Digital coherent optical receiver

This chapter presents an overview how a digital coherent optical receiver is able
to recover a received optical signal. To understand the digital coherent optical receiver,
the coherent receiver front end and Digital Signal Processing (DSP) algorithms are
explained.

3.1 Coherent receiver

A coherent receiver consists of different algorithms which enable the signal
recovery. Basically, each algorithm compensates a part of the signal distortions, such as
Chromatic Dispersion (CD), channel distortions, non-ideal components, which happen
during the signal transmission.

A coherent receiver is called digital coherent optical receiver when it is detecting
an optical signal and it is using Digital Signal Processing (DSP) algorithms to recover
this one.

Digital coherent optical receiver can be divided into two parts, coherent receiver
optical front end and DSP block. Optical front end consists of detecting the received
optical signal and converting this one into the electrical domain. Then, the electrical
signal is digitalized by an Analog to Digital Converter (ADC). The DSP block uses
algorithms to compensate the signal distortions and removing or reducing the
impairments that the transmitted signal undergoes during the transmission and coherent
receiver optical front end.

In Figure 3.1 is shown all blocks that take part of digital coherent optical receiver.
The black part of the block diagram corresponds to coherent receiver front end working
in the optical domain, and the blue part corresponds to the DSP algorithms block
working in the digital domain.
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Figure 3.1: Block diagram of digital coherent optical receiver. Eg(t):
Received signal field, E;(t): LO signal field, E,(t): polarized signal, E,(t):
polarized signal orthogonal to E,(t) [16].

3.1.1 Coherent optical detection

The coherent receiver optical front end is using a pair of 90° optical hybrids for
coherent optical detection. One 90° optical hybrid is used for each polarization of the
signal. Four photodiodes are used for each 90° hybrid output and eight transimpedance
amplifiers (TIA) are used in total. Then, the electrical signals are converted into the
digital domain by an Analog to Digital Converter (ADC).

Figure 3.2 shows the block diagram of a coherent optical detector. The received
optical and Local Oscillator (LO) signals are used as input signals. The LO signal is
generated by a tunable laser. Both signals are sent through a Polarization Beam Splitter
(PBS) which splits up each signal into two orthogonal signals in order to achieve an
arbitrary rotation of both polarization components of the received signal. Following the
PBS a 90° optical hybrid is implemented and four photodiodes in order to extract in-
phase and quadrature components of polarization signal and to convert the optical field
into a set of electrical signals. Finally, the electrical signals sent through an ADC to
enable the use of DSP algorithms.
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Figure 3.2: Coherent receiver optical front end. PBS: Polarization Beam
Splitter, LO: Local Oscillator, X;: polarized signal in-phase component, X,:
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polarized signal quadrature component, Y;: polarized signal in-phase component
orthogonal to X;, Y, : polarized signal quadrature component orthogonal to X, and

ADC: Analog to Digital Converter [16].

In Coherent detectors it is possible to implement a homodyne, heterodyne or intra-
dyne receiver. The difference between them is the required frequency difference
between the LO and the transmitter laser.

e In homodyne detection the frequency and the phase difference between the
LO and the transmitter laser should be exactly zero.

e Intra-dyne receiver is similar to homodyne receiver however the LO and
the transmitter laser frequency difference is not exactly zero but it is
approximately zero.

e In a heterodyne receiver the LO and the transmitter laser have not the same
frequency so the frequency difference is not zero and equals a fixed
Intermediate Frequency (IF). The main disadvantage of heterodyne
receiver is that SNR detection is 3 dB smaller than SNR detection using a
homodyne receiver. However, the simplified requirements of receiver
design makes heterodyne receiver suitable for implementing optical
communications systems.

In the next section the components of a coherent optical detection are explained in
an ideal case and it is not taking on consideration the impairments which appeared in a
real or a practical case such as the additive non-linear phase noise, the non-linear
impairments or the signal distortions caused by real components.

3.1.1.1 2x4 90° optical Hybrid

In order to analyze the functionality of an optical hybrid and a photodiode, a
heterodyne optical detection is chosen. The received and the LO signal at the input of
the optical hybrid are defined in formula (3.1) and (3.2), respectively.

Es(t) = asexp(j[wst + 95]) (3.1)
Epo(t) = appexp(jlwiot + 00]) (3.2)

E (t) is the received signal optical field, E;,(t) is the LO signal optical field, ag
and a;o are the received and LO signal amplitude, wgy and w;, are the angular
frequency of the received and LO signal and ¢ and 6;, are the phase of the received
and LO signal.

An optical hybrid mixes the received signal with the LO signal in order to achieve
the in-phase and the quadrature components of the polarized signal. There are different
kinds of optical hybrids and each one depends on the number of hybrid outputs and the
combination chosen for mixing the input signals.

Techmical University of Denmark

29

"



Digital coherent optical receiver

As indicated in [17] the equation (3.3) can be used to find a correct combination
between the input signals for each optical hybrid implemented.

E, = (%) (ES + E, exp (j360°%>) (3.3)

E}. is the output field of the kth branch and N is the number of outputs.

In this section is studied a 2x4 90° optical hybrid. A 2x4 90° optical hybrid is
needed because we need to recover the signal using the LO signal, so we will have two
inputs. Moreover, we want to the phase difference between the outputs will be, ideally,
90°. I.e. the in-phase component will be orthogonal to the quadrature component.

Figure 3.3 shows as the received and LO signals are mixed and it helps to
understand the combinations between the input signals.

Balanced
E+E, Detector
/’—-‘ :I>_, Inphase-
£s—50:50 50:50 Output
L_*. - LLL?
'E.‘-'\ -._..liI;'E.’r?
E, ~50:50 JAg = 7_450:50 :I>_, Quadrature-
\1\1\ Output
L‘}.‘ - ..Ir.il'_.'r.l

Figure 3.3: 2x4 90° Optical Hybrid. Eg: Received signal field and E;,: LO
signal field.

Characterizing equation (3.3) for N=4, the optical output fields of 2x4 90° optical
hybrid can be expressed as,

1
El :E[Es‘i‘ELo] (34)
1 ) 1 .
Ep =5 [Es + E o exp(j90°)] = 5 [Es +jELo] (3-5)
1 . 1
Ey = 5 [Es + E1o exp(j180°)] = 5 [Es — Eio] (3.6)
1 ' 1 .
Ey = 5 [Es + Eyo exp(j270°)] = 2 [E; — jE;] G.7)

To get an expression for the outputs in dependency on the received signal optical
field (E5) and the LO signal optical field (E), formula (3.1) and (3.2) are inserted in
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the formulas (3.4), (3.5), (3.6) and (3.7). Formulas (3.8), (3.9), (3.10) and (3.11) show
the optical output fields of the 2x4 90° hybrid:

1

B =3 [as cos(wst + 65) + ayo cos(Wiot + 610)] (3-8)
1 .

E, = 2 [as cos(wst + 65) + aso sin(wyot + 610)] (3.9)
1

E; = 2 [as cos(wst + 65) — aio cos(Wiot + 610)] (3.10)
1 :

Ey = 7 [as cos(wst + 65) — azo sin(wyot + 6,0)] 311

Finally, the 90° optical hybrid output signals are sent to the photodiodes in order
to achieve an electrical current of the in-phase and quadrature components of the
polarized signal.

3.1.1.2 Photodiode

A photodiode is a semiconductor device that converts light into current. The
current is generated when photons are absorbed in the photodiode.

The functionality of a photodiode is summarized by the equation (3.12).
Iout = K - EnEiy” (3.12)

K is the responsivity of the photodiode, which measures the efficiency of the
optical to electrical conversion and its unit is A/W. E};, is the optical field of the signal
and Ej;,," is the conjugate of the optical field of the signal.

After the 2x4 90° optical hybrids, a set of two photodiodes are required to detect
the in-phase components and another two photodiodes are required to detect the
quadrature component of the optical input signal. In this case, the photodiode outputs
are defined as,

L =K-(Es+EL)(Es + ELp) (3.13)
I =K - (Es +jEL0)(Es + jEL0)" (3.14)
Iy =K - (Es — ELo)(Es — ELo)” (3.15)
I, =K - (Es — jELo)(Es — jELo)" (3.16)

Characterizing the last expressions for the equations (3.1) and (3.2), developing
all calculates and using trigonometric functions, the equations (3.13), (3.14), (3.15) and
(3.16) can be expressed as,

11 =K- [PS +PL0 + 2 PS . PLOCOS([WS - WLO] -t + [QS—QLO]) (317)
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I =K - [P +Pyp + 2/ Fs - Posin([ws —wye] - t + [05—0.0]) (3.18)
Iy = K- [P +Pyo — 24/ Ps - Ppcos([ws —wyo] - t + [05—010]) (3.19)
I, = K- [P +Pyp — 2{/Ps - Posin([ws —wyo] - t + [05—610]) (3.20)

P, and P, are the received and the LO signal powers.

Finally, the difference between equation (3.17) and equation (3.19) give us the
expression for the in-phase current (formula (3.21)) and making the difference between
equation (3.18) and equation (3.20), the quadrature component current can be defined as
indicated in equation (3.22).

Ip = K - [4/F; - Procos([ws —wyo] - t + [65—60]) (3.21)
I = K - [4{/P;s - Posin([ws —wyo] - t + [65—6.0]) (3.22)
3.1.1.3 Transimpedance amplifier (TIA)

To convert the analog signal into the digital domain, an ADC is used. The ADC
needs voltage input signals. Therefore, the currents have to be converted to voltages.
For this reason, a transimpedance amplifier (TIA) is implemented after photodiodes.

A TIA is a current to voltage converter and it is often implemented using an
operational amplifier. It consists of an inverting amplifier accepting the input signal in
form of a current from a high impedance signal source, such as a photodiode, and
converts this current into an output voltage.

In order to understand the TIA functionality, the TIA circuit is analyzed and the
equation for the TIA output signal is defined in this section. Figure 3.4 shows a
generalized transimpedance system schematic diagram that helps to analyze the circuit
and to find the TIA frequency response.
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Figure 3.4: Generalized schematic diagram of a transimpedance amplifier [18].

Cstray is the stray capacitance of the resistor Rr and typically its value is 0.2 pF
for a surface-mount resistor. Cr is an optional capacitance that helps to prevent gain
peaking, Cpiopg is the photodiode capacitance and Rp is a resistor which sets the gain of
transimpedance amplifier.

The TIA bandwidth can be assigned by modifying the capacitance Cr value and a
specific TIA gain can be set by modifying the resistor Ry value.

The voltage output signal for an ideal TIA is defined in formula (3.23).

Vout = —Ipiope * R (3.23)

But TIA is not ideal and the capacitance Cpjopg introduces the effect of a low-pass
filter in the feedback path. The frequency response of this low pass-filter considering
the capacitance Cr can be characterized as the feedback factor 5, which attenuates the
feedback signal [19]. Equation (3.24) shows the characterization of the feedback factor

3

_ 1+RF'CF'S
1+ Rp - (Cprope + Cr) s

B . s =j2nf (3.24)
Considering the effect of this low-pass filter response and characterizing the TIA
output for this feedback factor f3, is possible to define the TIA output voltage as,

IDIODE ’ RF

Vour = _1+—1 (3.25)
ALOB

A; 1s the open loop gain of the operational amplifier.
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Figure 3.5 shows the transimpedance amplifier characterization for different
values of the capacitor Cr and the resistor R, As shown in this graphic and as deduced
with the last expressions, the TIA gain depends on resistor Rr value and the TIA
bandwidth depends on Cr value. Furthermore, the cutoff frequency is also depending on
the C and the Cp;opp capacitors and the Ry resistor.
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Figure 3.5: Transimpedance amplifier characteristic for different Cp
(optional capacitance) and Ry (resistor which sets the TIA gain). Cstray (stray
capacitance) and Cdiode (photodiode capacitance) are kept constant [18].

3.1.1.4 Analog to Digital Converter (ADC)

As a last step of optical coherent detection or as last block of the optical coherent
front end, the analog to digital converter has to be implemented to be able to use the
digital signal processing algorithms in order to recover the received signal.

An ADC is used to change analog signals to digital signals. It makes the signal
processing easier such as signal codification, signal compression, etc. Moreover, the
digital output signal is more immune to noise and interferences than the analog signals.
For these reasons, the coherent receiver processes digital signals rather than analog
signals.

An ADC can be implemented by different ways, for example using Bipolar
Complementary Metal Oxide Semiconductor (BiCMOS) technology or operational
amplifiers technology. This section is focused on explaining the basic functionality of
an ADC, not on explaining the different electronic implementations. For this reason,
three main ADC processes are explained in this section. Figure 3.6 shows the signal
processing for converting a continuous (analog) signal into a digital signal.
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Figure 3.6: Conversion process analog to digital [20].

To digitalize an analog signal it is necessary to sample the signal. To guarantee
the waveform of the signal can be recovered correctly, the sampling frequency F; has to
be at least two times higher than the highest signal frequency. This is also known as
Nyquist criterion.

Fs >2- Fmax_signal (3-26)

Frax_signar 18 the maximum frequency of the signal.

F,
Firstly, an analog low pass filter with a cutoff frequency at ES is used to assure

that the Nyquist criterion is achieved.
Secondly, the filtered analog signal is sampled each Ts sampling period or each

1
F, = P sampling frequency.
S

That means the analog signal, which is continuous in time and amplitude, will be
having amplitude values at specific intervals of time only, i.e. each T seconds as shown
in Figure 3.7.

Considering a uniform and ideal sampling of period T, the sampled signal at the
output will be,

') = x*(nT,) = z x(£) - 8(t — nT,) (3.27)

a) b)

Xt} x'(t)

N\ |

! Pl t
g

Figure 3.7: Sampled signal in the time domain. a) Analog signal. b) Sampled
signal every Ts (sampled period) [20].
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Figure 3.8 shows as the signal spectrum will be overlapped if the sample
frequency does not meet the Nyquist criterion.
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Figure 3.8: Sampled signal in the frequency domain. Figure 3.8 a): signal
spectrum in the frequency domain. Figure 3.8 b): sampled signal spectrum when
the Nyquist criterion is achieved, i.e. Fg > 2 - Fy,,x signa- Figure 3.8 ¢): overlapped

sampled signal spectrum due to the sample frequency does not meet the Nyquist
criterion, i.e. Fg < 2 - Fray signat [20]-

The sampled signal is a discrete signal in the time domain but the amplitude
values are continuous, so it is needed to quantify the signal in order to discretise the
signal amplitude.

To do the quantification process, the amplitude range of the input signal is divided
in a set of discrete values, which are called quantification intervals (Qx). A unique value
is assigned to each interval. Usually, the medium value of each quantification interval is
allocated as the value of each quantification interval as shown in equation (3.28).

Q=L Xk=(k+%)-Q (3.28)
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k=0,.,M-1

Vs is usually the difference between the maximum and the minimum of the input

signal, M is the interval number, Q is the length of quantification interval and X}, is the
allocated value to quantification interval.

Figure 3.9 shows a sampled signal in the time domain is discretised in amplitude.
In Figure 3.9 a) is shown the different quantification intervals. As Figure 3.9 b) shows,
the corresponded quantification interval value is assigned for each sample value of the
signal. In this case, the output signal is losing information due to the approximation that
is done when the quantification interval value is assigned. This is also known as
quantification error.

[] lf.

T T T rITpr e T

Ko -

Figure 3.9: Quantification process. a) Quantification intervals. b) Assignation
of the quantification interval values [20].

Figure 3.10 helps to understand the quantification error. The codification values
are assigned during the signal codification process, which is explained after the
quantification process.
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Figure 3.10: Quantification Error (£4). Q : Length of quantification interval,

Vi : difference between the maximum and the minimum of the input signal,
Codeoy: : Codification values and Vj, : Signal amplitude. After [20].

As explained in chapter 2 of [20] the quantification error can be modelled as a
noise signal and its power depends on the amount of quantification intervals (Equation
(3.29)). In case of infinite number of quantification intervals, this quantification error
would be zero and the output signal would have no lost information.

+o0 +Q/2 ) Q2 Q
&q #
Nrms = j 82 . p(eq) . dgq = j 6 . dgq = E = E (329)

- -Q/2

The last step of ADC process is the signal codification. It consists of allocating a
specific code to each signal sample depending on the quantification level where the
sample is. The codes more used for codifying the signal are BCD and Gray code.

Figure 3.11 helps us to understand the codification process. As Figure 3.11 b)
shows, for each quantification interval values is assigned a codification number which
depends on the chosen codification code. After codification process, each sample has
the corresponded codification value, as shown in Figure 3.11 c).
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Figure 3.11: Signal codification process. a) Discretised signal in the amplitude
and time domain. b) Assignation of the codification values. c¢) Digitalized signal
values for each sample [20].

Finally, after the analog input signal went through the three blocks: sampling,
quantification and codification, the ADC output signal will be a digital signal i.e. it is a
discrete signal in the amplitude and time domain.

In a real case, an ADC is not ideal and it produces distortions to the signal despite
the quantification error; for example offset error, gain error or linearity error. In chapter
2 of [20] are explained in detail all impairments associated to the ADC.

3.1.2 Digital coherent receiver

The analog signal goes through the communication channels to be transmitted.
The communication channels can be cable pathways (electrical cables and optical fiber)
or broadcast mediums (microwave, satellite and radio). Depending on the
communication channel models and number of channels, which the analog signal goes
through, the different channels impairments affect the analog signal providing signal
distortions, such as signal attenuation, variations in the noise model, interferences and
delays in the signal. In order to compensate the channel impairments, the digital
coherent receiver uses different digital algorithms. These algorithms are known as
Digital Signal Processing (DSP) algorithms. Moreover, the digital coherent receiver is
reducing the front end impairments enabling the signal recovery.

The channel impairments can be linear or non-linear effects. Linear impairments
can in principle be completely compensated by DSP algorithms but non-linear
impairments are more difficult to compensate or reduce.

In WDMA case, the non-linearity impairments are caused for the overlap between
different wavelengths, i.e. due to the different channels which go through the optical
fiber. This is also known as the crosstalk impairments. The non-linearity effects increase
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with the channels count (amount of wavelengths), in spite of using compensation
techniques such as Digital Back Propagation (DBP), so digital compensation algorithms
that can reduce deterministic non-linear effects, and thereby increase channel capacity,
are a subject of ongoing research.

This section presents the DSP algorithms for compensating linear impairments
such as Chromatic Dispersion (CD) and channel compensations. Figure 3.12 shows all
subsystems that make up a digital coherent receiver and Figure 3.13 shows an overview
of the signal processing steps. Moreover, the signal constellations exemplify the signals
obtained after each processing step.

Each subsystem compensates a specific impairment effect i.e. orthonormalization
subsystem is used to compensate 90° Hybrid non-ideal effects. The static and dynamic
channel equalization subsystems are used to compensate transmission impairments. For
example static channel equalization is used for chromatic dispersion compensation and
dynamic channel equalization compensates timing and polarization variations caused by
channel imperfections. Interpolation and timing recovery subsystems improve the
optimum sample value and make symbol synchronization. The last subsystems called
frequency estimation and carrier recovery are used to remove the frequency offset of the
signal and to recover the carrier phase of the signal.

—> Local Oscillator Optical Signal
b b
Phase and polarization diverse optical coherent receiver (€
b 4
—> Analog to digital conversion
=
De-skew and orthonormalization
.

Static channel equalization

Dynamic channel equalization

DSP

n

*
A~ ALA A

] Interpolation and timing recovery

n

Frequency estimation

\ 4

u

Carrier phase estimation
===
Symbol estimation and decoding
‘-

Data out

LA
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Interpolation

Subsystem Functionality

De-skew Aligns the digital signals temporally
Orthogonalization Maximizes independence between signals
Normalization Ensures that signals have correct amplitude

Digital equalization
Timing recovery

Carrier phase estimation

Corrects for channel impairments
Determines the timing error
Corrects for timing errors

Compensates for the carrier phase error

Figure 3.12: Subsystems and functionality of a digital coherent receiver [21].
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Figure 3.13: Signal constellations after each processing step [22].

HE

41



Digital coherent optical receiver

3.1.2.1 Orthonormalization

The signal is affected in amplitude and phase when it goes through the
communication channels and coherent receiver front end. These signal variations are
known as signal distortions and can be caused by signal attenuations and non-ideal 90°
optical hybrids. The signal distortions hinder the signal recovery process. On one hand,
the amplitude variations hamper the symbol decision. On the other hand, the phase
variations hamper the carrier recovery. For this reason, the orthonormalization process
is used to compensate the amplitude imbalances normalizing the signal and the phase
imbalances orthogonalizing the signal.

The orthonormalization process consists of getting two orthogonal signals which
are normalized in amplitude. To do the orthonormalization process, different methods
can be implemented such as Gram-Schmidt or Lowdin orthonormalization [21]. In this
section an overview of all steps to follow using the Gram-Schmidt orthonormalization is
presented [23].

The Gram-Schmidt algorithm creates a set of orthogonal vectors taking the first
one as a reference and orthogonalizing the other vectors with respect to this former, as
shown in Figure 3.14, and then it normalizes to unit power.

g2 I
A

%

\
r,, r,— received "“
non-orthogonal \
= %
signals . . vole -~
2,, 2. — signals with \ &
S : . " _
Gram-Schmidt \\ /2 - 26
orthogonalization \ 0

Figure 3.14: Scheme of the Gram-Schmidt Orthogonalization [21].

The condition to be able to use the Gram-Schmidt method is that the input vectors
have to be linearity independents between them. The mathematical steps to follow are:

e The first element of the basis is chosen as a normalized version of the first

signal.
O]
0,(t) = \/E_{ (3.30)
00 = S:(©) 5 Ei =00l = < 01(0), 05() > (3.31)
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@, (t) is the first element of the basis, S; (t) is the first signal and E1'is the
energy of @7 (t).

e The second element of the basis is chosen removing the component
proportional to the normalized version of the first signal in order to
guarantee that the first and the second element of the basis are orthogonal.

9,(t) = QZ(t,) (3.32)
E,
P5(t) = S, (1) -Cyq - B1(t) 5 Cpq =< S(1),0,(¢) > (3.33)

e In general, for the nth step is possible to generalize the expressions as
indicated in equation (3.34) and (3.35).

O (t)

VE

0n(0) = (3.34)

n-1
OR() = Sp(®) = ) Cop i) 5 Cni =< Su(0), B:(8) > (339)
i=1

To verify all vectors are orthogonal, the scalar product between them must be
zero.

< S5i(8),S;(t) >=0 (3.36)

3.1.2.2 Static channel equalization

As Xu Zhang explains in [16], transmission impairments exist when signal goes
through for different waveguides such as optical fiber. The main impairment in optical
communications using Single Mode optical Fiber (SMF) is the Chromatic Dispersion
(CD). The main functionality of the static channel equalization is the chromatic
dispersion compensation. CD can be also called group velocity dispersion and it is a
consequence of different frequencies of the wave travelling at different speeds. This
dispersion causes a spread of the light pulses, so adjacent pulses can be overlapped
leading Inter-Symbol Interferences (ISI) and errors in the recovered signal.

As in Chapter 3 of [24] is indicated, the received signal depending on the
chromatic dispersion can be expressed as,

iB,W2L
E.(W) = E,(W) exp (_1[322 > (3.37)
D - lambda?
__ 3.38
P2 21cC ( )
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B> is the fiber dispersion constant, L is the fiber length, E, (W) is the transmitted
signal, D is the fiber dispersion coefficient, c is the speed of light and lambda is the
wavelength.

Understanding equations (3.37) and (3.38), the transfer function for the chromatic
dispersion compensation filter in the frequency domain is defined as,

jﬁ2W22>

H(z,jw)) = exp< > (3.39)

Estimating the inverse Fourier transform from equation (3.39) and doing the
impulse response of CD compensation filter as a Finite Impulse Response (FIR) filter,
the filter impulse response can be described by,

h(n) = byé(n) + by6(n — 1) + b,6(n — 2) + - (3.40)
Applying the Z-transform to equation (3.40), equation (3.41) is given.
H(z) =by+ b1z  + bz 2 + - (3.41)

As conclusion, static channel equalization consists of applying a FIR filter to the
digital signal with the optimum tap weights, which are expressed by equation (3.42). In
[25] and [26] is explained by Seb J. Savory as the tap weights are allocated.

b - jeT? ) mcT? 2
k= D - lambda? .Zexp J D - lambda? - z

k =

(3.42)

t
T
by, is the tap weight and T is the sample period.

Figure 3.15 shows the FIR filter diagram.

x[n] "'; z! ‘3 z1 —1-;- = —l

_b@_,@_,@_,y[n]

Figure 3.15: FIR filter for chromatic dispersion compensation [24].
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3.1.2.3 Dynamic channel equalization

For fiber transmission, once chromatic dispersion is compensated, dynamic
impairments can be compensated. These channel impairments are time variations and
usually these impairments are caused by changes on the polarization states, such as the
Polarization Mode Dispersion (PMD) of the system. It is caused by the differences
between the propagation constants of each polarization state, so the signal spectrum is
spread and as a consequence the signal will undergo Inter-Symbol Interference (ISI).

Dynamic channel equalization is implemented by a set of four FIR adaptive filters
with complex tap weights (hyy, Ayy, Ryx, By, ) to compensate for these time-varying
effects. As shown in Figure 3.16 these linear FIR filters are following a butterfly

structure for polarization de-multiplexing.

X »h, +}—> fzﬁ§§-x+ﬁgﬁ'y
»h,,
NS

y »h,, + p V= H§§I+E§},ly

Figure 3.16: MIMO equalizer [21].

As shown in Figure 3.17 a), each FIR filter is implemented as a bank structure and
consists of different taps, which require several complex multiplications as Figure 3.17
b) shows in more detail. To optimize the single complex-valued tap, it is structured as
four real-valued filter taps, which are optimized independently.

(2) b)

| Refx) Re{h,} +.  Re{hX}|
P >

-

— h =
= °% | imgxy R%‘“} Imihe} Y Im{h X}
LAY »
Im{h,}

Figure 3.17: a) FIR filter bank structure and b) Filter tap structure [22].

Each tap can be optimized using the Least Mean Squares (LMS) algorithm, the
Constant Modulus Algorithm (CMA) or other methods such as the Decision-Directed
Least Mean Squares (DD-LMS) algorithm.
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All of them consist of finding the optimum tap coefficients, which acquire to
minimize an error function, but each method is using a different algorithm and a
different error function. In this section is given an overview of the CMA algorithm
considering that is easier to implement for Phase Shift Keying (PSK) modulations i.e.
for digital modulations such as BPSK, QPSK.

Figure 3.18: Signal constellation [22].

Using PSK modulations, the signal constellation has all points located on a circle
as such as shown Figure 3.18. That means the error function to minimize for a CMA
algorithm corresponds to the variance between the samples and the circle. So that, the
error function can be expressed as

gr = R? — |22 (3.43)
g, = RZ — |92 (3.44)

where X is the equalized signal for the polarized signal, ¥ is the equalized signal
for the other polarized signal and R is the radius of the constellation points.

The CMA often uses a stochastic gradient algorithm in order to minimize the error
functions. Minimizing the error function and updating the tap coefficients by equations
(3.45a-d) until the algorithm convergence, the filter taps will be optimized.

hzi = hyl+pe, ®-x° hyt =hol+pe,9-x°
NP R . . ) (3.45a-d)
h-"@ = hxy T UELX -y h;;; = h;; + #E}f? . _'}J'*

x* is the complex conjugate of the polarized input signal, y* is the complex

conjugate of the other polarized input signal, and [ is the convergence factor.

Technical University of Denmark

46

1



Digital coherent optical receiver

3.1.2.4 Interpolation and Timing recovery

The ADC is not able to sample the signal at the optimum sample period, so the
coherent receiver will not recover the received signal correctly. For this reason, once the
channel impairments are compensated, the digital signal is re-sampled at the optimum
sample period.

Firstly, the signal has to be interpolated and then it can be re-sampled. The
interpolation process makes easier the timing recovery and it could be explained as an
inset of samples to the signal in order to achieve more signal discrete values. As
explained in [21], mathematically the interpolated signal (Y[k]) will be a linear
combination of the signal X[i] and the signal moved one sample X[i + 1]. So the
interpolated signal could be expressed as

Yik] = y(my, i) = X[my] + pye - (X[mye + 1] — x[mye]) (3.46)
where p,, is the fractional delay of ADC, my is the basepoint given by
my = |k - wy + uy ] and wy is the estimate of Teym/Ts.

To find the estimate of Tgym/T is aimed to maximize the squared of the absolute
value of the interpolated signal (|Y[k]|?), differentiating |Y[K]|? with respect to time. To
maximize this function, an error signal (e(m;)) is used which will be zero when the
signal is synchronized and the estimated w;, has the optimum value.

As demonstrated in [21] the error signal can be expressed as,
dly(me, wdl?
dt

Y(mp +1, w) — Y(my — 1, Hk)}
2 - Tsym

e(my) =

(3.47)

e(my) =2-Re {Y(mk.uk) -

The error signal is used to update our estimate wy, , such that

N-1

Wis1 = Wi + Z Cli] - e(my_4) (3.48)
i=0

where wy, is the estimate Tgm/Ts, C[i] are the FIR filter coefficients, which
incorporate the convergence parameter for this stochastic gradient method, and N is the
FIR filter length.

Figure 3.19 shows the difference between taking the sampled signal values and
the synchronized signal values. On one hand, xi represents the optimum sampling
position and X the sampled position before the symbol synchronization. On the other
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hand, yi represents the discrete values of the signal when it is correctly recovered and Y
represents the discrete values of the signal when the symbol is not synchronized.

i)~ TS +\('G
[ » . . e | x Y v
L o o o

Figure 3.19: Timing recovery.

The interpolation and timing recovery processes can be implemented before or
after channel impairment compensation. Personally, I prefer to implement it after
compensating channel impairments, as the last impairments compensation block, to
guarantee the correct symbol synchronization at the end of the signal recovery process.

3.1.2.5 Frequency estimation

The frequency estimation is possible to do at the same time of the carrier recovery
is implemented but the phase estimation will be easier to implement and more
approximate to original carrier if both estimations are implemented separately.

In this thesis both estimations are explained separately because by implementing
both estimations independently makes possible to reduce the amount of phase to
recover, so it is better for recovering correctly the carrier. Moreover, some original
signals have no frequency offset, thus this block is not needed to be implemented in
some cases.

Different methods can be used depending on the kind of modulation format and
the techniques implemented to find an estimator of frequency offset [27] [28]. For
example, in case to use a QPSK modulation format and the input signal is defined as
shown in equation (3.49), we note that,

Xinlk] = xsym[k]exp(jq)[k] +2m - Af - k- Tsym) (3.49)
(xin[k]xp, [k — 1])* o exp(4jA@[k]) (3.50)

As explained Sev. Savory in [21], 4A@ has a circular Gaussian distribution. So
that, if the laser phase noise mean is 8mAfTy,,, is possible to define the probability
density function (pdf) as,
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exp (k - cos(4A0 — 87TAfTsym))
2mly (k)

f(480) = 3-51)

Using techniques [29][30] such as the maximum likelihood technique [31] and
using the pdf, the estimated frequency offset will be,

N

1
Af = (BnTsym> arg {z (in [k [k — 1])4} (3.52)

k=1

Finally, using the estimate of frequency offset and considering equation (3.49) as
a input of this system, the output signal will be defined as,

ylk] = Xsym [klexp(jO[k]) (3.53)

3.1.2.6 Carrier recovery

Once removed the frequency offset of the signal, the carrier phase estimation is
implemented. To recover the carrier, feedforward techniques are used [32] and the
carrier phase is estimated using a fourth-order non-linearity, as it is done in the
frequency estimation.

%4 (K) Faym (1)
s(k) = x,, (k)* (svez) Tn=-ywhnled [k +n] olk] = arg{..}—{exp (—jolk])

Figure 3.20: Carrier phase recovery.

Figure 3.20 shows the carrier phase estimation process. The first step of the
estimation process is to take the 4™ power of the symbols to remove the phase
modulation. Then, it calculates an average of the complex vector s(k) multiplied by a
window function such as a Wiener filter. Finally, the phase estimate is given applying
the argument function for the last average calculated.

The estimate for the carrier phase will be,

1 N
@lk] = arg {(ZN n 1) nZNw[n]xfn[k + n]} (3.54)

w([n] is a weighting function, which can be called a window function [33]. If
w[n] = 1, the estimator will be given by Viterbi and Viterbi [34].

The weighting function is applying a Wiener filter in order to estimate the phase
noise, which approaches the performance of an ideal Maximum-A-Prior (MAP)
estimator of the phase.
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As explained in [21], the phase estimation can be implemented using other
algorithms such as the Barycenter algorithm [35].

Finally, if the input signal is taken as expression (3.53) and the estimate of carrier
phase is applied, the original symbols will be recovered and the system output signal
can be expressed as,

ylk] = xsym[k] (3.55)

3.1.2.7 Symbol estimation and decoding

The last step in the signal recovery process is the decoding for each symbol i.e. it
makes a digital decision on each symbol. Currently, several decoders exist depending on
the kind of coder implemented in the transmitter, the kind of modulation format and the
techniques to use.

The decoders often use the information of the Forward Error Correction (FEC) to
decode the data and they also require of symbol estimation and bit decoding.

FEC processing in a receiver enable to correct the data errors without needing to
retransmit the data. The current implementations for forward error correction are using
block codes, which work with fixed block sizes, or convolutional codes, which work
with bit or symbol streams of arbitrary length. The block codes can be codes as Reed
Salomon code or Hamming code and the convolutional codes can be decoded with the
Viterbi algorithm.

The decoders can be implemented using soft-decision algorithms which make a
hard error correction but a soft symbol decision or in contrast using hard-decision
algorithms which make a hard symbol decision but a soft error correction. Usually,
block codes are using hard-decision algorithms to FEC and convolutional codes are
using soft-decision algorithms.

As a last point clarify that if the system is limited by Additive White Gaussian
Noise (AWGN) and the modulation format has a rectangular constellation as a QAM,
several decision thresholds can be applied to in-phase and quadrature components and
make symbol estimation. This method is known as the maximum likelihood symbol
estimation.
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A

Test and characterization of V-band
transceivers

In this chapter the experimental setup for testing and verifying the performance of
two bidirectional V-band (57-63 GHz) transceivers is explained. The chapter also
presents the obtained experimental results.

4.1 System implementation for V-band transceivers

This section explains how input signals are generated, i.e. the IF and LO signal
generation, and how two bidirectional V-band transceivers are tested and characterized
as well as all used mm-wave components.

Transmissions of 3 GS/s High Definition (HD) multimedia video signals are
presented to ensure the two bidirectional V-band transceivers are working.

4.1.1 System components and sources

4.1.1.1 Sources

Two input signals are needed to transmit using V-band transceivers, so that a
baseband signal is generated by a mini converter High Definition Multimedia Interface
(HDMI) to Serial Digital Interface (SDI). The SDI output is used as transmission signal
and a sinusoidal signal generated by an Agilent Signal Generator is used as Local
Oscillator (LO) signal. Then, the SDI and LO signals are mixed by a mixer, which is
implemented in the V-band transceiver model FC1002V/01 from SIVERSIMA,
enabling, at least, 57 GHz RF transmissions.

The SDI output signal of the mini converter HDMI to SDI is a digital signal of 3
GS/s i.e. of 1.5 GHz and 1 Vpp amplitude. The LO signal is a sinusoidal signal of 14.63
GHz frequency in order to transmit at the 60 GHz band. The reason for using a LO
signal of 14.63 GHz instead of 58.5 GHz is because V-band transceiver multiplies the
LO frequency by 4.
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4.1.1.2V-band Transceiver
To compare the optical and electrical coherent detection it is necessary to test and
characterize two bidirectional V-band transceivers SIVERSIMA FC1002V/01.

Both V-band transceivers are working from 57-63 GHz IF band and from 0.1-6.2
GHz RF. Each of them consists of one up- and one down-converter in a single unit and
these can use an internal or an external LO synthesizer. However, I have chosen an

external LO synthesizer to have full control of frequency selection.

shows V-band transceiver block diagram for SIVERSIMA

Figure 4.1
FC1002V/01 model and it helps us to understand how the V-band transceiver is
working.
IF Amplifiers* Mixer Power Amplifier with
IF-l input temperature sensing
— >
Mixer 5
IF-Q input
r—
V-band
o waveguide
90 WR-15
- X4 transmitter
output
B il
;j: Serial 12C bus* N Control LO
§ circuitry™* synthesizer*
+15 V* ! 1
> LO
+5V . - P
8 * DC circuitry [«—> synthesizer*
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Figure 4.1: SIVERSIMA FC1002V/01 model V-band transceiver block
diagram [36].

The maximum input signal powers must be kept in mind not to saturate
transceiver inputs and to generate correct input signals. The maximum LO (14.2-14.9
GHz) and RF (0.1-6.2 GHz) input powers for this transceiver model are 12 dBm +/- 0.5
dB and the maximum IF (57-63 GHz) input power at the WR-15 waveguide input, i.e.
the maximum power that can be detected by the receiver, is - 20 dBm. Furthermore, we
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have to take care, when we are supplying power to the transceivers and several steps
have to be followed. These steps are explained in transceiver specifications on [36].

Another important point to characterize V-band transceiver is that this transceiver
model is transmitting up to 10 dBm output powers.

This transceiver model is used to implement V-band communications, because it
is enabling WLAN applications and point-to-point or point-to-multi-point radio
communications. Moreover, this V-band transceiver model is using standard
waveguides and SMA interfaces, so it is easy to customize.

Figure 4.2: SIVERSIMA FC1002V/01 model V-band transceiver.

4.1.2 Experimental setup

Following the experiment setup for testing two SIVERSIMA FC1002V/01
bidirectional V-band transceivers enable, at least, 60 GHz communications, is
presented.

4.1.2.1 Source and millimeter wave components

To guarantee the correct generation of the SDI signal, the mini converter HDMI to
SDI has to be checked.

Two mini converters HDMI to SDI are connected in serial. The first mini
converter HDMI to SDI is connected to a PC and provides a SDI output signal. This
SDI signal is transmitted to the second mini converter SDI to HDMI, which is
connected to a HDMI input of the PC as shown in Figure 4.3. The HDMI output signal
of the second converter is tested to verify that is similar to the HDMI input signal of the
first converter. Then, the SDI output signal power of the first converter is measured in
order not to exceed 12 dBm powers.
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PC PC
HDMI output HDMI input
A
> Mini Mini
converter converter
HDMI to SDI _|SDI to HDMI

Figure 4.3: Testing both mini converters HDMI to SDI.

Furthermore, two equal LO signals of 14.63 GHz with powers smaller than 12
dBm are needed, one for the up-converter and one for the down-converter of the V-band
transceivers. The sinusoidal signal generated by a Signal Generator goes through a
power divider and both output signals are measured.

Next, all mm-wave components which are used during this experiment, such as
attenuators, amplifiers, adaptors, or cables, are tested to verify their behaviours are the
same that are indicated on their specifications.

Figure 4.4 shows the experimental setup to test the mm-wave components like
both attenuators and the RF cable.

Figure 4.4: Testing millimetre wave components.

4.1.2.2 Transceivers in transmission mode

Firstly, the SDI signal is connected to the transceiver RF input and a 14.63 GHz
sinusoidal signal is connected as LO signal, as Figure 4.5 shows. Then, the V-band
transceiver is switched on by applying 4.5 V and the transmission mode is activated.
Finally, the IF output signal power of the transceiver is measured using a power meter.
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The output signal power of the transmitter waveguide has been measured to verify the
V-band transceiver enables 60 GHz band transmissions. This is repeated for the second
V-band transceiver.

PC
HDMI output
= Mini converter
HDMI tq SDI Power
Meter
1.5 GHz
Signal A
Generator O
I'a 60.2 GHz
RF
| » | L0
14.63 GHz Tx IF
Rx IF ]
[ I/ LOR¢ ]
1 Q
LT

Figure 4.5: Testing the bidirectional V-band transceivers in Tx mode.

Figure 4.6 shows the experimental setup implemented to test and characterize the
V-band transceiver as transmitter.

Y

Mini Converter
HDMI to SDI 7

iy

/ - | AN

|
|
/

L4

F_3

Figure 4.6: Experimental setup to test the V-band transceivers in Tx mode.
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4.1.2.3 Transceivers in reception mode
Two alternatives for testing bidirectional V-band transceivers in reception mode

are presented.

On one hand, the V-band transceiver, which is working as transmitter, is
connected to the other transceiver (working as receiver) via two variable attenuators
from 0.5-30 dB connected in serial, to verify the transceiver is able to receive signals.

Figure 4.7 shows the experimental setup made for the first proposal.

Mini Converter

HDMI to SDI

Figure 4.7: Experimental setup to test the V-band transceiver in Rx mode.

On the other hand, the transceiver is connected to itself activating the transmission
and reception modes to verify 60 GHz band communications.

A RF cable of 50 cm length and a variable attenuator from 0.5-30 dB are used to
connect the transmitter output and receiver input of the transceiver. The attenuator
ensures output powers smaller than -20 dBm.

Figure 4.8 shows the experimental setup implemented for the second proposal.
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HDMI to SDI

Figure 4.8: Experimental setup to test the V-band transceiver in Tx and Rx
mode.

As shown in Figure 4.9, the SDI signal is connected to the first V-band transceiver
as RF signal and the LO signal is obtained from one power divider output. Then, the
other power divider output signal is connected to the LO signal input of the second
transceiver to recover the received signal. Finally, the RF signal of the receiver output is
amplified by 17 dB to detect the output signal using an Oscilloscope.

Oscilloscope
PC
HDMI
output
1 A
Signal _
Generator Mini converter
HDMI to SDI
1.5 GHz w
Power
Divider
[ 60.2 GHz []
" a | QG
«~ RF F o —
» | Lo Lo
Tx IF| |— /_ — |IF
14.63 GHz 1] Rx
0.5dB 0.5dB
o Rx IF ] [ IF T™ 10,
4 RF
IRFQ Q |
Lt O

Figure 4.9: Testing the second bidirectional V-band transceivers in Rx mode.
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The second experimental setup proposed for testing the transceiver is shown in
Figure 4.10. In this case, the transceiver is connected to itself in order to check if the
transceiver can transmit and receive at the same time.

To do so, the output of the transmitter is connected to the input of the receiver of
the same transceiver, using a RF cable of 50 cm length with insertion loss < 2.4 dB/ft,
which tolerates 65 GHz transmissions and uses SMA connectors with 0.3 dB insertion
loss per connector. Moreover, a variable attenuator from 0.5-30 dB is attached to
guarantee not to saturate the receiver input. As the last case, a 17 dB amplifier is needed
to detect RF output signal of the receiver because RF output signal is very small and the
Oscilloscope cannot detect it.

As a last point all obtained results measured with the power meter are not exact,
when the measured signal power is very small. This low value is hampering the signal
detection using this power meter. For this reason, the results shown in the experiment
results section are becoming more stables for powers bigger than -40 dBm. The bigger
the detected power; the easier it is to test the behaviour of mm-wave components.

PC
HDMI

output

Signal

Mini converter
Generator

HDMI to SDI

1.5GHz

H M @ 0.5 dB
I RF
LO
.
14.63 GHz Tx j T 60.2GH:
7\

Rx /
o IF ] %

I

Y

Oscilloscope

17 dB

\ 4

Figure 4.10: Testing the bidirectional V-band transceivers in Tx and Rx mode.
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4.2 Experimental results for V-band transceivers

This section is presenting the experimental results for both proposals explained
before. The measurement results are presented to show the V-band transceivers
characterization and how the system is affected depending on mm-wave components
that are used during the experiment.

4.2.1 Results of transceivers in transmission mode

The obtained results using the bidirectional V-band transceivers were not the
expected results. One of the two V-band transceivers does not apply power to the
output, so this transceiver is not able to transmit signals.

However, the other V-band transceiver can transmit signals at 60 GHz band. This
latter has been characterized measuring the output signal power of the transmitter
depending on the LO signal power. Table 4.1 shows the dependence between the V-
band transceiver output signal and the LO signal power.

P o (dBm) Vio (mV) Pou (dBm) Poug (dBm)

-39.95

2 398 -45.08 -31.94

4 501 -42.22 -27.68

6 631 -42.44 -25.68

8 794 -12.44 1.68

10 1000 -3.39 6.03

12 1260 -3.14 6.07

Table 4.1: Output power values of the V-band transceivers in Tx.

As Table 4.1 shows, the output power is different for the in-phase and quadrature
component. This is because the in-phase component is transmitting the phase
information of the transmitted signal and the quadrature component is transmitting the
amplitude information of the transmitted signal.

The next step was to test and check all mm-wave components. All of them are
working as explained in their specifications, i.e. amplifier is amplifying 17 dB output
signal, both attenuators connected in serial are attenuating, at least, 1 dB transmitted
signal as shown Table 4.2.
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P10 (dBm) Vio (mV) P (dBm) = Poyo(dBm)  Puy(dBm) Pouo (dBm)
After ATT After ATT

0 316 -47.57 -39.95 -47.85 -40.81

2 398 -45.08 -31.94 -46.02 -33.46

4 501 -42.22 -27.68 -43.37 -29.35

6 631 -42.44 -25.68 -43.66 -27.44

8 794 -12.44 1.68 -15.26 0.22

10 1000 -3.39 6.03 -6.07 4.63
12 1260 3.14 6.07 -5.77 4.67

Table 4.2: Output power values of the V-band transceivers in Tx before and
after attenuators.

As Table 4.2 shows and knowing the power meter can detect better the signals if
the signal power is bigger than -40 dBm, it is possible to think the in-phase component
is not generated correctly, because the signal power after the two attenuators is
attenuated 3 dB, approximately, instead of 1 dB. For the quadrature component case, the
signal power after the two attenuators is attenuated 1 dB approximately. This means that

the V-band transceiver maybe generates the quadrature component correctly.

This behaviour of the transceiver is also presented in case of using the RF cable of
50 cm length instead of the two attenuators, as shown in Table 4.3.

P10 (dBm) Vio (mV) P (dBm) | Puyo(dBm) Py (dBm) Pouo (dBm)
After RF cable After RF cable
0 316 -47.21 -38.27 -50.00 -43.87
2 398 -44 43 -33.18 -48.51 -39.21
4 501 -43.18 -30.91 -47.40 -36.38
6 631 -28.44 -13.56 -36.02 -22.67
8 794 -5.81 4.87 -13.46 -00.97
10 1000 -1.42 6.17 -8.32 00.05
12 1260 -1.49 6.08 -8.48 -00.04

Table 4.3: Output power values of the V-band transceivers in Tx and Rx

before and after of RF cable.

The expected attenuation for the output signal power using a RF cable of 50 cm
length is 6 dB approximately. Table 4.3 verifies the V-band transceiver is not generating
the in-phase component correctly, because the obtained values for the attenuation, in
this case, are varying between 2.8 and 7.6 dB. On the other hand, the attenuation for the
quadrature component power is, in general, 6 dB approximately.

At the moment, it is possible to think one of the V-band transceivers does not
work as transceiver and the other one is able to transmit but it is not generating the
signal correctly. So, the second transceiver maybe has losses in the transmission lines or
in the electrical circuit.
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4.2.2 Results of transceivers in reception mode

In this part of the section is explained the results obtained using both V-band
transceivers as receivers.

As explained in section 4.1.2.3 and as Table 4.2 shows, for using LO powers
between 0-12 dBm, two attenuators have to be attached in order to achieve power
values smaller than -20 dBm and not to saturate the input of the receiver waveguide.

However, as Figure 4.11 shows, no output signal is detected at the 17 dB
amplifier output, so this V-band transceiver, which is not able to transmit signals, is not
detecting the transmitted signal. I can confirm that this V-band transceiver does not
work and it cannot be used for future experiments.

No signal detected!!§

Figure 4.11: Testing the V-band transceiver that does not work.
No signal detected.

Once known that, the other V-band transceiver is characterized.

In this case the output of the transmitter and the input of the receiver are
connected using a RF cable of 50 cm and a variable attenuator. As shown in Figure
4.12, the RF output signal of the 17 dB amplifier is detected and visualized by an
Oscilloscope. However, it is not equal to the original signal.
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Figure 4.12: Testing the V-band transceiver that is not working correct.
Signal detected.

Figure 4.13 shows the differences between the transmitted signal and the
recovered signal. The yellow curve in the top of the picture represents the transmitted
signal and the blue curve in the bottom of the picture represents the recovered signal.

. . . . -
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Figure 4.13: Transmitted signal in the top and recovered signal in the
bottom.

This last V-band transceiver can detect signals but it is not able to recover the
received signal correctly, i.e. it is recovering a signal which has different amplitude and

different frequency that the original one.
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For the last V-band transceiver there are different possible reasons that this
transceiver is not able to implement 60 GHz communications. One possible reason is
the V-band transceiver is not transmitting correctly the original signal. Another possible
reason is the transmitted signal is not recovered correctly. This unexpected behaviour of
the V-band transceiver can be caused by losses in the transmission lines or in the circuit
components.

As conclusions of the experiment, these both bidirectional V-band transceivers
cannot be used for future experiments, because one of them is completely not working
and the other one is not able to transmit or recover the original signal correctly.
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ACROFS

This chapter explains how an Adaptive and Cognitive Radio over Fiber System
(ACROFS) can be implemented as a solution for high capacity RoF systems enabling to
use 28-38 GHz frequency bands and using adaptive wireless technology for mm-wave
frequency bands.

The development of a broadband horn antenna, an Optically Controlled
Reconfigurable Antenna (OCRA) for mm-wave radio links and a photoconductive
switch are defined in the first part of this section. Then, the implemented experimental
setup to prove the functionality of this new proposal for high capacity RoF systems is
presented. Finally, this chapter reports the experimental results for 32-QAM and 64-
QAM wireless transmissions at frequency range from 28-38 GHz using the OCRA and
horn antenna, a photoconductive switch and photonic down-conversion to intermediate
frequency.

The experiment results presented in this chapter prove adaptive wireless systems
are useful for outdoor mobile communications, such as mobile backhaul and fronthaul,
and high-capacity point-to-point mm-wave links.

5.1 Adaptive and Cognitive Radio over Fiber Systems

The growing of wireless devices creates the need to research in new frequency
bands for high capacity wireless systems (see Chapter 1).

To difference of the IPHOBAC-NG proposal which uses optical coherent
detection and E-band frequencies for wireless to optical and optical to wireless
communications, the proposal presented in this section enables 28-38 GHz frequency
band wireless communications using reconfigurable antenna technologies.

The main advantage of using 28-38 GHz band instead of other lightly licensed
mm-wave frequency bands, such as E-band or W-band, is the low influence of the
atmospheric absorption on the path loss. So, it offers a better wireless coverage and a
reduced electrical front end complexity. For these reasons, 28-38 GHz frequency bands
is a suitable band to use for outdoor mobile communications and point-to-point wireless
systems, as shown in Figure 5.1.
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Figure 5.1: 28-38 GHz frequency band communications. P2P: Pont to Point
wireless links, CO: Central Office, RU: Remote Unit [37].

The Adaptive and Cognitive Radio over Fiber System (ACRoFS) proposed in this
sections consists of an Optically Controlled Reconfigurable Antenna (OCRA) for mm-
wave radio links, a photoconductive switch and RoF systems operating in 28-38 GHz
frequency bands.

Reconfigurable antennas are able to modify the antenna properties, such as the
radiation pattern, polarization and also bandwidth, enabling to reduce the hardware
complexity and amount of components, as well as offer efficient power and spectrum
utilization.

There are several ways to implement the reconfigurable antennas [38]; this section
presents the development of a new proposal of OCRA to enable the three frequency
bands reconfiguration. The OCRA implemented can modify the frequency response and
radiation pattern in the frequencies 28, 34 and 38 GHz using a photoconductor switch.

An ACROFS takes advantage of the benefits of 28-38 GHz band with the
advantages of using a broadband horn antenna and an optically controlled
reconfigurable antenna for three frequency bands, offering a solution for mm-wave
frequency band wireless systems as well as a suitable solution for outdoor
communications.
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5.2 System implementation for ACRoOFS

This part of the section presents the experimental setup for ACRoFS operating on
28-38 GHz frequency band.

Firstly, an overview of a broadband horn antenna for mm-wave radio links, an
optically controlled reconfigurable antenna, and a photoconductive switch are explained
in order to understand the whole system. Then, the experimental setup is presented and
commented.

5.2.1 Components for mm-wave radio links

The following picture shows the three main components used to implement the
ACROFS. Figure 5.2 a) shows the broadband horn antenna which is used as receiver.
Figure 5.2 b) shows the Optically Controlled Reconfigurable Antenna (OCRA) in which
the photoconductive switch is implemented. The OCRA consists of antenna arrays and
it is used as transmitter. The photoconductive switch is switched ON using optical fiber
illuminated by 808 nm laser, as shown in the bottom of Figure 5.2.

b)

Opticzl fiber illuminated by 808nm laser

Figure 5.2: Antennas for mm-wave radio links: a) Broadband horn antenna;
b) Optically controlled reconfigurable slotted waveguide antenna; c¢)
Photoconductive switch [37].

5.2.1.1 Antennas for millimeter-wave radio links

The broadband horn antenna, which is shown in Figure 5.2 a), operates from 22-
46 GHz frequency bands and provides gain up to 17 dBi. It is made from aluminum and
it is able to transmit and receive signals. Moreover, as Figure 5.3 shows it is a directive
antenna.
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Figure 5.3: Antenna radiation pattern for 38 GHz: At left OCRA on “OFF”
and “ON”, at right Broadband horn antenna [37].

Reconfigurable antennas are used to modify the antenna properties enabling
changes in the bandwidth, polarization and radiation pattern to cope with reconfigurable
multiservice and efficient spectrum and energy utilization. To achieve these benefits,
reconfigurable antennas are using agile frequencies, cognitive radios and defined
software.

In the last years, the research in reconfigurable antennas has been fast increased,
so that there are many ways to implement them. As explained in [37] and [39], the most
promising implementation for low frequency ranges is using an optically controller.

An Optically Controlled Reconfigurable Antenna (OCRA) is implemented as a
multiband Slotted Waveguide Antenna Array (SWAA) and it is optically controlled by a
photoconductive switch. The photoconductive switch is switched ON by a high power
808 nm laser and an optical fiber for illuminating it, as shown in Figure 5.2. In this case,
SWAA is formed by a metallic waveguide with the correspondents dimensions and
disposed slots as shown in Figure 5.2 b) [37].

The proposal ACROFS enables the frequency response and radiation pattern
reconfigurations of three frequency bands: 28, 34 and 38 GHz. Moreover, it has been
designed to provide steerable pattern in the 28 and 38 GHz frequencies. For this reason,
the gain variation is low for 34 GHz band.

Broadband horn antenna enables higher gain compared with OCRA. However, the
OCRA enables optical reconfigurations of the antenna properties using a
photoconductive switch.
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5.2.1.2 Photoconductive switch

The photoconductive switch consists of a tiny dice made of silicone, as shown
Figure 5.2 c), in which its conductivity changed depending on the incident optical
power. That becomes possible because when light impact to the silicone it changes from
insulator state to a conducting state. The incident photons of light must have enough
energy in order to move electrons from the conduction band [37].

The incident light can modify the OCRA frequency response and radiation pattern
as Figure 5.3 shows and the gain changes from 3.35 dBi (green region from Figure 5.3)
in the “OFF” state to 11.80 dBi (red region from Figure 5.3) in the “ON” state for a
laser current equal to 3.5 A and for transmissions at 38 GHz frequency band.

As shown in Table 5.1, the gain of both antennas also changes depending on the
interested frequency. The OCRA gain variation between “OFF” and “ON” states is from
1.84-8.45 dBi depending on the frequency chosen.

Frequency Broadband ~ OCRA OCRA
(GHz) hom “OFF” “ON”
antenna State State

28 13.35 3.77 10.17

34 14.40 8.89 10.73

38 15.65 3.35 11.80

39 15.81 2.62 10.32

Table 5.1: Gain (dBi) for broadband horn antenna and OCRA depending on
frequency [37].

5.2.2 Experimental setup

The experimental setup implements an optically controlled reconfigurable antenna
and Radio over Fiber system taking advantage of the mobility and distribution of
wireless network with the optical fiber advantages.

As shown in Figure 5.4, this system consists of transmitting modulated signals at
5 m distance by an OCRA and then this one is received by a broadband horn antenna.
The red lines indicate optical systems and the black lines identify electrical systems.
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Figure 5.4: Experimental Setup ACRoFS [37].

The Vector Signal Generator (VSG) provides the 32-QAM and 64-QAM RF
signal within the frequency range between 28 and 38 GHz. This one is allocated into
the optically controlled antenna at 5 dBm RF power. Then, the RF signal is transmitted
at 5 m distance by a broadband horn antenna or an OCRA depending on the experiment.

A broadband horn antenna receives the transmitted signal and it is amplified by a
Low Noise RF Amplifier (LNA) with 30 dB gain and a Power Amplifier (PA) with 21
dB gain. Then, the down-conversion to Intermediate Frequency (IF) process is applied
to the received and amplified wireless signal.

In that case, the down-conversion is implemented as a photonic down-conversion
architecture and it consists of two cascaded Mach Zehnder Modulators (MZM) [37].

A RF tone of 4 dBm power is used as LO signal for a MZM and External Cavity
Laser (ECL) is used to feed a MZM. At the first MZM output, the optical signal consists
of three tones of which their distance is equal to LO frequency value, typically from 27-
31 GHz. Then, the three tones are modulated with the received and amplified wireless
signal by the second MZM.

Afterwards, it is amplified by Erbium Doped Fiber Amplifier (EDFA) and filtered
by an Optical Band Pass Filter (OBPF) in order to remove the undesired components.
The output signal consists of three tones with distances equal to the difference between
LO and RF signals, typically from 4-10 GHz, and these three tones contain the
information of interest.

As a last part of system, photodiode is responsible to convert optical signal into
electrical field. Finally, the electrical signal is amplified by a PA and sampled using a
high speed Digital Storage Oscilloscope (DSO).
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DSO enables digital demodulations and received signal error measurements, such
as Error Vector Magnitude (EVM) and Signal to Noise Ratio (SNR) measurements.

EVM measures the difference between the transmitted signal and the received
signal and it is expressed in % unites. The smaller is EVM; the better is the recovered
signal.

SNR measures the difference between the received signal power and the noise
power and it, typically, is expressed in dB unites. The bigger is SNR; the better is the
detected signal.

As explained in [40], EVM can be approximated for the square root of SNR
inverse when the noise is Additive White Gaussian Noise (AWGN), like in our case.

, 1
EVMpys ~ o3z (5.1)

As presented in the last part of this section, EVM and SNR help us to confirm and
verify the correct functionality of the broadband horn antenna, Optically Controlled
Reconfigurable Antenna and photoconductive switch.

5.3 Experimental results for ACRoFS

The last part of this section reports the obtained experimental results
implementing an Adaptive and Cognitive Radio over Fiber System (ACRoFS).

The experiment is divided in two parts. On one hand, two broadband horn
antennas are tested as transmitter and receiver of 32-QAM and 64-QAM signals. On the
other hand, an Optically Controlled Reconfigurable Antenna (OCRA) is implemented as
transmitter and a broadband horn antenna is used as receiver.

Finally, the Error Vector Magnitude (EVM) and Signal to Noise Ratio (SNR)
obtained for 32-QAM and 64-QAM modulations are also presented.

5.3.1 Experimental results for broadband horn antenna

Two broadband horn antennas are used for this part of the experiment in order to
study their behaviour depending on the frequency and modulation formats chosen. One
of them is used as transmitter and the other one as receiver.

The experiment is implemented for 32-QAM and 64-QAM modulations at
frequency range between 28 and 38 GHz. All frequency range is tested in steps of 2
GHz frequency.

Figure 5.5 shows three different cases for 32-QAM modulation with three
different frequencies and fixing the LO frequency at 29 GHz. The results shown in
Figure 5.5 a) are obtained for 34 GHz frequency, so the Intermediate Frequency (IF),
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for this case, is 5 GHz and the EVM 1is 8.519 %. In Figure 5.5 b) are shown the obtained
results for 36 GHz frequency, i.e. the IF is 7 GHz and EVM is 6.016 %. And Figure 5.5
c¢) shows the experimental results for 38 GHz frequency, so IF is 9 GHz and EVM is
7.779 %. The obtained EVM is less than 9 % for all cases.

SHR(MEF

Figure 5.5: Constellation Diagram for the recovered 32-QAM signal. a) 32-
QAM signal at 34 GHz. a) 32-QAM signal at 36 GHz. a) 32-QAM signal at 38 GHz.

Following the behaviour of broadband horn antenna is presented for a 64-QAM
RF signal at 36 GHz frequency band. In this case, the EVM obtained is 6.318 %, which
is smaller than in the other cases studied. This EVM small value means the amount of
errors on the constellation is low enough for considering broadband horn antennas
acceptable as a successful solution.

Figure 5.6 shows the 64-QAM constellation at 36 GHz frequency band using
photonic down-conversion and two broadband horn antennas.
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Figure 5.6: 64-QAM constellation at 36 GHz frequency.

Figure 5.7 presents the electrical spectrum of the IF signal detected by DSO.

As shown in this figure, the carrier frequency is allocated at 7 GHz which
corresponds to the difference between the LO and RF received signal frequency.
Moreover, DSO provides the received electrical power measurement which is -40 dBm.
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Figure 5.7: Electrical spectrum of the received electrical signal at 7 GHz.
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5.3.2 Experimental results for OCRA

The results presented in the second part of the experiment are obtained using an
optically controlled reconfigurable antenna to transmit the 32-QAM signal at 38 GHz
frequency and 5 m distance, a broadband horn antenna as receiver and applying
photonic down-conversion to IF.

The successful behaviour of OCRA is observed on the gain improvement. The
gain value is 11.80 dBi when photoconductive switch is illuminated (“ON” state) and it
is 3.35 dBi when photoconductive switch is turned to “OFF” state, so the gain
improvement at 38 GHz frequency is of 8.45 dB.

Figure 5.8 shows the obtained 32-QAM constellation for different laser currents
and the dependence between the recovered signal and the laser current. The laser
current, which illuminates the photoconductive switch, has been varied from 0-3.5 A to
measure the SNR and EVM and prove the antenna properties are improving when the
incident optical power on the photoconductive switch is increasing.
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Figure 5.8: 32-QAM Constellation varying the laser current. a) 32-QAM Constellation
for 0.0 A of laser current (Switch OFF). b) 32-QAM Constellation for 0.5 A of laser current
(Switch ON). ¢) 32-QAM Constellation for 1.0 A of laser current (Switch ON). d) 32-QAM
Constellation for 1.5 A of laser current (Switch ON). e) 32-QAM Constellation for 2.0 A of laser
current (Switch ON). f) 32-QAM Constellation for 2.5 A of laser current (Switch ON). g) 32-
QAM Constellation for 3.0 A of laser current (Switch ON). h) 32-QAM Constellation for 3.5 A of
laser current (Switch ON).
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Figure 5.9 and Figure 5.10 show the SNR and EVM on relation to the laser

current injected on photoconductive switch.
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Figure 5.9: SNR as a function of the laser current.
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Figure 5.10: EVM as a function of the laser current.

Both figures show a clear evidence of the OCRA behaviour improvement when
the laser current is increasing. The constellations verify the poor signal received, when
the photoconductor switch is in the “OFF” state, and the 32-QAM signal received, when

the laser current increased.
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For 3.5 A of laser current, SNR obtained is improved 8 dB respect to the value in
“OFF” state and EVM measured is of 4.8 %. Moreover, the gain is enhanced by 8.45 dB
and the constellation measured is excellent.

For these reasons, the OCRA can be a solution for an adaptive wireless system
and be implemented on radio over fiber communications. The ACRoFS presented in
this section is a promising solution for next high capacity radio over fiber systems
enabling reduce the electrical detection complexity.
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6

Conclusions

The presented IPHOBAC-NG project is a clear example of a real implementation
for high capacity radio over fiber systems. As explained in Chapter 2, the IPHOBAC-
NG proposal for novel RAUs consists of combining high speed wireless links with
optical coherent receivers for WDM accesses in Passive Optical Networks (PON). The
usage of photonic coherent detectors is becoming a suitable solution to implement for
future RoF links. Using 90° optical hybrid and coherent heterodyne detection techniques
makes it possible to implement photonic up and down conversion avoiding the high
complexity and cost implementation of electrical front ends.

Moreover, the digital coherent optical receiver has been explained for the specific
case in which coherent heterodyne detection is used. It helps us to understand how the
90° optical hybrid is capable to do photonic up/down conversions as well as the DSP
algorithms can compensate the transmission imperfections such as chromatic dispersion,
polarization dispersion and channel distortions. To do so, different techniques have been
explained in detail, such as analog to digital conversion to enable digital signal
processing, Gram-Schmidt algorithm for signal orthonormalization or carrier and phase
recovery which do the phase and frequency offset estimation.

In this thesis has been also described the experimental setup for testing and
characterizing two bidirectional V-band (57-63 GHz) transceivers. The experiment was
done in order to verify the correct functionality of both transceivers and check if they
can be used for future experiments. Nevertheless, the reported experimental results
proved that both SIVERSIMA transceivers are not able to be used in future experiments
because one of them does not work and the other is capable to transmit and detect the
signal but this one is not generated or recovered correctly.

Although the obtained results are not the expected ones, this experiment was
useful to gain experience on the mm-wave components management and experimental
setup developments.

Regarding reconfigurable antennas, the experimental setup for implementing an
adaptive and cognitive RoF system using a broadband horn antenna, which provides
direct beam and high power transmissions, and an optically controlled reconfigurable
antenna, which enables to modify the bandwidth, radiation patterns and polarization, has
been also explained.
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The main advantage of using reconfigurable antennas is the capability to modify
the antenna properties without needing to change the infrastructure implementation.
Furthermore, if the antenna is optically controlled using a photoconductive switch is
possible to reconfigure the frequency response and bandwidth enabling spectrum
efficiency and reduced cost implementation.

As a last point clarify that the obtained small value of EVM for 32-QAM and 64-
QAM wireless transmissions at 28-38 GHz frequency band is less than 9 %. This proves
that combining OCRAs and boarding horn antennas with the beamforming technique
can be a solution to implement future broadband wireless communication links and
cellular communication networks.

6.1 Future work

A possible future work would be the software development of the digital coherent
optical receiver. It could be developed using Matlab or C/C++ codes. Then, this
software could be implemented in a Field Programmable Gate Array (FPGA) or an
Application Specific Integrated Circuit (ASIC) in order to study their behaviour using
real data.

Moreover, the coherent receiver complexity increases with the increased laser
linewidth. So, the last software could be used to study the dependence between the
coherent receiver and laser linewidth as well as characterize the coherent receiver and
study its limitations.

For example, the DSP algorithms complexity is limited for the non-linearity
impairments due to the difficulty for compensating these. In WDMA case, the non-
linearity impairments are caused by different transmitted wavelengths which are
overlapped. This is known as the crosstalk impairments. An interesting future work
would be to study and research how it is possible to compensate the crosstalk
impairments. This will enable to reduce the DSP algorithms complexity and as a
consequence the latencies and codec power consumption would be reduced.

Regarding the ACROFS presented in this thesis, the OCRA, broadband horn
antenna and photoconductive switch would be interesting to be tested and characterized
in order to study their limitations.

Furthermore, multi-antenna arrays are needed in the mobile station to create a
beamforming pattern and provide a directly beam toward the base station. MIMO
antennas need to transmit in different bands and with different beamforming patterns.
So that, optically controlled reconfigurable antennas are used but, at this moment, it is
possible to modify the antenna properties in three frequency bands only. For these
reasons, the research in reconfigurable antennas can be grateful for future mobile
communications, especially in how to improve OCRA in order to be implemented as
MIMO antenna.
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