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by Yichuan Li

In this thesis, we design cost-efficient high-performance communication systems employ-

ing analogue radio over fiber (A-RoF) techniques combined with wireless multiple-input-

multiple-output (MIMO) techniques. Our objective is to exploit the A-RoF design for

reducing complexity of MIMO signal processing, without degrading the MIMO gains

attained.

Explicitly, we propose four novel systems involving both A-RoF and wireless MIMO

schemes. Firstly, we conceive a novel A-RoF aided beamforming technique beneficially

exploiting the fiber’s potentially harmful non-linearity, in order to circumvent the exces-

sive insertion loss of electronic phase-shifters. In this system, the phased array antenna

elements are fed by the output of the highly non-linear fiber (HNLF), resulting in a ben-

eficial angular beamsteering range depending on the length of the HNLF used, which

can be exploited by sophisticated cloud/centralised radio access networks (C-RANs)

for reducing the co-channel interference. Secondly, we propose an A-RoF aided spatial

modulation (SM) scheme, where the SM’s antenna indices are conveyed by the optical

side-bands. Furthermore, we experimentally demonstrate the feasibility of our proposed

concept by a prototype system using two-antenna based SM, realising an A-RoF aided

SM system supporting a downlink rate of 2 Gbps. Then, we further developed the A-

RoF aided wireless MIMO design to conceive an adaptive C-RAN system, where both

the modulation format and the number of connected remote radio heads are selected

depending on the channel conditions.
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Additionally, inspired by our previous designs of amalgamating beamforming and SM

using A-RoF, we extend our vision to multi-functional MIMO (MF-MIMO) systems. We

subsequently conceive a novel A-RoF system design relying on the sophisticated multi-

set space-time shift keying (MS-STSK) concept, which is capable of combining diversity

and SM. This flexible MF-MIMO design carries out its signal processing tasks in a

central unit and it is capable of achieving a rate of 10 Gbps using 16QAM.

The above-mentioned three systems rely on using single-mode silicon fiber for out-

door cellular systems, while in our fourth study, we propose an architecture for indoor

scenarios in order to meet the increasing demands for in-home services. Thus, we design

an all-optical processing aided wireless MF-MIMO architecture employing plastic optical

fiber (POF), where both diversity and beamforming gains can be attained. Explicitly,

we aim for realising a MF-MIMO system by using radio over POF techniques for RF

operating in the 2.4 GHz band. Specifically, Alamouti’s twin-antenna space-time block

coded symbols are transmitted using a single Mach-Zehnder modulator (MZM). The

attainable angular beamsteering range is 150◦. We also show that this concept can be

extended to a multi-user system using mode division multiplexing (MDM).

Our research described in this thesis demonstrates the feasibility and the benefits

of using A-RoF aided MIMO signal processing, in terms of both its cost-reduction and

performance-improvements.
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Chapter 1
Introduction

1.1 Motivation

O
ur life-style has been radically changed by the information revolution.

As exemplified by the innovative iPhones and the Android-based smart

phones, to the rabidly evolving artificial intelligence, hardware inno-

vations are capable of supporting more reliable communication system

designs. In communication system design, we have to carefully consider the performance-

cost trade-off, where the performance is typically quantified in terms of the bit error ratio

(BER), signal-to-noise ratio (SNR) and the achievable throughput. By contrast, the to-

tal cost of ownership (TCO) takes into account both the Capital Expenditure (CAPEX)

and the Operating Expenditure (OPEX)1. Generally, the frequency, space, time, code

and polarisation domains etc. can be exploited as the fundamentals for supporting a

multiplicity of users and for reducing BER as well as the interferences and increasing

the SNR, thus enhancing the channel capacity [2]. Meanwhile, in order to support more

users, the mobile network is perpetually upgraded for the provision of low-cost reliable

communication links [1]. Although, numerous techniques can be used for substantially

boosting the network performance attained [3–5]. Striking an appropriate performance

vs cost trade-off is always of importance.

1CAPEX comprises the expenditure for network construction, whist OPEX sums the cost for oper-
ating the communication network [1].

1



2 Chapter 1 Introduction

Wireless communication is facing an ever-increasing thirst for high-quality data trans-

mission. But this also imposes high demands on the core networks, hence optical fiber

has been widely used in access networks, such as both for the backhaul and fronthaul

as well as even for indoor communication systems [6].

Thus, the capacity demands of emerging technologies test the limits of current access

communication systems. Some of their critical issues are summarised as follows:

1. Outdoor cellular system

(a) Issue 1: The need for deploying a large number of base stations is quite

pressing for the sake of serving more users, especially in densely populated

areas. This trend results in substantial energy- and cost-consumptions [7].

(b) Issue 2: Given the shortage of frequency allocated for civil usage, the achiev-

able spectral efficiency is deemed a crucial design metric [8].

(c) Issue 3: Both the inter-channel and co-channel interferences are aggrevated

as a result of supporting more users involved [9].

2. Indoor communications

(a) Issue 4: The Internet of Thing (IoT) supporting smart homes requires a

large bandwidth for serving the ever-increasing number of connected devices,

which the traditional copper based network struggles to handle [10].

(b) Issue 5: Both the copper based and the glass optical fiber (GOF) based

indoor communications rely on trained engineers for installation and on ex-

pensive test equipment for network monitoring [11, 10].

Then, considering the performance vs cost, the above-mentioned issues can be addressed

by the following solutions:

1. Outdoor cellular system

(a) Issue 1 is concerned with the expenditure of deploying more base station

towers designed for supporting more users. Centralised networks based on

radio over fiber (RoF)2 aided distributed antennas are capable of splitting

2Unless we specify the fiber type, the fiber here is referred to as single-mode fiber.
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the functions of the traditional base station between the central unit (CU)

and the remote radio head (RRH), hence significantly reducing the TCO by

beneficially lowering the OPEX, when it counts to networks upgrade, man-

agement as well as site rental. A 10% CAPEX and a 50% OPEX saving may

be attainable compared to traditional base stations [1, 12].

(b) Issue 2 and Issue 3 are related to the spectral efficiency and to the dele-

terious effects of interferences, which are related to the achievable through-

put and system reliability. Multiple-antenna based multiple-input-multiple-

output (MIMO) techniques are capable of supporting beamforming and of

providing both the diversity and multiplexing gains3 by exploiting the de-

grees of freedom, in the space, time and frequency domains for improving the

spectral efficiency without invoking extra bandwidth and for mitigating the

interferences with the aid of novel transceiver designs.

2. Indoor communications

(a) The above-mentioned MIMO-assisted spectral efficiency improvements are

also advocable in indoor communications provided that carefully designed

solutions are conceived. Furthermore, Issue 4 emphasises the bandwidth

limitation of the traditional copper based indoor communications, which are

expected to be gradually superseeded by RoF techniques, due to fiber’s low

loss and rich bandwidth [13].

(b) Multi-mode GOF and large-core plastic optical fiber (POF) potentially ad-

dress Issue 5, with the aid of easing the installation procedure by introducing

the ”do-it-by-yourself” connections [10]. As a further benefit, POF solutions

rely on inexpensive test equipment for further reducing the overall cost.

In a nutshell, as it transpires from Fig. 1.1, MIMOs and RoF techniques contribute

to performance-improvement and cost-reduction respectively, while POF solutions are

capable of further reducing the system installation cost in indoor communications. Con-

sidering the performance vs cost trade-off of the access network, we integrate the so-

phisticated MIMO schemes with RoF aided centralised systems, where we aim for a

3In this thesis, we refer to the beamforming, diversity and multiplexing which employ multiple an-
tennas as MIMO schemes.
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Challenges

· More base stations

· Higher spectral 

efficiency

· More interference

         

            Solution

Cost-efficient and high-

performance RoF aided 

MIMO system design

Techniques

· Radio over multi-mode fiber 

based indoor distributed 

antenna network

· MIMOs

Techniques

· RoF based centralised 

network

· MIMOs

Challenges

· Low bandwidth of copper 

based indoor networks

· Expensive test equipment for 

GOF and copper based indoor 

networks

        Outdoor Communications Indoor Communications

Figure 1.1: Motivation of the research conducted.

high-performance yet low-cost communication system design, capable of striking a com-

pelling performance vs cost trade-off. Explicitly, in this thesis, we propose a RoF aided

MIMO concept, where the performance is improved using MIMO schemes and the TCO

is reduced by beneficially exploiting the RoF’s capability of centralising most of the

signal processing.

Thus, in Chapters 2, 3 and 4, we invoke single-mode GOF for our RoF based radio
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access network. More specifically, beamforming and spatial modulation (SM) are imple-

mented optically in the low-cost RoF aided centralised/cloud radio access network (C-

RAN) advocated, followed by a low-cost multi-functional MIMO-assisted and RoF aided

C-RAN system design. Furthermore, by exploiting the low-cost deployment of POF in

short-distance applications such as indoor communications, Chapter 5 intrinsically amal-

gamates the state-of-the-art multi-functional MIMO (MF-MIMO) concepts with POF

aided indoor communications for realising a RoF-MIMO aided high-performance yet

low-cost local area network (LAN) for multi-user communications.

Prior to detailing the new contributions of the thesis, we briefly introduce the system

component of RoF aided MIMOs, the prevalent C-RAN system and the multi-mode

fiber based indoor communication scenarios, followed by highlighting their rationale and

challenges.

1.2 Background

1.2.1 Radio Over Fiber System

RoF systems convey RF signals in the optical frequency band over fiber. They can be

used in many scenarios, such as cable television (CATV) [13] by exploiting the wide

bandwidth of the optical fiber [13]. Similarly, the ground station of satellite communi-

cation systems may invoke RoF transmissions for centralising the signal processing in

a central station whilst flexibly positioning the antenna at the best location [14, 15].

On a similar note, outdoor cellular networks and indoor distributed antenna networks

can potentially benefit in the same way from having distributed antennas and central

processing, hence, substantially boosting the OPEX savings [16]. In this section, the

two classic RoF systems, namely the digitised RoF (D-RoF) and analogue RoF (A-RoF)

concepts are introduced and compared. Finally, we will opt for A-RoF for our MIMO

designs since it reduces both the remote site’s hardware implementation cost as well as

the total power-consumption.
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Figure 1.2: A general D-RoF system.
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Figure 1.3: A general A-RoF system.

1.2.1.1 Digitised RoF Solutions

The D-RoF concept is capable of substantially improving the system performance whilst

simultaneously reducing the OPEX and CAPEX cost [17]. As shown in Fig. 1.2, the

in-phase/quadrature (I/Q)-modulated symbols are up-converted by the RF carrier [18],

followed by the digitisation of the modulated RF signals before electro-to-optic (E/O)

conversion. The discrete-time, discrete-amplitude RF signal is then conveyed by optical

modulation. Then, the optical signal carrying the digitised RF signals is then conveyed

by the optical fiber to the remote antenna site. The optic-to-electro (O/E) conversion

subsequently maps the modulated optical signal to the digitised RF signal, prior to

digital-to-analogue conversion (DAC). The recovered RF signal will then be transmitted
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over the ether by carrying out some basic radio functions such as filtering and ampli-

fication without sophisticated digital signal processing. It has even shown that D-RoF

transmission improves the link’s dynamic range, defined as the ratio of the strongest to

the weakest RF signals transmitted over the fiber without distortion [16]. Furthermore,

the signal processing centralisation substantially reduces the OPEX [16]. Moreover,

the digital optical link is capable of improving the system performance as a benefit of

combating the fiber impairments.

However, since D-RoF relys on the digitisation of high-frequency RF, it requires a

high sampling frequency and a high resolution analogue-to-digital conversion (ADC)

[16, 17]. This problem is potentially alleviated by bandpass sampling. As a design-

alternative, A-RoF dispenses with digitisation altogether as well as with power-thirsty

ADC and DAC, hence it is capable of supporting broadband services by invoking lower-

bandwidth optical transmitters [12, 18]. Next, we briefly describe the rationale of A-RoF

solutions.

1.2.1.2 Analogue RoF Solutions

Fig. 1.3 shows the schematic of a general A-RoF downlink system, where the ADC

and DAC used for digitising/recovering the RF of D-RoF in Fig. 1.2 are removed.

Explicitly, as seen in Fig. 1.3, the modulated RF signal is E/O-converted by using an

optical transmitter before being transported over a fiber link to the remote antenna site.

Then, the optically carried RF signal is photo-detected (i.e. O/E conversion), filtered

by a bandpass filter (BPF) and amplified by an electronic amplifier (EA), before being

directly transmitted over the air. The only substantial difference between A-RoF and

D-RoF is the eliminated digitisation process. Hence, A-RoF requires a lower-bandwidth

optical transmitter, resulting in a reduced fiber load and reduced power-consumption at

the remote antenna site [16]. However, A-RoF exhibits poor dynamic range and it is

susceptible to the fiber’s non-linearity and fiber dispersion, hence limiting the attainable

fiber length to a few kilometers [16]. Therefore, A-RoF techniques have been primarily

used in millimeterWave (mmWave) systems [12, 19], in C-RAN systems [7] and in indoor

LANs [15, 20] for short-distance transmission. Furthermore, as mentioned in Section
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1.1, A-RoF and MIMOs may be beneficially amalgamated into a cost-efficient high-

performance centralised systems. Hence, we will briefly highlight the associated MIMO

schemes in the next section.

1.2.2 MIMO Techniques

 Beamforming

 Benefits

Extend the propagation        

Reduce the inter−channel

     interference

             range

Space Diversity

 Benefits

Combat the multi−path 

fading

 Benefits

Increase the channel

capacity

MIMO

 Multiplexing

Figure 1.4: MIMO schemes and their benefits.

By exploiting the extra degree of freedom provided by the spatial dimension, multiple-

antenna techniques substantially improve the system performance [21]. In MIMO sys-

tems, multiple transmit and receive antennas act in unison in order to achieve beamforming-

based SNR gains, multiplexing-assisted capacity gains and diversity gains [2]. As shown

in Fig. 1.4, we list the three popular MIMO families and their corresponding benefits

in terms of improving the system’s performance. As seen in Fig. 1.4, beamforming

is capable of extending the propagation range as well as reducing the inter-user inter-

ference by forming an analogue receive beam. By contrast, space diversity is designed

for combating fading channel. Finally, multiplexing improves the channel capacity. For

further information on MIMO techniques please refer to [22].

1.2.2.1 Multi-functional MIMO Systems

Again, as shown in Fig. 1.4 and in Fig. 1.5, beamforming is capable of extending the

propagation range and reducing the inter-channel interference whilst space diversity mit-

igates the fading effects and multiplexing is capable of increasing the channel capacity.
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Figure 1.5: MF-MIMO concept. HBF: Hybrid Beamforming, DBF: Digital
Beamforming, ABF: Analogue Beamforming, SMX: Spatial Multiplexing, SM:
Spatial Modulation, MF-MIMO: Multi-functional MIMO. (Note that we refer
to beamforming as analogue beamforming, unless stated otherwise.)

However, both the reliability and the throughput are crucial considerations, which mo-

tivates combining two or more MIMO schemes within a single communication system.

This leads to the concept of MF-MIMO schemes, aiming for achieving a combination

of beamforming, diversity and multiplexing gains. We will provide a brief review of

MF-MIMO concepts in Chapter 4.

1.2.3 Centralised Network Based On A-RoF

1.2.3.1 Cloud/Centralised Radio Access Networks

In the second-generation global system of mobile communications as GSM, each base

station accommodates both the baseband unit and the radio unit, with the antennas

located only few meters-away. This concept evolved further in the W-CDMA system

based 3G, where the functions of baseband signal processing carried out in the baseband
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unit/central unit (BBU/CU) and the tasks of the radio function carried out in the

remote radio head (RRH) were separated4 [9, 23]. Then, in the fast-paced 4G and 5G

era, the RAN architecture mentioned above was redesigned by conceiving a centralised

RAN, where all the BBUs serving the individual RRH became housed in the same

place, therefore improving the energy efficiency resulted by relying on further simplified

RRHs as well as on the advanced coordinated multi-point (CoMP) and load balancing

techniques of [1].

Figure 1.6: RoF aided C-RAN system.

41. In general, as shown in Fig. 1.7, the baseband unit performs in-phase and quadrature (I/Q)
modulation, pulse shaping, digital modulation etc., while the RRH is only responsible for the low-
complexity radio function of filtering, amplification and transmission. 2. The terminologies of BBU and
CU in this thesis are interchangeable.
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The A-RoF aided C-RAN downlink is depicted in Fig. 1.6, where the backhaul

connects the core networks and the BBU/CU, while the C-RAN fronthaul links the

BBU/CU to the RRHs using optical fibers. Thus, a single BBU/CU is capable of

supporting several RRHs with the aid of a cost-efficient, high-flexibility centralised RoF

downlink design. To be more specific, a detailed functional map of the A-RoF aided

MIMO signal processing conceived for the C-RAN downlink is provided in Fig. 1.7,

where we show the digital processings blocks of ADC, source coding, channel coding, line

coding/pulse shaping and some RF processings, such as for example, carrier modulations

followed by E/O conversion, which are centralised in the BBU/CU. Furthermore, as

shown in Fig. 1.7, the RRH is substantially simplified to the low-complexity functions

of optical filtering, O/E conversion as well as some RF functions, such as filtering and

amplifications. The wireless link is considered to be that of a cellular system.

Thus, the C-RAN is capable of reducing both the OPEX and the CAPEX as discussed

in [1] and of supporting CoMP for enhancing the system performance attained. Given

the capability of centralising the signal processing, A-RoF conveniently supports the

C-RAN fronthaul design, which we will rely on MIMO designs in the following chapters.

1.2.3.2 Multi-mode Fiber Based Indoor Communications

The above-mentioned C-RAN system is capable of providing a seamless connection for

outdoor users. However, due to the fact that indoor activities dominate our daily use of
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the Internet and owing to the proliferation of smart-home devices, these diverse services

require reliable yet low-cost indoor communication [24]. On the other hand, conventional

indoor transmission media, such as coaxial cable, twisted copper pairs, power line com-

munications etc., suffers from a limited bandwidth, high attenuation as well as strong

electro-magnetic interferences, which optical fibers are fairly immune to. Furthermore,

as a benefit of its lower-cost installation than that of single-mode fiber, multi-mode fiber

continues to be installed in indoor scenarios, with standardised 62.5/125 µm (OM1)

and conventional 50/125 µm multi-mode fiber (OM2) aiming for a rate of 1 Gbps,

while laser-optimised 50/125 µm multi-mode fiber OM3 and OM4 achieving 10 Gbps

for short-distance transmissions within 300 meters [25, 26].

Thus, as mentioned above, A-RoF is capable of centralising the signal processing for

the sake of arriving a low-cost system design. It can also be combined with multi-mode

fiber, where radio over multi-mode fiber (RoMMF) techniques are typically invoked for

indoor communication system design, faciliatating replacement of separate access points

in each room by a central RG as well as enabling the centrally controlled system to

benefit from coordinated communications [26]. To elaborate a little further, in Fig. 1.8,

we portray a general multi-mode fiber (MMF) aided indoor system relying on A-RoF,

where a residential gateway (RG) is connnected to the Internet and centralises most of

the signal processing. Then the downlink signal is carried by an optical signal over a

MMF link to each room to provide multimedia services. This architecture significantly

simplifies the radio port to low-complexity radio function, such as O/E conversion,

filtering and amplifications. Again, by beneficially accommodating A-RoF transmissions

in a MMF based indoor system, the resultant structure can also be seen in Fig. 1.7,

where the BBU/CU and RRH functions are represented by the RG and by the radio

ports, respectively. Furthermore, the deployment of POF indoor is capable of drastically

reducing the installation cost as mentioned in [24]. Hence, we will extend our A-ROF

aided MIMO design also to a POF based indoor system. The detailed design for our

POF based indoor system will be covered in Chapter 5. Let us now detail the main

contributions of the thesis.
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Figure 1.8: A-RoF aided indoor system.

1.3 Main Contributions and Chapter Arrangements

1.3.1 Novel Contributions

Contributions 1 [Publication 3 [27] on Page VIII; Chapter 2]: A novel phase

shifting network beneficially exploiting potentially detrimental fiber non-linearity is pro-

posed for analogue wireless beamforming, which is investigated in the context of a C-

RAN system. Explicitly, the power-dependent optical phase information is translated

into a particular beamsteering pattern using our A-RoF design. It is shown that the

beamforming angles may be conveniently configured to cover a range of about 90◦. Our

system can be centrally controlled using our novel highly non-linear fiber (HNLF) aided

tunable beamforming scheme, which can also be utilised for the C-RAN fronthaul. Fur-

thermore, a 10 Gbps quadrature-phase-shift-keying (QPSK) signal transmitted in the

downlink of a C-RAN system implementing our HNLF aided beamforming scheme is

characterised, where the BER performance shows only a modest degradation compared

to that additionally using conventional electronic phase-shifters, which impose an un-

dermined insertion loss.

Contribution 2 [Publications 4 [28] on Page VIII; Chapter 3] : We design an

all-optical processing based A-RoF-aided SM scheme. An experimental demonstration of

our novel A-RoF-aided twin-antenna SM system is detailed, simplifying the transceiver

design and reducing the power consumption of the conventional SM switches. The SM
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concept is implemented in the optical domain and our centralised A-RoF-aided SM using

Mach-Zehnder modulator’s (MZM’s) side-band selection was analysed and verified by

experiments. This design can be beneficially invoked in C-RAN as well as in small-cell

fronthaul solutions. The experimental results show that our 2 Gbps system exhibits

only marginally degraded BER performance compared to those operating without RoF,

while benefiting from centralised SM encoding and dispensing with radio access point

(RAP) switches.

Contribution 3 [Publication 2 [29] on Page VIII; Chapter 3]: We propose an

A-RoF aided SM-space-time block coding (SM-STBC) scheme using a MZM and optical

side-band selection, which is invoked in an adaptive C-RAN system, where appropri-

ately selected number of transmitter antennas can be used. As a benefit of this solution,

the power thirsty ADC and DAC are eliminated, hence resulting in an energy-efficient

and cost-efficient mobile access network. The BER performance of the entire system

operating with the aide of A-RoF is only marginally affected compared to the conven-

tional wireless SM-STBC scheme. Moreover, we invoke the K-nearest neighbourhood

(KNN) algorithm for the sake of adapting both the number of selected RRHs and the

modulation format, for achieving the highest possible data rate.

Contribution 4 [Publication 6 [7] on Page VIII; Chapter 4]: We conceive a pow-

erful A-RoF aided SM/multi-set-space-time shift keying (SM/MS-STSK) downlink solu-

tion, where the associated SM and MS-STSK schemes are implemented in a centralised

processing fashion. This design is capable of substantially reducing the complexity of

the RRH, when intrinsically amalgamated with SM or MS-STSK. Our SM/MS-STSK

design is capable of achieving optical upconversion to mmWave carriers, whilst relying

on optical fiber aided phase-shifting in support of sophisticated beamforming. Addi-

tionally, we achieve a bit rate of 10 Gbps for 16QAM and 10 km dispersion-shifted fiber

(DSF) in our MS-STSK fiber based A-RoF network, where the BER performance shows

only marginal degradation compared to its pure wireless counterpart operating without

fiber networks.

Contribution 5 [Publication 5 [19] on Page VIII; Chapter 5]: A novel all-optical

processing aided multi-functional wireless MIMO system is designed by exploiting the

MZM’s non-linearity and chirped fiber Bragg grating (CFBG), where POF is used for
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supporting a multi-user system. Furthermore, a novel tunable microwave generator is

conceived for feeding the MZM’s drive signal as a more cost-efficient solution than its

commercial counterpart. The optical double side-band (ODSB) encoded STBC signal

is realised by using a combination of two laser diodes (LDs) and two BPFs, where the

associated multi-wavelength generation is based on the MZM’s beneficially exploiting

undesired non-linearity. Our design achieves a beamforming angular range of upto 150◦

with a small time delay step of 6 ps, which is suitable for indoor communications.

1.3.2 Thesis Structure

As seen in Fig. 1.9, we consider three low-cost high-performance A-RoF aided MIMO

designs, namely where beamforming, SM and MF-MIMO are investigated. Furthermore,

Chapters 2, 3 and 4 aim for outdoor communications over single-mode silicon fiber,

where in Chapter 5 we invoke POF for indoor transmission. Explicitly, the chapter
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Figure 1.9: Thesis outline.

arrangement of this thesis is highlighted as follows:

Chapter 2: This chapter investigates A-RoF aided beamforming in the context of a

centralised signal processing system. The motivation of designing A-RoF aided beam-

forming is presented in Section 2.1. Then, the basics of phased array aided beamforming

and a comprehensive review of the recent RoF-based beamforming technique are intro-

duced in Sections 2.2 and 2.3. In Section 2.4, we conceive a novel optical fiber aided

beamforming technique based on turning the fiber’s undesired non-linearity into a bene-

fit. Explicitly, in our proposed technique, the PAA elements are fed by the phase-shifted
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signals introduced by our HNLF aided phase-shifting solution, which results in an angu-

lar beamsteering range of around 90◦. This can be exploited by sectorization in cellular

networks to reduce the co-channel interference imposed. Furthermore, we exploit the

proposed A-RoF-aided phase shifting technique in C-RAN, where our proposed system

takes advantage of the centralised signal processing capability of the RoF system to

conceive an all-optical processing based tunable beamforming system. While our flex-

ible HNLF-aided phase-shifting process is confined to the CU of the C-RAN, the end

users of C-RAN cellular networks are capable of flexibly choosing the serving RRHs

and employing diverse wireless transmission techniques. Upon integrating our HNLF-

aided phase-shifting design into the proposed C-RAN, we impose as little as 0.1 dB

SNR degradation compared to its traditional electronic processing based conventional

wireless counterpart, which requires extra phase-shifters. Finally, our conclusions are

offered in Section 2.5.

Chapter 3: This chapter studies optical processing aided SM encoding in the context of

an A-RoF assisted C-RAN system. The background and a brief review of wireless SM are

provided in Sections 3.1 and 3.2, followed by our novelty statement in Section 3.3. Then,

in Section 3.4, we present the design and the experimental demonstration of an A-RoF

network relying on the state-of-the-art SM, that activates one out of multiple antennas,

where the optical single side-band signal generated by a MZM is used for both the

antenna selection and for the classic modulated symbol selection processes of SM. The

SM encoding is optically processed in a centralised fashion, aiming for the reduction of

power consumption and for enabling cost-effective maintenance and management, which

can be employed in the context of a C-RAN and a small-cell fronthaul. Furthermore, a

20 km standard single-mode fiber (SSMF) is used for transmission. In this experiment,

we conceive and characterise a 2 Gbps transmission link relying on two transmit and two

receive antennas imposing less than 1 dB SNR degradation compared to those operating

without RoF. Subsequently, inspired by the feasibility study of Section 3.4, in Section

3.5, we propose an A-RoF aided MIMO techniques for a learning assisted adaptive C-

RAN system, where the SM concept is combined with STBC using optical processing.

The number of connected RRHs is readily controlled by the CU. Furthermore, to improve

the attainable throughput, we conceive adaptive modulation with adapting the number

of streams by relying on using KNN algorithm. Our simulation results show that the
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BER performance of the A-RoF aided link is just marginally degraded compared to the

pure wireless system operating without A-RoF, while benefiting from the energy- and

cost-efficient C-RAN design. Moreover, the learning assisted KNN-based transceiver

adaptation is capable of outperforming the classic threshold-based adaptation in terms

of its achievable rate. Section 3.6 concludes this chapter.

Chapter 4: This chapter proposes a new A-RoF for MF-MIMO signal generation

concept, which can be exploited in C-RAN architectures. Sections 4.1 and 4.2 briefly

introduce the concepts of MF-MIMO and its development, followed by our novelty state-

ment in Section 4.3. In Sections 4.4 and 4.5, we propose an A-RoF downlink networking

solution relying on SM and MS-STSK combined with beamforming and up-conversion to

mmWave carrier frequencies, whilst using all-optical processing. In the proposed A-RoF

system, most of the digital processing of the baseband SM and MS-STSK is carried out

by the CU and the implicitly carried bits of SM/MS-STSK, such as the antenna index

selection and dispersion matrix selection bits, are recovered by the RRH of our A-RoF

network for creating a MIMO arrangement. The classic modulated bits are conveyed

by the radio signal, without requiring any additional ADC and DAC before transmis-

sion from the antennas. Moreover, A-RoF-aided techniques are invoked for carrying out

optical processing aided beamforming and optical up-conversion to a mmWave carrier

frequency. Thus, we invoke A-RoF techniques for the generation of our SM/MS-STSK

signal with the aid of optically up-converted mmWave beamforming without using any

electronic oscillators, mixers or phase shifters. Furthermore, our A-RoF-aided system’s

BER performance is similar to that of the conventional all-electronic SM/MS-STSK

wireless scheme. Finally, this chapter is concluded in Section 4.6.

Chapter 5: This chapter describes the design of a new POF based indoor communi-

cation system, where we invoke A-RoF and MF-MIMO for a low-cost high-performance

system design. Section 5.1 introduces POF and details its advantages over GOF based

communications. Then, a review of POF communication is given in Section 5.2. Fur-

thermore, a channel model popularly used for POF transmission in briefly touched upon

in Section 5.3. In Section 5.5, we propose an architecture, where the twin-antenna

Alamouti space-time block coded symbols are transmitted using a single MZM over a

POF. The signal is then transmitted through a set of FBGs for attaining the appropri-

ate phase shifts required for beamforming, followed by transmission over the wireless
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channel. The attainable angular beamsteering range is about 150◦, where beamsteering

is realised without the need for a large number of complex electronic phase shifter net-

works. The tuning of the beamsteering angle can be readily implemented by carefully

controlling the drive voltage in the MZM, where we use MZM aided multi-wavelength

generation for supporting a large number of antennas. Lastly, we conclude this chapter

in Section 5.6.

Chapter 6: This chapter summarises this thesis, followed by our thoughts on potential

future research.



Chapter 2
Analogue Radio Over Fiber Aided

Beamforming

A
s discussed in Chapter 1, analogue radio over fiber (A-RoF) is capable of

centralising signal processing at the central unit (CU) of the cloud/cen-

tralised radio access network (C-RAN) system, thus supporting C-RAN

at a reduced cost- and energy-consumption. Meanwhile, multiple-input-

multiple-output (MIMO) systems significantly improve the diveristy and/or multiplexing

gain. As a beneficial MIMO arrangement, analogue beamforming (BF) relies on radio

frequency (RF) phase shifting of the appropriately delayed signals of the λ/2-spaced

neighbouring antennas in order to steer the beam, for reducing the co-channel interfer-

ence (CCI) as well as increasing the signal-to-interference-plus-noise ratio (SINR) gain

[30]. We portray the C-RAN structure from the perspective of the physical layer in

Fig. 1.7 of Chapter 1, where we replace the MIMO signal processing block by our new

A-RoF aided beamformer of Fig. 2.1. In this chapter, we will investigate the potential

of deploying BF in an A-RoF based C-RAN for the sake of removing high-insertion-loss

RF phase shifter, for designing a cost-efficient mobile access network.

19
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Figure 2.1: A-RoF aided beamforming for C-RAN downlink.

2.1 Motivations

Next generation networks require an ever-increasing capacity [9]. The small cells of

the emerging dense networks are expected to support more users [31]. In this context,

beamforming techniques relying on phased antenna arrays (PAA) [32], which steer the

signal beams in a desired direction are widely used for cell-sectorization, hence they are

capable of substantially reducing the CCI, and improving the overall system performance

[33].

On the other hand, we invoke a C-RAN system, where a CU housing the centralised

baseband signal processing [23] serves multiple low-complexity and low-cost remote radio

heads (RRHs). The proposed C-RAN [1] invokes A-RoF [12] transmissions to the RRHs

for supporting the emerging small-cell technologies [12, 1].

The fiber-based C-RAN fronthaul has been widely advocated for employment in

future wireless networks as a benefit of the fiber’s high capacity, low attenuation, im-

munity to electromagnetic interference, etc [34, 35]. Indeed, beamforming constitutes

a promising application of the emerging large-scale MIMO system relying on numerous

antennas, owing to their high power efficiency, excellent cell-edge coverage and reduced

CCI in cellular network [33]. In this context, it is beneficial to investigate the feasibility

of using optical fiber to assist beamforming by circumventing the employment of a large

number of electronic RF phase-shifters, which have a high insertion loss. Fig. 2.2 shows
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Figure 2.2: Basic concept of A-RoF aided beamforming.

an A-RoF aided beamforming system, which utilises an optical fiber based delay line for

beamforming, where an appropriately phased signal is fed into the PAA, with the aid of

a centralised processing unit. These A-RoF aided beamforming solutions have several

benefits compared to the traditional RF solutions in the context of beamforming, which

are listed as follows:

1. Using the optical fiber, fiber-based fronthaul networks can share the optical trans-

mitter or optical receiver. In this case, an all-optical system can be constructed,

which does not require additional components for down-conversion or up-conversion

in the context of satisfactory beam steering.
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2. By separating the function of the traditional base stations (BS) into a signal pro-

cessing unit known as the CU and a transmission unit known as RRH, such as in

C-RAN, the fronthaul configuration carries out the digital signal processing (DSP)

tasks in a CU in order to ease the burden imposed on the RRH, which considerably

simplifies the system [36]. The low-complexity fronthaul network design aims for

reducing the complexity by exploiting the fiber’s properties-induced phase shift

for beamsteering, hence eliminating any additional processing, which would oth-

erwise be required for carrying out the beamforming-specific phase shift. Thus,

cost-efficient centralised processing can be used. The C-RAN has multiple basbe-

band units (BBUs) in a CU, where optical fiber is an ideal fronthaul transmission

medium as a benefit of its large capacity [23, 1].

3. A lower insertion loss is imposed by a fiber-based phase-shifter compared to its

electronic counterpart. Explicitly, traditional RF phase-shifters suffer both from a

high insertion loss and from an increased noise figure, which is proportional to the

number of RF phase-shifters [37]. Although replacing the traditional phase-shifting

waveguides by carefully selected and switched lengths of electrical cables is the

most common method, again, this suffers from a high loss and bulky construction,

hence making the optical solution an attractive design proposition [38].

4. The fiber has well-known advantages compared to copper cables, such as its high

operating bandwidth, its immunity to electronic-magnetic interference and low loss

[34, 35].

In optical fiber communication systems, beamforming is typically achieved by appropri-

ately customizing the refractive index of the fiber, for example by applying fiber Bragg

grating (FBG). This technique has grown in popularity in recent years [39–50, 34]. The

beamforming techniques based on the FBG utilise a number of uniform FBGs [51–53]

or a single tunable linear chirped FBG [54, 42, 47]. There are two major challenges for

the FBG. Using parallel transmission lines by invoking several uniform FBGs has a high

complexity, especially when a narrow beamsteering angle is needed, while the chirped

FBG suffers from group delay fluctuations, which correspond to phase-non-linearity and

hence would degrade the beamforming directivity1 [55]. Furthermore, other fiber-based

1Directivity is referred to as a term to describe the ratio of the power radiated by the designed
antenna and the isotropic antenna in a given direction.
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beamforming techniques, such as a dispersive switched fiber delay line relying on optical

switches for connecting different fiber delay lines of different lengths to obtain the de-

sired time delay corresponding to the specific phase-response have also been investigated

[56, 57]. Other solutions, such as optical demultiplexing relying on a specific configu-

ration of multiple ports [58], on photonic crystal fibers [32], on optical ring resonators

[59, 60], and on spatial light modulators [61–63] have also been researched.

As alluded to above, non-linear fibers may be characterised by their specific phase

responses [64]. Moreover, there is a paucity of relevent A-RoF aided beamforming

solutions based on highly non-linear fibers (HNLFs) [65–67]. In [65], a photonic phase-

shifter based on stimulated Brilloin scattering was proposed, which requires a table pump

source in order to control the phase shift of the output to be fed into the PAA elements.

By contrast, in [66] a phase-shifter based on cross-phase modulation was illustrated. In

[67], a phase-shifter based on the non-linear polarisation rotation imposed by a HNLF

was invoked for the PAAs. However, requiring an excessive number of phase-shifters

for realising a high directional beamforming pattern makes the techniques reported in

[65–67] somewhat impractical. As a compelling proposition, we jointly design the non-

linearity of the optical fiber and a power control unit so that a linear phase response

is constructed from the carefully conceived combination of self-phase modulation (SPM)

and cross-phase modulation (XPM).

The fundamental objective of our proposed technique is to take advantage of the

phase shift imposed by SPM and XPM, where the non-linearity-induced phase shift

caused by SPM and XPM is highly dependent on the power profile of the optical source.

After transmission through a short parallel HNLF, the optical signal is then fed into

a dispersion-shifted fiber (DSF) for data transmission, which exibits low dispersion in

our wavelength region [13]. After this stage the received optical signal is photo-detected

and converted to the corresponding phase-shifted RF signal. After acquiring the phase

information, a set of signals subjected to linear phase shift is extracted by a filter and

fed into the PAA elements. Our design requires a multi-wavelength source using a single

fiber. To the best of our knowledge, this is the first time that HNLF transmission line

based technique is conceived for supporting tunable phase-shifting using SPM and XPM,

hence substantially simplifying the photonic phase-shifting arrangement required. When

the PAA elements are fed by the photo-detected signals, the proposed technique achieves
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a beamsteering angular range of about 90◦. As an application of our HNLF-based phase-

shifting beamforming system, a C-RAN network exploiting our design is analysed, where

the end users may connect to one or several RRHs, depending on the channel conditions.

In this treatise, we propose employing a HNLF transmission line, which exploits the

XPM-SPM-induced phase shifts to build an A-RoF aided beamforming system. In the

proposed system, beam steering is carried out in the optical domain using a centralised

processing unit. A 10 Gbps system is conceived and investigated.

Compared to the previously proposed fiber-aided beamforming techniques, the ad-

vantages of our design using HNLF and the novel contributions can be summarised as

follows:

1. We conceive for the first time a beamformer relying on short parallel HNLF lines,

which forms a centrally controlled beamforming system designed for the C-RAN

fronthaul of low-cost small-cell networks. Meanwhile, the BER performance of the

proposed system is maintained in comparison with that of the electronic phase-

shifter aided beamforming schemes.

2. A tunable HNLF transmission line based on jointly harnessing the SPM and XPM

has never been used for beamforming before. Explicitly, we exploit the unavoid-

able fiber-non-linearity for phase-shifting-based beamforming, instead of relying

on conventional extra phase-shifters.

3. We present a design example using four antenna elements. However, our solution

is not limited to the design example employing four antenna elements in Section

2.4. Explicitly, it allows us to increase the number of wavelengths and to employ

shorter HNLFs in order to increase the PAA’s angular selectivity, making it flexibly

scalable.

4. We transmit a quadrature-phase-shift-keying (QPSK) signal at 10 Gbps data rate

as an example for demonstrating that our design can be employed in the C-RAN

designed in [68], where non-line-of-sight (NLOS) wireless communication is applied.

The rest of this chapter is organised as follows. In Section 2.2, the related PAA basics

are described, which are followed by a comprehensive review of the A-RoF aided PAA
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beamforming review in Section 2.3. Subsequently, in Section 2.4, the system model

of our all-optical phase shifting technique and its application in a C-RAN system are

presented, followed by our conclusions in Section 2.5.

2.2 Phased Array Aided Beamforming Basics

Given a single antenna, the signal is transmitted in an omni-directional fashion, while

having an N-element antenna allows us to transmit the signal in a directional manner,

based on the true-time-delay or phase shift amongst the signals fed into the adjacent

PAA elements, as detailed in this section.

Explicitly, there are two major techniques of supporting the PAA: the true-time-delay

based and the phase-shifter aided solutions. As for a single frequency, the neighbouring

inter-element phase shift of the PAA would remain constant, as long as the time delay

of the element is identical.

2.2.1 Phase-shifters

Here, a brief discussion of the PAA aided beamforming concept based on the phase-

shifter solution will be presented. In our example of Fig. 2.3, five antenna elements

form a PAA. By feeding single-tone signals subjected to a linear phase shift into the

five PAA elements, which have a constant distance between them, the output signal

of the PAA can be adaptively steered in a specific direction. This is because when a

d

Beamforming Signal

Antenna Elements

θ

Phase-shifter or TTD Unit

Figure 2.3: A five-element PAA.
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required distance d (half the wavelength) and the linear phase shift among the antenna

elements are achieved, the five output signals would constructively interfer to strengthen

the signal power in a specific direction, while destructively interfer to attenuate the

power transmitted in the remaining directions [69]. By controling the phase shift, the

beamsteering direction may be tuned. The time delay τ resulting from the phase shift

between the adjacent elements can be shown to be [37]:

τ =
dcos(θ)

c
, (2.1)

Based on Fig. 2.3, where c is the speed of light and θ is the beamsteering angle around

the axis of the antenna array orientation. It is clearly seen from Equation (2.1) that the

beamteering angle θ is dependent both on the time delay τ and on the distance d. Since

the time delay only has a relationship with the phase shift as shown below:

φ = 2πfτ = 2πf
dcos(θ)

c
. (2.2)

When single frequency is applied, the beamsteering angle is directly affected by the

phase shift φ.

In Equation (2.2), f denotes the signal frequency and φ is the corresponding phase

shift. This frequency-dependent phase shift impacts the family of broadband systems

differently, as detailed in the next section.

In PAA, the beamforming pattern is influenced by two factors: the radiation pattern,

which is jointly determined by the type of the radiation source and the array factor2,

which is dependent on external influences, such as the phase progression, number of

elements and the carrier frequency [69]. Here, in order to simplify the analysis, an

isotropic radiator transmitting in all directions, is exploited. Thus, it is the array factor

which predominately affects the beamforming angle. Explicitly, the array factor (AF )

is depicted as [69]:

AF (ψ) =
sin(Mψ/2)

Msin(ψ/2)
. (2.3)

2According to [69], the total field strength radiated by an antenna array is equal to that of a single
element positioned at the origin of the array multiplied by a factor, which uniquely and unambiguously
defines the array factor.
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Then, ψ can be expressed from Equation (2.3) as:

ψ = kdcos(θ) + φ, (2.4)

where M is the number of antenna elements contributing to the beamsteering, while k

is the wave number given as k = 2π/λRF [70].

As mentioned above, for a single frequency, a constant TTD represents a constant

phase shift. However, for a wideband beamforming system the neighbouring inter-

element phase shift depends on the frequency, as shown in [69]. This may result in

beam misalignment. Thus, using TTD system may be a better design alternative for

broadband communication.

2.2.2 The True-time Delay Concept

As in Equation (2.3) and Equation (2.4), the array factor relies on the neighbouring

inter-element phase shift φ. Thus, for specific frequency, the beamsteering angle can

be controlled by tuning the phase shift φ. However, for a wide bandwidth, it remains

a challenge to form the same beamforming pattern for every frequency component by

simply tuning the phase-shifter, unless the distance between adjacent elements can be

changed flexibly. However, in practice, the element spacing can not be readily reconfig-

ured. In this case, according to Equations (2.2), (2.3) and (2.4), if we keep d and φ fixed,

varying f would result in the variation of the beamsteering angle, which is referred to as

beam-squinting [38]. Thus, TTD devices are required for achieving free beam-squinting,

since the beamsteering angle is directly related to the time delay between the antenna

elements, regardless of the frequencies, as seen in Equation (2.1).

Thus, the relationship between the time delay and phase shift is given by Equation

(2.2). Technically, the phase-shifter is a special case of TTD in the context of narrowband

communications [37], when frequency difference can be neglected.

Specifically, in narrow-band communications, beam-squinting can be more or less

avoided, as detailed in Section 2.3. By contrast, in wideband communication, the beam-

squinting would severely degrade the beamsteering performance. Thus, a true-time delay

beamformer is required for achieving accurate beamforming angle [71]. In the following
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Figure 2.4: A-RoF Aided PAA beamforming review.

Year Author Contribution

2002 Wilson et al, [62] Proposed a phase-shifting based beamformer relying on the space
light modulator concept, which is suitable for large PAA.

2005 Loayssa et al, [65] Presented a tunable RF photonic phase-shifter based on stimu-
lated Brillion scattering.

2006 Vidal et al, [63] Described a beam-squinting reduction assisted beamformer relying
on a combination of parallel SLMs and on optical TTD lines.

Chan and Minasian [72] Proposed a photonic RF phase-shifter by applying a single dual-
output modulator, two switches and attenuators.

2007 Dong et al, [66] Suggested a phase-shifter concept based on the combination of a
Mach-Zehnder modulator (MZM) and a HNLF

2008 Adams and Madsen [73] Described a novel broadband phase-shifter based on an all-pass
filter.

2012 Chan et al, [74] Presented a photonic phase-shifter concept by utilising the dual-
parallel MZM to control the DC bias voltage.

2013 Wang et al, [75] Proposed a phase-shifting beamformer based on a non-linear op-
tical bandpass filter.

2014 Li et al, [67] Presented a phase-shifter based on the non-linear polarisation ro-
tation effects taking place in the HNLF.

Table 2.1: A history of phase-shifter based techniques

section, a review of photonic phase-shifter and TTD solutions conceived for A-RoF aided

PAA will be presented.

2.3 A-RoF Aided Phased Antenna Array Beamforming

Review

Due to the proliferation of fiber-based backhaul/fronthaul networks and the low-loss

properties of optical fiber, A-RoF aided PAA beamforming techniques are capable of

significantly reducing both the cost and the complexity of electronic beamsteering [36].

Again, there are two major research areas in the context of A-RoF aided PAA beam-

forming techniques, namely the family of phase-shifter aided systems and TTD aided

systems, which will be described in the following sections.
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2.3.1 Phase-shifter Aided Systems

Most of the optical phase-shifters are based on generating either a pair of RF sideband

signals [74] or a single side-band signal [76] combined with carrier modulation and then

varying the relative phase of the sideband and of the optical carrier in order to control

the phase of the photo-detected RF signal. This relative phase is then photo-detected

at the receiver [76].

The spatial light modulator (SLM) is emminently suitable as a single optical phase-

shifter, replacing a number of phase-shifters [77], which is an optical amplitude and

phase modulator capable of controlling the phase of the light beams [61], relying on

the architecture of Fig. 2.5. As detailed in [63], the refractive index of a specific axis

corresponding to a particular polarisation of the light passing through each pixel3 of

the SLM will be controlled by the voltages imposed onto them. Thus, the phase of a

specific polarisation component of the transmitted light perpendicular to this axis of the

SLM relies on the voltage imposed on the SLM, while the orthogonal component which

is parallel to that axis is independent of the voltage applied and has a constant phase.

Thus, when different light is fed into each pixel, it becomes feasible to control the phase

of the perpendicular polarization component, while keeping the phase of the other one

fixed to get a readily controllable phase.

In Fig. 2.6, the parallel-SLM (PAL-SLM) based beamforming phase-shifter of [63]

feeding the PAA is shown. The modulated optical signal will then be power-divided and

fed into a different strand of fiber. As a result, the SLM will act as a pixelated component,

where each output of the line will be transmitted to different pixels. The PAL-SLM

of Fig. 2.6, is invoked before photo detection, where the phase shift is controlled by

feeding a single side-band and an optical carrier associated with orthogonal polarisations

into the same pixel, hence allowing the phase of the RF photo-detected signal to be

controlled continuously. This technique avoids having multiple high-complexity phase-

shifter configurations, but still faces some fabrication challenges, such as mitigating the

temperature sensitivity of the device [78].

Other methods have also been proposed for achieving the relative phase control,

such as applying a single dual-output electro-optic modulator (EOM), two switches and

3Each pixel can be viewed as a waveguide made of liquid crystal.
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Figure 2.6: A SLM application c© B.Vidal et al. [61].

attenuators [72], dual-parallel MZM by controlling the DC bias voltage [74], allpass

filter [73] and a non-linear optical bandpass filter [75]. The basic concepts behind these

techniques rely on varying the phase between the optical carrier and the side-band.

However, these methods are not suitable for large arrays due to requiring a large number

of phase-shifters. Nonetheless, there are a few examples of phase shifting techniques

relying on exploiting the fiber’s non-linearity. Specifically, in [65], a RF photonic phase-

shifter based on stimulated Brilloin scattering was proposed, which requires a table

pump source in order to appropriately tune the phase shift of the output to be fed

into the PAA elements. By contrast, in [66] a phase-shifter based on the combination
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Year Author Contribution

1994 Ball et al. [52] Provided a serial uniform FBG based beamforming technique.
1996 Molony et al. [51]

1997 Molony et al. [41] Proposed a chirped FBG based TTD delay line with a single laser
source.

Minasian and Alame [34] Presented a chirped FBG beamforming network through the intro-
duction of a photodiode array to eliminate the optical interference.

1998 Corral et al. [79] Suggested a chirped FBG based TTD aided beamforming network
with several tunable laser sources.

1999 Corral et al. [80] Compared the performance of different modulation techniques ap-
plied in the FBG based delay line.

2000 Ortega et al. [81] Concluded that single side-band plus carrier based modulation im-
poses no RF frequency limitation and has an excellent performance
in the chirped FBG based TTD System.

Ortega et al. [53] Presented a microwave delay line with a fixed wavelength com-
bined with parallel uniform FBG.

2002 Yao et al. [42] Proposed a tunable chirped FBG delay line with a tunable multi-
wavelength laser source.

Liu et al. [47] Suggested a tunable TTD aided beamforming network based on a
tunable chirped FBG by changing its chirp rate via a supported
beam.

Lee et al. [57] Proposed a dispersive switched fiber delay line based on MEMS
fast switches.

Vidal et al. [82] Presented a highly dispersive switched digital delay line for PAA
beamforming at 40 GHz.

2005 Italia et al. [44] Suggested a tunable TTD aided beamforming network based on
a tunable chirped FBG by applying temperature perturbations to
parallel chirped FBGs.

2006 Hunter et al. [54] Demonstrated a multi-channel FBG based TTD beamforming net-
work.

2007 Raz et al. [58] Proposed a TTD aided beamforming network based on Demuxes,
where different outputs of a single demux connect different sets of
fiber with different fiber lengths.

2008 Subbaraman et al. [32] Presented a TTD aided beamformer relying on the wavelength-
dependent photonic crystal fiber delay lines.

Fakharzadeh et al. [60] Suggested a TTD based solution by applying tunable parallel op-
tical ring resonators.

Table 2.2: A history of TTD based techniques

of a Mach-Zehnder modulator (MZM) and a non-linear optical loop using HNLF was

conceived. In [67], a phase-shifter based on non-linear polarisation rotation captured

by the HNLF acted as the PAAs. However, the requirement of numerous phase-shifters

makes these previous techniques excessively complex, especially when lots of antenna

elements are needed for realising a narrow beamforming pattern.

2.3.2 True-time Delay Based Solutions

When the bandwidth reaches a paticular threshold, the beam-squinting problem becomes

more severe compared to the true-time delay, which is efficient when the insertion loss
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Figure 2.7: Beam-squinting phenomenon: (Left) TTD: the time delay between
adjacent elements is 15.6 ps. (Right) Phase-shifter: phase shift (PS) between
adjacent elements is π/4.

and delay of TTD are acceptable [61]. Beam-squinting is caused by the beam misalign-

ment, owing to imposing the same constant phase at different frequencies, as mentioned

in Section 2.2. Fig. 2.7 portrays the beampattern of a phase-shifter, explicitly showing

the beam-squinting phenomenon, when the transmitted frequencies are 8, 10 and 12

GHz with the aid of seven antennas, while the TTD exhibits nearly no beam-squinting.

Next, we present the state-of-the-art of A-RoF aided TTD beamforming.

2.3.2.1 Fiber Bragg Grating Based Techniques

FBG is also often referred to as a wavelength filter in the RoF literature [12], by creating

a periodic variation of the refractive index in the fiber core, termed as the grating period

[13]. In the uniform FBG, the grating period is uniform along the fiber length, while it

is chirping in chirped FBG fiber, as shown in Fig. 2.8 and Fig. 2.9, where Λ denotes

the grating period.

FBG reflects a specific wavelength, which is related to the modal index and to the

grating period, which is formulated as follows:

λ = 2n̂Λ, (2.5)
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where λ is the Bragg wavelength (reflected wavelength), n̂ is the average modal index

and Λ is the grating period.

Λ

Figure 2.8: Uniform FBG.

Λ

Figure 2.9: Chirped FBG.

By varying the temperature or strain imposed on the fiber, the modal index or grating

period changes and hence the wavelength reflected will also be tuned [83]. Again, the

uniform FBG solution is shown in Fig. 2.8 to rely on a constant grating period, which will

only reflect a specific wavelength. By contrast, Fig. 2.9 shows the chirped FBG, where

the grating period is increasing along the fiber length, thus resulting in the reflection

of different wavelengths from different locations [13]. By incorporating FBG, when

transmitting multi-wavelength optical signals, a linear time delay is imposed based on

the chirped properties of FBG. Three main types of FBG solutions have been researched

in the context of beamforming: the parallel and serial uniform FBG based delay line as

well as the single chirped FBG based delay line.

Fig. 2.10 shows the serial uniform FBG system, where the optical signal having the

wavelengths λ1...λn will be reflected by the corresponding uniform FBG. Thus, the time

delay is dependent on the distance of the neighbouring FBG sections. By contrast, Fig.

2.11 shows the parallel uniform FBG system. The uniform FBG of each line will be

set appropriately to reflect the required wavelength, hence achieving the desired time

delay. Finally, the chirped FBG of Fig. 2.12 was specifically constructed for reflecting
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Figure 2.12: Chirped FBG based PAA system.

the different wavelengths at different locations along the fiber-length by appropriately

adjusting the grating period or modal index [13].

Research on the family of serial uniform FBG based TTD techniques has been pre-

sented in [51, 52], which rely on the basic concepts shown in Fig. 2.10, but with a limited

time delay range of less than 20 ps. Then, a fixed wavelength based parallel uniform



Chapter 2 Analogue Radio Over Fiber Aided Beamforming 35

FBG solution was further developed for making it tunable for PAA beamforming [53].

This was achieved by simplifying the correponding PAA system [53], which is based on

the schematic of Fig. 2.9.

To overcome the limitations of the discrete time-delay and limited time-delay range

of uniform FBG, a chirped FBG delay line has been applied for achieving a delay in

the range spanning from 40 fs to 59 ps, but unfortunately it exibited a high delay error

due to the associated uncontrollable process [41]. In order to invoke the chirped FBG

fiber by the PAA system, a chirped FBG network was implemented in [79], which relies

on several tunable laser sources for supporting the operation of several phased array

elements. However, the solution of [79] suffers from a large group delay ripple, hence

the authors mitigate the RF power degradation by applying single side-band plus carrier

modulation.

A chirped FBG beamforming network was investigated in [34], which was conceived

for eliminating the optical interference through the introduction of a photodiode array,

hence making it suitable for a larger time delay range. Subsequently, different mod-

ulation techniques were compared in [80], presenting the trade-offs amongst different

modulation schemes, including double side-band plus carrier modulation, single side-

band plus carrier modulation and self-heterodyne modulation. As a further advance,

the authors of [81] showed that single side-band plus carrier modulation imposes no RF

frequency limitations and attains a high performance.

The techniques above are all based on using several laser sources, which complicates

the system, especially when large arrays of PAA are required. To avoid the complexity

of implementing large numbers of uniform FBG as well as to further simplify the sys-

tem relying on chirped FBG and to satisfy the tunability requirements, based on the

schematic of Fig. 2.12, it was proposed in [42] to generate tunable multi-wavelength

signals through tuning the chirped FBG within the laser source. Instead of tuning the

multi-wavelenth source, tunable chirped FBG can also be realised by changing the chirp

rate of chirped FBG via a supported beam [47] or by applying uniform temperature per-

tubations to parallel chirped FGBs [44]. Furthermore, the authors of [54] substantially

reduced the length of FBG by using a single multi-channel FBG.
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There are two major challenges in the conception of FBG fiber beamformers. Firstly,

the high dispersion caused by the FBG [81, 84] shows that utilising single side-band

solutions is essential for the FBG beamforming network. Then, the group delay ripple

is mainly caused by the fabrication of the FBG, which should be mitigated [85, 86],

because it gravely degrades the PAA beamforming accuracy. Next, another popular

beamforming aided technique relying on dispersive switched fiber will be surveyed.

2.3.2.2 Dispersive Switched Fiber Delay Lines

The traditional TTD beamforming technique is based on varying the length of the fiber

delay line [38], but this suffers from the inflexibility caused by difficulties of reconfiguring

the fixed network. In this case, tunable optical switches would be necessary, which are

fast enough for reacting to the signal emission, hence reducing the delay error amongst

neighbouring antennas. Using a dispersive switched fiber delay line constitutes a popular

method of realising the TTD. The basic concept of this technique is to either vary the

length of the standard single-mode fiber or that of the dispersive fiber with the aid of

optical switches. To elaborate, on the employment of optical switches, according to the

specific length of different fiber-based delay lines, it becomes feasible to generate signals

subjected to linearly increasing time delays with the aid of prompt switching, which are

then connected to the corresponding antenna elements.

L 2L 3L

Optical

Switch

Optical

Switch

Optical

Switch

Optical

Switch

Figure 2.13: A fiber delay line with optical switch.

To elaborate a little further, in Fig. 2.13, a general optical delay line relying on a

dispersive fiber is shown, where L represents the dispersive fiber, generatating various

delays with the aid of optical switches. In the case of Fig. 2.13, each switch has two

input ports and controls two output ports, where the output ports are connected to

fibers of length L, 2L and 3L. Thus, by appropriately configuring each switch, we have

different fiber-lengths introducing different delays. Based on Fig. 2.13, in [82] an optical
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switch combined with a highly dispersive delay line was configured to construct a digital

delay line for realising PAA beamforming. In order to achieve a low switching time as

well as low insertion loss, a micro electro mechanical system (MEMS) based switch was

used [57].

Prompt, low-delay switching is one of the main issues in traditional fiber delay line

based beamforming networks. After the issue is that the optically switched fiber delay

line should have the shortest possible length to simplify the network deployment. In

the next section, we will focus our attention on how fiber can be utilised in the optical

demultiplexer for constructing PAA beamforming.

2.3.2.3 Optical Demultiplexing Aided Techniques

Optical demultiplexing (Demux) splits the optical signal into its components having

separate wavelengths. Assuming that it is possible to attach different fiber lengths

different ports of a Demux, a TTD can be readily realised.

In [58], it was proposed to use a TTD system having several Demux scheme in each

channel, which connects different sets of fiber with different fiber lengths, hence each

Demux scheme feeds a different antenna. Again, different wavelengths will be input

into the specific ports. Thus, by setting fiber length increment of the corresponding

port for the same wavelength in neighbouring channels to be constant, a TTD can be

realised. However, the practicality of this technique critically hinges on the size of the

optical Demux, especially when large arrays are required. As another design option, the

photonic crystal fiber may also be invoked for PAA beamforming, as detailed in the next

section.

2.3.2.4 Photonic Crystal Fiber

Photonic crystal fiber (PCF), which is referred to as micro-structured fiber relies on

tiny hollow tubes along the fiber length for confining the light [87]. As seen in Fig.

2.14. To elaborate a little further, PCF is designed to be phase-matched at the specific

wavelength λ0, hence there is no dispersion at this wavelength. However, as indicated in

[32], when the transmitted wavelength obeys λ < λ0, most of the signal energy would be
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confined within the inner core, while for λ > λ0 if would be, confined to the outer core.

Thus, any transmitted wavelength other than λ0 would experience a high dispersion due

to the variation of the refractive index caused by the redistribution of the signal energy

in the PCF.

Figure 2.14: The cross-section of PCF showing the hollow tubes along the fiber
length provided for confining light c©Harish Subbaraman et al. [32].

The reason for using PCF [32] is that the dispersion of PCF is 33 times higher

than that of the standard single-mode fiber (SMF), which hence substantially reduces

the fiber length required, therefore making the beamforming network more compact.

Subbaraman et al. [32] designed a PCF aided TTD system relying on feeding multiple

laser sources with different RF drive voltages into an electro-optic modulator (EOM),

and then transmitting it through several PCF delay lines. Then, by exploiting the

wavelength-dependent time delay increment between the adjacent delay lines, it allows

the beamforming angle to be controlled by the optical carrier frequency. This system

is hence capable of substantially reducing the length fiber used for beamforming, but

again, numerous PCFs have to be employed if large arrays of PAA are needed.

2.3.2.5 Optical Ring Resonator

The optical ring resonator is formed of a closed optical loop of fiber and a waveguide.

Optical ring resonator couples the optical signal into the resonator from the waveguide

through directional coupler or multi-mode interference coupler [88], where because of

constructive interference or total internal reflection, a particular wavelength will be

retained with the aid of filtering upon travelling through the ring after several round-

trips in the loop [59]. In [60], a parallel optical ring resonator was designed for PAA,
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which was shown to overcome the challenge of accurate TTD time delay line tunability,

where a thermo-optic phase-shifter is used for changing the coupling coefficient of the

power from waveguide to the closed loop in order to control the time delay. By tuning

the thermo-optic phase-shifter to appropriately adjust the coupling coefficient, in [60]

a robust, fast and accurate algorithm was designed for tuning the coupling coefficient

of the optical ring resonator for solving the problem of slow time delay tunability, thus

becoming capable of achieving different time delays based on the coupling coefficient.

However, this scheme required several closed loop for achieving scalable time delays,

which is not cost-efficient.

In a nutshell, the techniques discussed above constitutes the state-of-the-art on fiber

aided PAA beamforming. In conclusion, the FBG TTD technique is deemed to be the

most scalable technique, which exhibit feasible tunability, low loss, short fiber length

and a less complex system configuration than invoking several delay lines. Having said

that, FBG TDD is by no means flawless. The group delay ripple for example is a key

issue to be further researched. Hence in the next section, we will present a beneficial

HNLF aided PAA beamforming design.

2.4 All-optical Phase Shifting Technique Beneficially Ex-

ploiting the Harmful Fiber Non-linearity for Beam-

forming

In this treatise, we conceive a novel A-RoF aided beamforming technique based on the

fiber’s non-linearity to be applied in C-RAN. In our proposed technique, the PAA ele-

ments are fed by the phase-shifted signals introduced by our HNLF aided phase-shifting

solution, which results in an angular beamsteering range of around 90◦, which can be

exploited by sectorization in cellular networks to reduce the co-channel interference im-

posed. Furthermore, we exploit the proposed A-RoF-aided phase shifting technique in

C-RAN, where our proposed system takes advantage of the centralised signal process-

ing capability of the A-RoF system to conceive an all-optical processing based tunable

beamforming system. While our flexible HNLF-aided phase-shifting process is confined
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Figure 2.15: Schematic of a four-element beamformer based on HNLF-RoF
system.

to the CU of the C-RAN, the end users of C-RAN cellular networks are capable of flexi-

bly choosing the serving RRHs and employing diverse wireless transmission techniques.

Upon integrating our HNLF-aided phase-shifting design into the proposed C-RAN, we

impose as little as 0.1 dB SNR degradation compared to its traditional electronic pro-

cessing based conventional wireless counterpart, which requires extra phase-shifters.

Our system exploits the power-controlled fiber-non-linearity-induced phase shifts,

where the phase shift of each antenna element of Fig. 2.15 is controllable through a

programmable optical attenuator in a centralised processing unit at the input of the fiber,

which significantly reduces the complexity imposed on the RRHs at the fiber’s output.

Note that our proposed design is applicable in cellular sectorization scenarios, with a

cell sector range of 90◦ [89]. To the best of our knowledge, HNLF parallel transmission

line based phase shifting has not been used for MIMO beamforming before.

2.4.1 System Overview

Fig. 2.15 shows the block diagram of our proposed beamformer utilising both HNLF

and wavelength evolution in each step. Assuming that only a single wavelength λ1 is

transmitted in this system, the associated wavelength landscape-evolution displayed in

Fig. 2.15. Then, the wavelength having the designed power is modulated by a MZM

modulator to obtain an optical single side-band signal. Afterwards, the modulated signal

is injected into a short HNLF having a length below 1 km along with a control signal



Chapter 2 Analogue Radio Over Fiber Aided Beamforming 41

generated by the LD of Fig. 2.15. A power-dependent phase shift is imposed and tuned

by the XPM induced by the control signal, whose power is tuned by a controllable optical

attenuator, as shown in Fig. 2.15. Then, the output power of the HNLF will be fed into

the DSF, where the zero-dispersion wavelength is shifted to the vicinity of 1550 nm [13]

for transmission to a remote radio port. The phase is then retained after coherently

photo-detecting the RF signal. Thus, based on the power-dependent phase shift of the

wavelength transmitted in the HNLF which will be detailed in Section 2.4.1.1, the power

controller will adjust the power level of the control signal for adjusting the corresponding

phase shift.

Relying on the above discussions related to the conception of a tunable phase-shifting

aided beamforming system, our design philosophy is now extended to the tunable multi-

wavelength source seen in Fig. 2.15 and using four wavelengths as a design example4.

Then, the multi-wavelength source injects the optical signal into a MZM to generate a

optical single side-band (OSSB) signal driven by a binary phase shift keying (BPSK)

modulated electronic signal. As seen at the bottom of Fig. 2.15, four optical attenuators

are used for tuning the power of the four individual control signals fed into each HNLF.

The HNLF is used for imposing different phase shifts for each wavelength due to the

XPM induced by the control signal, as detailed below. After transmission through the

HNLF, a wavelength multiplexer combines the optical signal into a wavelength division

multiplexing (WDM) signal of λ1 λ2 λ3 λ4 for feeding it into a DSF, where the zero-

dispersion wavelength is in the vicinity of 1550 nm. The WDM signal is then split into

four branches by a demultiplexer in the example of Fig. 2.15. Then each branch is fed

into a coherent photo detector (PD) for converting the optical signal to an RF signal,

which is fed into an electronic amplifier. Finally, the amplified RF signal is fed into

each antenna at the same power level for ensuring a satisfactory directivity. In other

words, each output of the electronic amplifier feeds a PAA element employing uniform

linear arrays with each element being fed by linearly delayed RF signals, which allows

the scheme to steer the RF signal in the desired direction, which is an explicit benefit

of combining the appropriately phased signals fed into the antenna elements. Finally,

4For lager size of MIMO system, we need more wavelengths and more short HNLF, but this can be
readily realised by tuning multi-wavelength laser source and increasing the number of the deployed short
HNLFs.
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corresponding to the specific locations of the mobile users, the beamsteering angle can

be controlled by the specific phase shift between the adjacent antenna elements.

Next, we provide our simulation-based results to verify our proposed design. Gener-

ally, the signal transmitted through the optical fiber suffers from fiber attenuation, fiber

dispersion and fiber non-linearity [13, 90]. The fiber attenuation causes power-loss, while

the fiber dispersion induces pulse broadening and inter-symbol-interference. Fiber non-

linearity engenders stimulated Brillouin scattering (SBS), stimulated Raman scattering

(SRS), SPM, XPM and four-wave-mixing (FWM), which yield frequency chirping and

phase shifting. These effects are often considered in fiber-optic communication systems.

However, in our system, the SRS, SBS and FWM can be neglected due to having a low

input optical power and phase-mismatch [90], which will be elaborated on in the next

section.

Thus, considering the fiber impairments above, the mathematical principle of the

HNLF channel model based on the symmetric split Fourier method (SSFM) with XPM

and SPM will be presented.

2.4.1.1 Symmetric Split-step Fourier Method Associated with XPM and

SPM

The SSFM is widely used in single-mode fiber (SMF) simulations both for pulse based

signals [90] and for continuous wave transmission [90].

To study the impact of SPM and XPM, a simplified form of the non-linear Schrödinger

equation is used [90]:

i
∂A

∂z
+
iα

2
A− β2

2

∂2A

∂t2
+ γ|A|2A = 0, (2.6)

where A is the amplitude of the input optical signal, z is the fiber length, α denotes the

fiber loss, β2 is the second order dispersion parameter, which accounts for the chromatic

dispersion and γ is the non-linearity parameter [91]. Upon taking into account the

impact of SPM first, based on the SSFM, we arrive at [90]:

∂A

∂z
= (D̂ + N̂)A, (2.7)
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where D̂ is a differential operator that represents both the fiber loss as well as the dis-

persion and N̂ is the non-linearity operator representing the SPM. Combining Equations

(2.6) and (2.7), yields:

D̂ = −α
2
− iβ2

2

∂2

∂t2
, (2.8)

N̂ = iγ|A|2. (2.9)

To elaborate briefly, the SSFM splits the fiber into numerous short segments of length h,

over which the fiber may be deemed linear. There are three operations for each step, in

which the first and third step represent the linear operations calculating the attenuation

and dispersion, while the second operation represents the non-linear operations. The

first operation occurs in the first half interval of length h/2 and can be described as:

A(ω, z +
h

2
) = exp[

h

2
D̂(iω)]A(ω, z), (2.10)

where A(ω, z + h
2 ) is the Fourier transform of A(t, z + h

2 ) and the differential operator

∂/∂t is replaced here by iω. Then, for the second operation taking place during the

middle of the step, the non-linearity would be accounted for as follows [90]:

A′(t, z +
h

2
) = A(t, z +

h

2
)exp(hN̂), (2.11)

where A′(t, z+ h
2 ) is the input signal for the next half step after the non-linear operation

[92, 90]. Finally, the third operation, which occurs during the second half step repeats

the first process. This procedure can be expressed as [90]:

A(t, z + h) = exp(
h

2
D̂)exp(hN̂)exp(

h

2
D̂)A(t, z). (2.12)

Self-phase modulation occurs, when a single optical beam transmitted through the fiber.

More specifically, the reason for the phase shift caused by SPM is that in HNLF, a

high-intensity optical signal may induce the optical Kerr effect [90], which changes the

refractive index of the optical fiber. This results in slowing down the speed of light

beam in the fiber. In contrast to the self-induced phase modulation occuring in a single

channel, XPM is caused by having more than one optical beams [13]. Thus, the refractive

index affecting the optical beam in HNLF is dependent both on the intensity of its own

and those of others. The SSFM described above only handles the effects of SPM, while
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for characterising the combination of XPM and SPM, Equation (2.9) should be modified

as follows:

N̂ = iγ(|Ai|2 + 2
∑
k 6=i
|Ak|2), (2.13)

where Ai is the amplitude of the transmitted optical signal and Ak is that of the co-

propagating optical signal. Obviously, from Equation (2.13), that the change of re-

fractive index will be higher when XPM is encountered. Furthermore, Leibrich and

Rosenkranz [92] conceived an efficient improvement of the SSFM subjected both to

XPM and SPM, making it possible to reduce the required number of simulation steps

by a factor of up to 20 without degrading the accuracy of the channel model. In our

design, the Leibrich-Rosenkranz method is utilised for the simulation of the HNLF.

Additionally, RoF systems are affected by fiber attenuation, fiber dispersion and

fiber non-linearity. Hence, our channel model includes the effects of fiber attenuation,

fiber dispersion and SPM-XPM-induced fiber non-linearity are encountered, but that

the SBS, SRS and FWM can be neglected. SBS and SRS may indeed significantly

degrade the system by reflecting and shifting the transmitted wavelength, when a high

optical power is imposed [13]. However, we can ignore these two effects, since the input

power of the transmitted wavelength is kept as low as 0.1 milliWatt (mW). This is

far below the threshold of the given HNLF, since the corresponding SRS threshold is

approximately 270 mW and that of SBS is 42.5 mW based on the theoretical analysis

of [13]. Furthermore, we also note that the popular non-linearity-inducing technique of

FWM can be readily neglected due to the presence of phase mismatch in our system.

This is because the effects of FWM only become significant, when the phase mismatch

in the fiber vanishes [90]. Thus, as a benefit of conveniently controlling the chromatic

dispersions for our HNLF, the FWM can indeed be neglected by carefully tailoring the

chromatic dispersion with the objective of avoiding the phase match of the transmitted

wavelengths in our HNLF [93]. Thus, SPM and XPM constitute the main contributions

to phase variations in the HNLFs in our design.

To validate the feasibility of our parallel HNLF-aided beamforming, we investigate its

performance in the context of a C-RAN, where the CU houses the parallel HNLF-aided

components of Fig. 2.16 and the RRHs are connected to it using fibers. To elaborate

further, we utilise two RRHs in Fig. 2.16. Explicitly, a single-user C-RAN design relying
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on two RRHs is considered, where a pair of fibers is used for fronthaul access. In this

scenario, the user may connect to either one or both RRHs to achieve beamforming or

beamforming combined with either diversity or multiplexing gains, depending on the

wireless channel quality.

Steered Beam

Steered Beam

Remote Radio Head (RRH)

Fiber2

Fiber1

RRH2

RRH1

(Parallel HNLF−aided Beamforming)

Central Unit

H2

H1

Figure 2.16: C-RAN beamforming system model.

2.4.1.2 C-RAN System Model

In this section, we briefly describe the C-RAN system, which will be used for the verifica-

tion of our HNLF aided PAA beamforming system, as shown in Fig. 2.16. Beamforming

substantially improves the SNR gain, thereby increasing the throughput [33]. Hence,

instead of using phase-shifters for beamforming in the RRHs, we invoke the proposed all-

optical processing based beamforming system, where HNLF aided phase shifting assisted

beamforming is applied in Fig. 2.16.

The C-RAN architecture can flexibly serve the end users in the cellular network

[68], enabling them to achieve either diversity or multiplexing gains. As shown in Fig.
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2.16, the C-RAN fronthaul is fiber-based, where our HNLF aided PAA technique is

employed for achieving beamforming, whilst simultaneously connecting the CU to the

RRHs. Naturally the link between the RRH and the end users is wireless.

In this C-RAN system, we adopt the approach of [68], where end users may be

connected to one or several RRHs, depending on the prevalent channel conditions, as

follows.

1. If the wireless channels between the user equipment (UE) and both RRH1 as well

as RRH2 of Fig. 2.16 are favourable, then the UE may be connected to both RRH1

and RRH2, where either multiplexing or diversity gain is attained in addition to

beamforming employed at each RRH.

2. On the other hand, when one of the wireless links is in deep fade, the UE is

connected to only one of the RRHs, exploiting the better channel, thereby attaining

an improved SNR [68]. In this case, the UE may be connected to either RRH1 or

RRH2 of Fig. 2.16.

In our design, we investigated both cases using our HNLF aided PAA beamforming

technique for demonstrating the flexibility of our design. Thus, we integrated our HNLF-

aided beamforming into a C-RAN system.

Let us now consider the network of Fig. 2.16, where the user is equipped with Nr

received antennas and each RRH is equipped with Nt transmit antennas. Furthermore,

the user is positioned at an angle of ψ1 and ψ2 with respect to RRH1 and RRH2,

respectively. In the scenario where the user is connected to only one RRH, say RRH1,

the received signal vector after combining is given by

y = βwHHfx+ wHn, (2.14)

where f is the beam steering vector of size Nt× 1 formulated by the fiber, x is the input

signal stream, n is the complex Gaussian noise of mean 0 and variance σ2, w is the

combining vector of size Nr × 1, β is the A-RoF-system-induced distortion, while H is
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the semi-correlated channel with L paths, which is given by

H =

√
NrNt

L

L∑
l

αlar(φ
l
r)a

T
t (φlt), (2.15)

so that E[‖H‖2F ] = NtNr. Furthermore, ar and at are the response vectors and for

uniform linear arrays (ULA) they are expressed as:

ar(φr) = [1 ej
2π
λ
d cos(φr) . . . ej

2π
λ

(Nr−1)d cos(φr)]T , (2.16)

at(φt) = [1 ej
2π
λ
d cos(φt) . . . ej

2π
λ

(Nt−1)d cos(φt)]T , (2.17)

where φr and φt are the angle of arrival and departure, respectively, while αl is complex

Gaussian distributed whose amplitude is Rayleigh and phase is uniformly distributed.

On the other hand, when the user is served by 2 RRHs, the signal vector received in

the downlink is given by

y = βWHHFx + WHn, (2.18)

where H and F are now expressed as H = [H1 H2] and F = diag (f1, f2), respectively.

To elaborate further, Hi(i = 1, 2) is the sub-channel5matrix of size Nr ×Nt of the link

spanning from the ith RRH to the UE as shown in Fig. 2.16, while fi(i = 1, 2) is the

beam steering vector of size Nt × 1 employed at the ith RRH. The weights of the vector

fi are those of a zero-forcing beamformer, where the weights of the vector fi is tuned

for mitigating the interference caused by other RRHs, i.e. it can null the interference

caused by a signal arriving from different angles. Furthermore, x is the signal vector

of size 2 × 1, while W is now a matrix of size Nr × 2. The signal transmitted by the

beamforming at the RRHs is received by the UE, where the signal is downconverted

and processed digitally in the baseband using the combiner matrix WH . Hence, the

linear minimum mean squared (LMMSE) solution6 is chosen as the combiner matrix

WH . This design can be interpreted as a sub-array architecture, which was depicted

and discussed in great detail in [94]. A similar approach can be followed here for multiple

RRHs association.

5It is instructive to note that, in this case, when two RRHs are used for transmission, E[‖H‖2F ] =
2NtNr.

6Any combiner solution can be employed. We have considered LMMSE as a simplifying solution.
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Modulation format Quadrature phase shift keying

Multi-wavelength
1549.4 (λ4), 1549.6 (λ3), 1549.8 (λ2), 1550 (λ1) nm (frequency spacing 25 GHz)
Output power of each wavelength: 0.1 mW

Control signal 1549.2 nm

Control power range (LD) 0.1 mW-60.1 mW

Optical modulator Dual-Drive MZM

HNLF fiber length 1 km

Dispersion-shifted fiber length 10 km

Bit rate 10 Gbps

RF carrier frequency 6 GHz

HNLF attenuation 2.13 dB/km

HNLF dispersion parameter −1.7 · 10−12 s2/km

HNLF fiber non-linearity 18 w−1/km

Table 2.3: Simulation parameters.

Next, our simulation results characterising the power-controlled phase shifts are pre-

sented, while the system performance of Fig. 2.16 is analysed and compared to that of

the system using traditional electronic phase-shifters without our RoF aided beamform-

ing.

2.4.2 Simulation Results and Discussions

In this section, we will first discuss the attainable phase shifts using our HNLF-aided

beamforming scheme. Then, we characterise our fiber-based C-RAN system and bench-

mark it against that relying on traditional phase-shifters.

2.4.2.1 Highly-non-linear-fiber-aided Phase-shifting System

A HNLF channel transmitting QPSK modulated electronic signals of a multi-wavelength

laser source has been simulated using MATLAB. The parameters used are shown in Table

2.3.

More explicitly, a laser source having the four wavelengths of 1549.4, 1549.6, 1549.8

and 1550 nm is modulated by an RF signal having the centre frequency of 6 GHz,

where the MZM of Fig. 2.15 is used for generating OSSB to reduce the influence of

fiber dispersion. As for the optical fiber properties, the HNLF has an attenuation of

2.13 dB/km, a dispersion parameter of −1.7 · 10−12s2/km and a fiber non-linearity of 18

w−1/km [95] and we rely on a 10 km DSF for signal transmission. In our design example

we assume that each HNLF fiber has a length of 1 km.
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Since the XPM- and SPM-induced phase shifts fed into our four antenna elements

are dependent both on the power level of the four control signals of the LD and on

that of the data signals, we used the four optical attenuators of Fig. 2.15 as the power

controller for varying the power of each control signal having the same wavelengths

to obtain the desired power. After the MZM, the quadruple-wavelength optical signal

is demultiplexed, combined with each control signal and then fed into each HNLF.

After transmitting through the HNLF and experiencing XPM-SPM-induced phase shift

depending on the specific power level of both the modulated data signal and on that of

each amplified control signal, we multiplex the output of the four HNLF and transmit

the resultant WDM signal over a DSF, which exhibits zero dispersion in the wavelength

region of 1550 nm.

0 10 20 30 40 50 60 70

Control Power (mW)

-3

-2

-1

0

1

2

3

P
h

as
e 

(r
ad

)

Phase before and after DSF 

Phase of Output of DSF

Phase of Output of HNLF

4

3

2

1

Figure 2.17: Phase before and after DSF of the 10 Gbps system.

In order to characterise the effect of each wavelength on the phase shift of the different

signals, we fixed the input power for each wavelength to 0.1 mW and varied the tunable

power of the control signal from 0.1 mW to 60.1 mW with a step-size of 0.2 mW. Thus,

the SPM maintains the same effect for each wavelength, implying that the phase shift
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Figure 2.18: Attainable phase shifts of the 10 Gbps system.

between each wavelength would only be affected by the XPM induced by the variation

of the control signals’ power. As a result, we obtained 301 power levels corresponding

to the four separate wavelengths. Then each optical wavelength was demodulated with

the aid of coherent photo detection, yielding the photo-detected RF signal associated

with a constant phase shift between the different photo-detected RF signals. This was

then translated into specific beamforming angles after being radiated from the PAA.

Again, by collecting phase values corresponding to the above-mentioned power levels,

we have attempted to identify the specific power for the particular optical wavelengths

at which we have a constant phase shift between the four PAA elements. Furthermore,

each control signal power associated with each wavelength can be tuned separately with

the aid of four individual optical attenuators, thus granting us substantial flexibility, as

shown in Fig. 2.15.

To obtain a narrow-angle beamforming pattern, a PAA having a constant phase shift

between the adjacent antenna elements is required [69]. However, it is a challenge to
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Figure 2.19: Beam pattern of the 10 Gbps system.

maintain a constant phase shift between each and every element. Thus, our design offers

us a continuous phase tuning flexibility.

In our example, we used four parallel HNLFs to introduce phase shifts, while em-

ploying a DSF for transmitting the data to the RRHs. The measured phases of the

four wavelengths at the outputs of both the HNLF and of the DSF are sketched in

Figure 2.17, showing that they are nearly constant and hence indicating that our 10

km DSF only has a modest impact on the phase. Again, we can generate the required

phase shifts based on the outputs of the parallel HNLF. Thus, we can simply test the

parallel HNLFs and then design a codebook, storing the desired beamsteering directions

and the corresponding level of the control powers required. Fig. 2.18 shows the range

of phase shifts available, which spans from -0.6 rad to 1.6 rad7. As a result, Fig. 2.19

portrays the corresponding angular directions, where a continuous scanning range of

90◦ is attained using a four-element PAA. Thus, we applied our proposed system for a

7The x-axis in Fig. 2.18 refers to the number of phase shifts that can be attained, with each corre-
sponding to a specific control power combination.
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cellular sectorization of a range below 90◦, where a full range of scanning angle is not

required.

It was shown in [96] that having a phase error standard deviation for a four-element

PAA system below 0.32 rad (18.33◦) is suitable for guaranteeing a good beamforming

performance. Based on the attainable phase shifts seen in Fig. 2.18, we are able to

keep the phase shift differences among the antenna elements within 0.01 rad, which may

be deemed almost negligible. Hence our technique is capable of maintaining accurate

directivity, outperforming the family of FBG techniques [70, 79, 84]. This is because the

accuracy of the FBG family is determined by the fabrication imperfections of FBG, which

potentially introduces group velocity ripples, hence potentially degrading the directivity

accuracy.

To briefly conclude the impact of XPM and SPM on the beamforming pattern, we

extract specific power combinations corresponding to the beamsteering angles required

for specific cell-sectorization angles. As explained in Section 2.4.1.1, the optical power

induces fiber-non-linearity, which can then cause the phase variation of each transmitted

wavelength as verified by Equation (2.12). The phase variations are then exploited for

obtaining a relationship between the optical power and the attainable constant phase

shift of the adjacent antennas as portrayed by Fig. 2.18, according to which we can

form the specific beampattern of Fig. 2.19. As an example, Table 2.4 shows some of the

power combinations of the four control signal powers required for particular constant

phase shifts for supporting the desired beam directions. These codebooks can be directly

used by practitioners to design the sectorization patterns required.

Beamforming direction
Power combination (mW)

Phase shifts (rad)
Power 1 Power 2 Power 3 Power 4

80◦ 55.9 38.5 19.9 0.1 -0.54

85◦ 42.1 29.3 15.3 0.1 -0.28

90◦ 27.5 19.5 10.3 0.1 0

95◦ 13.3 9.9 5.1 0.1 0.28

100◦ 0.1 1.3 1.5 0.5 0.54

105◦ 0.1 6.1 11.1 15.5 0.82

110◦ 0.1 10.7 20.3 29.7 1.08

115◦ 0.1 14.9 29.3 42.9 1.33

120◦ 0.1 19.1 38.1 55.5 1.57

Table 2.4: Power combinations required for obtaining different beamforming
directions.
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Figure 2.20: Output phase of HNLF with various MI.

As mentioned in Section 2.4.1, the fiber impairments of SBS, SRS, FWM can be

neglected, provided that we invoke SSFM for modelling the fiber-non-linearity aided

beamforming. Furthermore, there are other system parameters that affect our system

performance and here we consider the MZM’s non-linearity, the optical input power and

the HNLF length.

MZM’s non-linearity: The MZM’s non-linearity is caused by the high amplitude

of the MZM’s drive voltage. As analysed in [97, 12], the MZM’s non-linearity generates

higher-order harmonics, which can potentially degrade our system performance. The

MZM’s modulation index (MI) πVdr
Vπ

determines the MZM’s non-linerity[97]. Vdr is the

amplitude of the drive voltage of the MZM of Fig. 2.15 and Vπ is the switching voltage

of the MZM. By controlling the amplitude Vdr to vary the modulation index according

to 2.6, 3.7, 5.2 and 6.3, we obtained the output phase of the HNLF shown in Fig. 2.20,

while in the results reported in Fig. 2.17, we fixed the MI to 0.5 to eliminate any

harmonics. It is clearly shown that the phases obtained are fluctuated compared to the
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Figure 2.21: Output phase before and after the DSF with various input optical
power.

output phase of the HNLF seen in Fig. 2.17 and the fluctuation becomes increasingly

severe upon increasing the modulation index. In our proposed system, a MI of 0.5 is

used for removing the second-order and higher-order side-bands caused by the MZM’s

non-linearity.

The optical input power: In the performance study of Section 2.4.2.1, we fixed

the optical input power of the HNLF to 0.1 mW, which substantially reduced the SPM

that might shift the phase in the transmitted DSF of Fig. 2.15. To further characterise

the impact of the optical input power, we vary the transmitted optical power accord-

ing to 0.5, 1 and 2 mW and we compare the output phase of the HNLF and of the

DSF of Fig. 2.15. The results of Fig. 2.21 indicate significant degradations when the

power is increased to 2 mW, where the signal associated with the optical input power

of 0.5 mW exhibits a similar performance to Fig. 2.17 while the phase of two outputs

divert marginally when the power is 1 mW. Thus, varying the optical input power for
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Figure 2.22: Attainable phase shifts with HNLFs fiber length of 2 km.

each wavelength feeding the HNLF will affect the corresponding beamforming direction

instructed in the codebook shown in Table 2.4.

The HNLF fiber length: In our example, we proposed parallel HNLF fibers with

each fiber length being 1 km for the sake of having a cost-efficient system design. How-

ever, we also noted that the achievable beamforming scanning range is limited to 90◦.

Thus, we increase our HNLF fiber length to 2 km to broaden the achievable range. Fig.

2.22 shows that the achievable phase shifts have a range of −2.6 rad to π rad, implying

that a beamforming scanning range of nearly 360◦ can be realised at the cost of having

a longer fiber. Note that the longer fiber can be readily implemented by a cable drum,

which can be accommodated without requiring larger space. Alternatively, a highly

nonlinear chalcogenide fiber having a non-linearity of 50,000 times that of the standard

silica fiber [98] can also be used in our system for the sake of reducing the overall fiber

length to a few meters.

The above-mentioned parameters are likely to affect the A-RoF system and should



56 Chapter 2 Analogue Radio Over Fiber Aided Beamforming

Figure 2.23: BER performance with and without A-RoF.

be carefully tailored. Since our system is designed for cellular sectorization, a beam-

forming scanning angle within 90◦ is satisfactory. Our C-RAN application is based on

the codebook given by Table 2.4 designed for cellular sectorization.

2.4.2.2 C-RAN BER Performance

We have indicated in Section 2.1 and 2.4.1 that our system is capable of simplifying

the electronic phase-shifter based conventional beamforming transceiver system imple-

mented in the conventional base station by beneficially exploiting the fiber-non-linearity

aided beamforming technique. C-RAN is widely recognised as a cost- and energy-efficient

mobile access network for reducing the total cost of ownership (TCO) [1], such as the

management and maintenance fee, by centralising most of the digital signal processing

in a CU. More specifically, regarding the analogue beamforming system design, we cen-

tralise the beamforming pattern control in the CU, while exploiting fiber non-linearity to

shape the phase response. Hence we eliminate the need for the analogue phase shifters.



Chapter 2 Analogue Radio Over Fiber Aided Beamforming 57

For example, as discussed in [37], the number of electronic phase-shifters of a conven-

tional analogue beamforming system is a linear function of the number of transmitter

antennas. Thus, a four-transmitter-antenna aided beamforming system requires four

RF phase shifters and four RF chains, which are housed in the RRHs. In the proposed

fiber-non-linearity aided beamforming system, actively-powered phase-shifters, power-

thirsty analogue-to-digital converter (ADC) and digital-to-analogue converters (DAC)

are totally eliminated, while invoking four short HNLFs of 1 km length in the CU to

obtain the designed beamforming phase response. The beamforming angle control is

confined to the CU, where the complexity of the conventional base station imposed by

the beamforming is substantially reduced. Furthermore, the CU is capable of steering

the beam transmitted from multiple RRHs, which will be discussed in this section.

Since the codebook of Table 2.4 can be used for generating specific beams, the cen-

trally power-controlled beamsteering scheme is capable of supporting our C-RAN sys-

tem, which relies on low-complexity RRHs. Here, to validate that our proposed system

can be exploited in a C-RAN system, we have discussed the amalgamation of A-RoF

and C-RAN in Section 2.4.1.2. The associated performance results are presented in this

section. Based on the C-RAN system of Fig. 2.16 and on the discussions of Section

2.4.1.2, the UE of Fig. 2.16 can be connected either only to RRH1 or to both RRH1

and RRH2, depending on the prevalent channel conditions as detailed in Section 2.4.1.2.

We consider both cases and show the BER performance attained in Fig. 2.23.

Fig. 2.23 shows the BER performance of the A-RoF aided beamformer and of the

beamformer using conventional phase-shifters without A-RoF as a bench marker. As

discussed in [68], when one of the RRHs of Fig. 2.16 is in deep fade, the C-RAN system

is capable of switching to another RRH (e.g. RRH1 of Fig. 2.16) for transmission. The

corresponding BER curve of the single-link RRH1 is shown in Figure 2.23, which shows

only modestly degraded BER results compared to those using conventional electronic

phase-shifters without A-RoF8.

On the other hand, when the UE is connected to both RRH1 and RRH29, two

8The SNR in Fig. 2.23 represents the wireless SNR, where the measured signal power is the normalised
output power of the PAAs and the noise power is the wireless AWGN power.

9As mentioned, using a longer fiber or a fiber with higher non-linearity factor, it is possible to extend
the coverage angle of the antenna array in each RRH to 360◦. In this example, where the coverage angle
is 90◦, it is possible to employ four antenna arrays at the same RRH, where each antenna array can
cover a different 90◦ area and hence the RRH will be able to cover the entire 360◦ area.
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independently fading spatial streams are transmitted to the user positioned at angle

105◦ and 120◦ from RRH1 and RRH2 of Fig. 2.16 invoked for spatial multiplexing,

respectively [99]. It can be seen from Fig. 2.23 that the A-RoF aided beamformer

shows a negligible 0.1 dB SNR degradation compared to that of the beamsteering using

conventional phase-shifters without A-RoF. This is due to the phase noise introduced

by A-RoF system. Furthermore, due to the interference introduced by multiplexing

shown in Fig. 2.23, we achieved a better performance for the RRH1-based single-link

transmission than that for multiplexing. Thus, as evidenced by Fig. 2.23, our A-RoF

aided beamforming technique is capable of supporting a C-RAN system, whilst reducing

the cost- and energy-consumption compared to the conventional electronic phase-shifter

aided beamforming system.

Hence our solution may be readily invoked for sectorization of a C-RAN cellular

network to improve the SNR gain attained.

2.5 Conclusions

In this chapter, a review of A-RoF aided PAA beamforming and a novel phase shifting

network based on the fiber non-linearity are presented and discussed in detail. In Sections

2.2 and 2.3, the PAA basics and the development of A-RoF aided beamforming PAA have

been elaborated. In Section 2.4, we conceive a novel A-RoF aided beamforming technique

based on the fiber’s non-linearity to be applied in C-RAN. In our proposed technique,

the PAA elements are fed by the appropriately phase-shifted signals introduced by our

HNLF aided phase-shifting solution, which results in an angular beamsteering range of

around 90◦. This can be exploited by sectorization in cellular networks to reduce the

co-channel interference imposed. Furthermore, we exploit the proposed A-RoF-aided

phase shifting technique in a C-RAN, where our proposed system takes advantage of

the centralised signal processing capability of the A-RoF system to conceive an all-

optical processing based tunable beamforming system. While our flexible HNLF-aided

phase-shifting process is confined to the CU of the C-RAN, the end users in the C-

RAN cellular networks are capable of flexibly choosing the serving RRHs and employing

diverse wireless transmission techniques. Through integrating our HNLF-aided phase-

shifting design into the proposed C-RAN, we impose as little as 0.1 dB SNR degradation
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compared to its traditional electronic counterpart, but the latter requires extra phase-

shifters. Furthermore, future work can be focused on the C-RAN response time and

sum-rates, which are prevalent C-RAN topics.





Chapter 3
Analogue Radio Over Fiber Aided Spatial

Modulation

C
hapter 2 invoked analogue radio over fiber (A-RoF) aided analogue wire-

less beamforming in the context of a centralised small-cell and cloud/cen-

tralised radio access network (C-RAN), which was achieved without any

phase shifters. As mentioned in the context of Fig. 1.9, in this chapter,

we will investigate the benefits of the spatial modulation (SM) concept in the A-RoF

aided C-RAN system.

To elaborate a little further, in C-RAN, the base station at the central unit (CU)

feeds the remote radio heads (RRHs), using A-RoF techniques for supporting the cellular

network [17, 1, 12, 100]. This chapter will focus on designing A-RoF for SM aided

multiple-input-multiple-output (MIMO) systems without having to use actively-powered

switches. More explicitly, the A-RoF aided MIMO signal processing of Fig. 1.7 will be

replaced by SM as seen in Fig. 3.1. In contrast to the analogue beamforming, which is

a MIMO based technique conceived for improving the signal-to-noise ratio (SNR) and

for reducing the inter-channel interference (ICI), SM constitutes a low-cost and low-

complexity MIMO scheme, which is capable of improving the spectral efficiency (SE) vs

energy efficiency (EE) trade-off [8].

61
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Figure 3.1: A-RoF aided SM for the C-RAN Downlink.

Prior to highlighting our contributions, we will briefly introduce the relevant back-

ground and the related SM topics. Then, we will establish the connection between the

SM and the A-RoF aided C-RAN fronthaul downlink design.

3.1 Background

Meeting the demands of seemless, low-latency communication requires the exploration

of hitherto unused carrier frequencies and employing more small-cell base stations for

improving the area spectral efficiency by reducing the ICI [2]. Given the shortage of radio

frequencies, the operational cellular network is unable to meet the mobile subscribers’

ever-increasing throughput demand, hence there is an urgent need for more small-cell

base stations. The deployment of extra base stations allows serving more users but

suffers from more drastically fluctuating ICI [2] in addition to the fact that it significantly

increases the cost. Thus, the C-RAN concept [101, 1] has been proposed as a novel mobile

architecture revolutionising the functions of conventional base stations. Accordingly,

most of the baseband signal processing is migrated to a CU, while the main radio

functions of the conventional base station, such as the optic-to-electro (O/E) conversion,

amplification, electronic filtering and radio transmission, are migrated to the RRHs,

hence resulting in a cost- and power-efficient solution [102, 9, 28]. The novel concept of

coordinated multi-point (CoMP) [1, 103] aided communications can also be established

with the aid of the C-RAN’s centrally controlled processing.
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Moreover, by exploiting the fiber’s low antenuation, its substantial bandwidth and

its immunity to electro-magnetic interference [12], the A-RoF based C-RAN system is

capable of simplifying the functions of the RRHs, since both the modulation as well

as the analogue-to-digital conversion (ADC) and digital-to-analogue conversion (DAC)

operations are carried out by the CU, while the passive optical processing components

and antennas used at the RRHs only impose a modest cost [102, 16]. This results in an

energy-efficient mobile access network relying on centralised MIMO schemes [19].

The most popular spatial multiplexing technique [104] is the classic Bell laboratories

layered space-time (BLAST) scheme, where independent signals are transmitted from

independent antennas for improving the SE. However, spatial multiplexing aims for im-

posing the SE without taking into account the overall energy efficiency as well as the

complexity. By contrast, SM is characterised by striking an attractive compromise be-

tween the SE and EE, whilst relying on a single-RF chain based solution for multiplexing

the classically modulated data and the antenna index based stream [105]. Furthermore,

it was shown [105] that at a given SE, the receiver complexity is substantially reduced

when compared to the Vertical BLAST (V-BLAST).

To elaborate a little further, SM is a low-cost MIMO technique, where only a single

one or a small fraction of the transmitter antennas is activated at a time [8, 106, 105, 107].

Apart from the advantage of relying on a single-RF chain, single-antenna based receiver

activating a single antenna results in an ICI-free design [108].

3.2 A Brief Review of Wireless Spatial Modulation

Again, SM is a cost-efficient MIMO technique, dating back to the year 2001 [109],

although it is closely related to other so-called combinatorial modulation schemes. For

a detailed historical perspective, please refer to [104]. In this context, Chau et al. [109]

advocated the space shift keying (SSK) concept, where only the antenna index carries

any data. Based on a twin-transmitter-antenna scheme and activating one or both of

the antennas at a time, the SSK scheme proposed in [109] is capable of transmitting

the signal purely using the antenna index, while substantially reducing the receiver’s

complexity [109]. Then, the early theoretical analysis of SM, where the data is carried
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by both the classic RF signal and the antenna index, was carried out by Mesleh et al.

[105].

In the ensuing era, substantial research efforts have been focused on designing SM-

aided MIMO systems for improving their performance. Sugiura et al. [110] proposed

the concept of generalised space-time shift keying (STSK). As a further develepment,

link-adaptation was also invoked in the context of SM systems [111], where the system

performance was considerably improved compared to the conventional SM systems. To

further reduce the receiver complexity by dispensing with any channel state information

both at the transmitter and receiver, Bian et al. [112] conceived differential spatial

modulation (DSM), which exhibited a compelling performance vs complexity trade-off.

Furthermore, Basnayaka et al. [113] carried out the capacity analysis of SM in the

context of massive MIMO scenarios, demonstrating a comparable capacity to that of

the open-loop MIMO. Moreover, Wu et al. showed in [114] that pre-coding aided SM is

capable of improving the secrecy of wireless communication systems.

Given the considerable research efforts invested in SM, a number of surveys have also

contributed to the advances in SM [115, 104, 8]. Thus, as mentioned in Chapter 1, to

support the potential deployment of A-RoF-based C-RANs, improving the EE vs SE

trade-off, we provide an overview of SM adopting a holistic system-oriented perspective.

More specifically, the existing SM-MIMO schemes heavily depend on the employment of

actively-powered switches. However, with the aid of the A-RoF technique using optical

side-band selection, we are capable of removing the SM switches while designing an

adaptive C-RAN.

3.3 New Contributions

In this chapter, we aim to solve the following challenges encountered by the conventional

SM schemes:

1. SM switches have a high power-consumption, especially when massive MIMO is

employed [28].
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2. If SM is to be deployed in the C-RAN system, the number of high-speed switches

needed for SM is a linear function of the number of RRHs, which together with the

RF chains in the RRHs substantially increases the cost of the SM-aided cellular

mobile network.

Hence, to solve the above-mentioned pair of challenges, this chapter provides several

A-RoF-based SM downlink designs in the context of C-RAN, where we present an ex-

perimental demonstration of the A-RoF aided twin-antenna SM scheme to verify the

feasibility of using optical single side-band selection for mapping the antenna index,

which can replace the actively-powered SM switches. Then we propose a more general

A-RoF aided SM design that can support any arbitrary number of transmitters while

adaptively choosing the number of the RRHs connected to the users.

Explicitly, we firstly propose a prototype design for an A-RoF aided twin-antenna

SM scheme complemented by its experimental characterisation, where a 20 km standard

single-mode fiber (SSMF) is used for transmission. In this experiment, a 2 Gbps SM

employing two transmit and two receive antennas is investigated, which imposes less

than 1 dB SNR degradation at a BER of 10−4 compared to those operating without

A-RoF. Then, having verified the feasibility of the proposed A-RoF aided SM scheme

experimentally, we proceed by proposing a more scalable C-RAN system, where optical

processing aided SM capable of supporting an arbitrary number of transmitter antennas.

Machine learning is invoked for controlling the system’s adaptation, where the objective

function is based on improving the achievable data rate. Meanwhile, to mitigate the

multi-path interference and to increase the diversity gain attained, an optical space-

time-block-coding-SM scheme is introduced. To clearly demonstrate our ideas, this

chapter is structured as follows:

Section 3.4 proposes the A-RoF aided twin-antenna SM downlink, followed by its

experimental characterisation, where the MZM’s side-band selection is carried out by

phase shifting the drive voltage of the MZM for replacing the conventional circuit-based

switch originally used for antenna selection of the wireless SM. In this design, the SM

scheme’s antenna selection concept is represented by the side-band selection process

of an optical single side-band (OSSB) signal generated by a dual-drive Mach-Zehnder

modulator (MZM). More specifically, we assign an index to the OSSB location using
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the specific phase-shifting techniques proposed in [116, 117] for realising an optical pro-

cessing aided low-cost SM encoding, where only a single RF chain is required to serve

a single RRH. Thus, in the proposed design, the SM encoding operation takes place in

a CU, while the RRHs are responsible for optical filtering, O/E conversion, electronic

amplification and transmission. As a benefit, there is no need for agile switches at the

wireless transmitter.

Our contributions in Section 3.4 are summarised as follows:

1. We design an energy-efficient A-RoF network relying on twin-antenna SM encoding

at the CU, where the SM switches are eliminated, hence significantly simplifying

the transceiver design and reducing both the complexity as well as the power

consumption of the RRHs of the conventional architecture relying on actively-

powered SM switches. This design can also be used in the context of both C-

RANs and small-cell fronthauls for facilitating cost-effective management and site

maintenance.

2. The sophisticated SM encoding philosophy is intrinsically integrated into our A-

RoF design, where we view the optical side-band’s frequency position as the an-

tenna selection index, thus realising an all-optical central processing aided SM

system architecture. The single-RF chain advantage of SM reduces the complexi-

ties of both the CU and of the RRHs.

3. We experimentally characterise the critical elements of our system by demonstrat-

ing the underlying principles using a 2 Gbps A-RoF-aided binary phase shift keying

(BPSK) SM system combined with convolutional coding, where we show that the

SNR performance is less than 1 dB away from that of the conventional wireless

system operating without the A-RoF.

4. Our design example employs 3 GHz radio carrier frequency. However, our proposed

system design is scalable of operating at any practical carrier frequency, which is

determined by the drive frequency of the MZM.

Section 3.5 presents an adaptive A-RoF based C-RAN system, in which the CU

of the C-RAN can be adaptively connected to multiple RRHs. Meanwhile, extended
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by the feasibility study of the A-RoF aided twin-antenna SM encoding presented in

Section 3.4, we conceive a general optical processing SM side-band selection arrangement

combined with space-time block coding (STBC). Explicitly, this is achieved with the aid

of controlling both the drive frequency and the phase-difference of the dual-drive MZM,

supporting any arbitrary number of transmitter antennas in the A-RoF based C-RAN.

Furthermore, we invoke a learning algorithm referred to as the K-nearest neighbourhood

(KNN) algorithm for adapting both the number of RRHs connected to a single user and

its modulation techniques employed. This is attributed to the intrinsic capability of the

link adaptation exploited in our proposed C-RAN system.

Due to A-RoF schemes’ capability of centralising both the digital and radio processing

[7], SM-STBC can be beneficially implemeted centrally in the A-RoF aided C-RANs

considered. In Section 3.5, we propose an A-RoF aided SM-STBC scheme based on

Alamouti code in the C-RAN’s CU, which transmits the STBC signal from a pair of

wireless transmitters.

More explicitly, the SM-STBC operations are carried out optically via optical side-

band selection, where the drive frequencies and their phase shifts between each arm of

the dual-drive Mach-Zehnder modulator (DD-MZM) utilised are mapped to the STBC-

activated antenna indices1, where the switches and the power-thirsty DAC and ADC

required in the RRHs for the conventional SM are eliminated, hence realising an energy-

efficient A-RoF based C-RAN system relying on an optical processing aided SM-STBC

scheme. To elaborate a little further, the STBC signal is directly modulated with the

aid of several sets of laser diodes (LDs), and then it is fed into a DD-MZM, where the

transmitting optical side-band is selected by the optical index of the drive-frequency and

phase-shifters at each STBC symbol period2. Then, the modulated signal is carried over

standard single-mode fiber (SSMF) and dispersion-compensation fiber (DCF), where

the optical signal is passed to an erbium-doped fiber amplifier (EDFA) before being

mapped to different antennas by the passive optical components of a wavelength-division-

multiplexing demultiplexer (WDM-Demux), fiber Bragg grating (FBG) and then photo-

detected to generate the electronic signal. Thus, each SM-STBC signal is processed in

the CU using optical indices. We will detail the specifics of this design in Section 3.5.1.

1For Alamouti’s code, a STBC-activated antennas is a pair of antennas for transmitting STBC sym-
bols.

2In Alamouti’s code, a STBC symbol period refers to two symbol periods.
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Thus, the proposed system amalgamates the SM-STBC scheme with A-RoF tech-

niques, hence constituting an adaptive C-RAN system controlled by the KNN algorithm.

The novel contributions of this section are as follows:

1. We propose an A-RoF aided optical processing based SM-STBC encoding schemes

where an optical index constituted by the DD-MZM’s drive frequency and their

phase shifts eliminates the need for any actively-powered switches, which would

be inevitably required by the wireless SM scheme as well as dispensing with the

power-thirsty DACs and ADCs in the RRHs.

2. Our system may be readily invoked for adapting the number of RRHs supporting

a single user, simply using a laser bank. Furthermore, the proposed adaptive

C-RAN system is controlled by a learning-assisted technique, capable of near-

instantaneously adapting the number of RRHs as well as the modulation techniques

employed. Moreover, the proposed system is capable of achieving a higher data

rate than that of the classic threshold-based adaptation.

3. The proposed system concept was inspired by our A-RoF aided twin-antenna SM

experimental study of Section 3.4 [28]. However, the system advocated is capa-

ble of supporting MIMO having a variable number of antennas by using direct

modulation and extra optical indices, where any arbitrary number of transmit-

ter antennas can be supported, while STBC is invoked for the sake of achieving

transmit diversity.

The aim of this chapter is to design a low-cost and low-complexity A-RoF aided SM

arrangement, where we invoke optical signal processing for implementing SM encoding

supporting our C-RAN system design.
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3.4 Experimental Characterisation of the Radio Over Fiber

Aided Twin-Antenna SM Downlink

3.4.1 Proposed A-RoF-aided SM System

In this section, we will introduce our A-RoF-aided twin-antenna SM system design

and present our simulation-based performance analysis. This can be considered as a

potential application of C-RAN for enabling simplified and energy-efficient SM. The C-

RAN application will be discussed in Section 3.5, followed by the feasibility study of this

section.

3.4.1.1 Conventional Twin-antenna SM Scheme

In the conventional SM scheme, the transmitted data is firstly split into two streams,

as shown in Fig. 3.2, where the upper stream corresponds to the implicitly conveyed

information used for antenna selection, while the lower stream to the classic modu-

lated symbol transmission, namely quaduature amplitude modualation/phase shift key-

ing (QAM/PSK). As shown in Fig. 3.2, the switch activating the specific antenna used

for wireless transmission relies on the antenna selection information assigned to the

upper stream of Fig. 3.2. For example, a twin-antenna SM scheme requires one-bit

of information to control the switch-option, where a logical 1 can activate antenna 1

while a logical 0 activates antenna 2 corresponding to the lower side-band and upper

side-band in our system to be elaborated on in the next section. Generally speaking,

a classic N -bit information symbol can be conveyed over the lower stream of Fig. 3.2.

At the receiver side, the classic symbols as well as the antenna selection symbols can be

jointly interpreted by maximum likelihood (ML) detection [118].

Instead of implementing the SM encoding scheme at each RRH, which adds extra

complexity constituted by the antenna-switches, we propose an A-RoF system, which

optically encodes the SM symbols in a CU with the aid of centralised processing, where

the actively-powered switches are replaced by the passive optical components of the

RRHs. As a benefit, we can dispense with power-thirsty high-precision DAC and ADC

in the RRHs. Note that the number of passive optical components required in the
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Figure 3.2: Conventional twin-antenna SM scheme adapted to side-band-
switching.

RRHs increase linearly with the number of RRHs, however, as a benefit of the low-

power RRHs proposed, we conceive an energy-efficient and cost-efficient A-RoF-aided

fronthaul system. Next, we detail our A-RoF-aided system design and characterise it.

3.4.1.2 Proposed A-RoF-aided SM Design
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Let us now consider our A-RoF-aided twin-antenna SM system shown in Fig. 3.3,

where we show both the A-RoF link and the wireless link. In our system, we externally

modulate the radio frequency (RF) signal into the optical carrier (OC) generated by a

LD using a dual-drive MZM, which can be set to operate in a specific OSSB mode during

each symbol period. The OSSB signal can be generated by setting the phase difference

of the RF signal in both arms of the MZM to π/2 or −π/2, where one of the first-order

side-bands would be suppressed [116, 117]. Specifically, to centralise the SM encoding,

phase-controlled side-band suppression is exploited. As discussed and experimentally

verified in [116, 117], by imposing a phase-difference of π/2 or −π/2 between each arm

of a DD-MZM, one of the first-order side-bands of the modulated optical signals will be

suppressed. We exploit a dual-drive MZM to interpret specific side-band used as the

antenna selection index of SM. As shown in Fig. 3.3, a phase-shifter is employed to

change the phase-difference of the MZM’s arms of Fig. 3.3 to either −π/2 or π/2.

In our design, as shown in Fig. 3.3, a pseudorandom binary sequence (PRBS) input

is split into the SM antenna selection index bits x̂1 and the SM classic modulated bits

x̂2, where x̂1 controls the phase-shifter of Fig. 3.3 and x̂2 is mapped to the classic

QAM/PSK symbols x2. The symbols x2 are then carried by a RF signal, which is

power-split to both MZM arms and used as the drive voltages of the dual-drive MZM of

Fig. 3.3. Furthermore, the side-band selection process, which corresponds to the antenna

selection in conventional wireless SM, is detailed in Fig. 3.4. As shown in Fig. 3.4, when

the antenna selection bit 1 is transmitted, the phase shift −π/2 is chosen, which maps

the QAM/PSK-modulated RF signal to the lower side-band, while the antenna selection

bit 0 encodes it to the upper side-band of the optical carrier generated by the LD of Fig.

3.3, which corresponds to a phase shift of π/2 .

Following the SM encoding and the transmission of the signal through a SSMF,

the optical signal is power-split and fed into two different lines, where the upper line

retains the lower side-band and the bottom line obtains the upper side-band using an

optical bandpass filter (OBPF), as shown in Fig. 3.3. Then, the filtered optical signal

of each line will be converted to the corresponding electronic signal and passed through

electronic amplifiers (EAs) for amplification, where the symbols s1 conveyed by the

lower side-band are carried by an RF signal and feed the transmitter (Tx) antenna 1

(Tx1), while the symbols s2 conveyed by the upper side-band feed the Tx antenna 2
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(Tx2). Subsequently, the SM symbols mapped to the RF signals are transmitted over

the wireless channel without any signal processing in the RRHs of Fig. 3.3. Thus,

our SM antenna selection information selects the antennas using our new side-band

selection technique, while classic symbols are mapped to the corresponding side-band

and converted to RF signals. To elaborate a little further, Figs. 3.5 and 3.6 shows the

OSSB power spectral density (PSD) of the A-RoF-aided SM signal after each OBPF of

the RRH of Fig. 3.3, where the left plot corresponds to the bit-1-selected lower side-band

conveying information to Tx1 of Fig. 3.3, while the upper side-band shown in the right

plot is the bit-0-selected signal conveying information to Tx2. The central frequency of

200 GHz shown in Fig. 3.5 and 3.6 is selected for the convenience of simulation, which

is relative to 193.1 THz.

 

if bit 1 if bit 0

PS= −π/2 PS= π/2

ASI x̂1

Upper Side-bandLower Side-band RF Carrier Position

Figure 3.4: Side-band selection. ASI: Antenna Selection Information, PS: Phase
Shift.

As a benefit, any electronic digital signal processing as well as SM encoding switches

can be completely eliminated in the RRHs of Fig. 3.3. Furthermore, the OBPFs on

each line of the RRHs of Fig. 3.3 are utilised to select the required side-band for each

antenna. Through side-band filtering, the output of each branch in the RRH of Fig. 3.3

is passed to the corresponding antennas for SM transmission. Thus, the passively preset

OBPFs of Fig. 3.3 are capable of replacing the function of actively-powered switches,

hence substantially reducing both the system complexity and the power consumption

imposed on the RRHs.
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Figure 3.5: PSD of the OSSB for side-band selection (Left Side-Band).

3.4.1.3 Performance Characterisation

Prior to experimental verification, the proposed system was simulated using MATLAB.

In our simulations, an RF frequency of 3 GHz was externally modulated by an optical

carrier of 1550 nm. The split-step Fourier method was used as our channel model [90].

A convolutional code having a code rate of 1/2, a constraint length of 7 and generator

polynomials of (171,133) (in octal) was used. As shown in Fig. 3.3, the classic modu-

lated bits are mapped to BPSK symbols. The classic modulated BPSK symbol is then

mapped to the lower side-band of the LD’s optical carrier of Fig. 3.3 when a logical one

antenna-selection information is applied and vice versa. This is carried by controlling

the phase-shifter of Fig. 3.3 by π/2 or −π/2. Then, the SM encoded optical signal is

transmitted over a 20 km SSMF, where a power splitter is imposed after the fiber trans-

mission in order to extract the side-band information for mapping to the corresponding

antennas. Afterwards, the preset OBPF, photo detection (PD) and EA filters the signal

and converts the optical signal to 3 GHz RF signal. Thus, the RF signal carrying the
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Figure 3.6: PSD of the OSSB for side-band selection (Right Side-Band).

SM symbols is transmitted from the two antennas. In the wireless link, we simulated a

Rayleigh-fading channel and we employed ML detection [118].

Fig. 3.7 shows the bit error ratio (BER) performance of a 2×2 SM scheme employing

our A-RoF-aided design, which is compared to a ’wireless-only’ SM scheme operating

without the A-RoF link for the sake of showing the feasibility of intrinsically amalgamat-

ing SM with our proposed A-RoF system. The ’wireless-only’ SM scheme represents the

conventional SM scheme, when only wireless transmission is considered and no A-RoF

link is involved. The wireless channel used is a Rayleigh-fading channel. The SNR indi-

cated in Fig. 3.7 is the wireless SNR, where we show that our A-RoF-aided SM system

has modest impact on the system’s performance. Additionally, our 2× 2 SM prototype

scheme can be readily extended to an arbitrary number of receive antennas. Based on

the analysis above, we will experimentally characterise our system and the experiment

will be detailed in the next section.
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Figure 3.7: Simulated BER performance of proposed A-RoF-aided twin-antenna
SM system.

3.4.2 Experimental Setup

To further verify our proposed system, we have demonstrated our system design as shown

in Fig. 3.8. The dual-drive MZM used is of 40 Gbps relying on the Model T.DEH1.5-

40PD-ADC from SUMITOMO OSAKA CEMENT. A SSMF of 20 km is utilised. The

input power of the fiber is 1.5 dBm.

In our experiment, the RF signals are fed into the MZM of Fig. 3.8 for side-band

selection, which are processed in MATLAB offline on a computer and then generated

by an arbitrary waveform generator (AWG). Specifically, we generated a pair of BPSK-

modulated RF carriers at 3 GHz in MATLAB. Then, one of the RF signals is phase

shifted by π/2 or −π/2 according to the SM antenna selection bits x̂1, with both of the

offline-processed signals being entered into an AWG operated at 12 GSamples/s to drive

each arm of the dual-drive MZM for the sake of side-band selection. As a result, the

signal driving the bottom arm of Fig. 3.8 is phase-shifted off-line in MATLAB for SM
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Parameter Value

Bit rate 2 Gbps (with convolutional code)

RF drive signal 3 GHz

LD center wavelength 1550.134 nm

Optical power before MZM modulation 9.35 dBm

MZM DC bias 2.68 V

Input power of fiber 1.5 dBm

Fiber type Standard single-mode fiber at 1550 nm

Fiber length 20 km

Modulation type BPSK

OBPFs central wavelength 1550.174 nm and 1550.094 nm

OBPFs 3 dB bandwidth 0.114 nm

PD data bandwidth 10 Gbps

LPF cutoff frequency 3.9 GHz

Wireless channel Rayleigh-fading Channel

Wireless detection Maximum likelihood detection

Table 3.1: Experimental Parameters.
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Figure 3.8: Experimental setup.

encoding, thus ensuring that the phase-difference of the drive signal of each arm remains

either π/2 or −π/2. After the side-band selection by MZM of Fig. 3.8, the signal is

transmitted over a 20 km SSMF. At the fiber’s receiver side, after OBPF, PD, EA and

a low pass filter (LPF), the signal of each branch of Fig. 3.8 is passed to an oscilloscope,

where we visualise the output signal for a 2 × 2 SM MIMO analysis. The normalised

signal of the oscilloscope is exploited as the wireless input signal simulated in MATLAB.

Again, the wireless channel is simulated as a Rayleigh-fading channel and ML detection

is used at the wireless receiver side. The stylized real-world implementation is portrayed

in Fig. 3.3. In our experiment, we opted for implementing the critical components of

our proposed design, while the associated large-scale wireless system and some of the
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Figure 3.9: Experimental demonstration BER of proposed A-RoF-aided twin-
antenna SM BER performance.

electronic devices, such as the phase-shifter of Fig. 3.3, were simulated in MATLAB.

The parameters of this experiment are shown in Table 3.1 and the demonstration system

is portrayed in Fig. 3.8.

As demonstrated in Table 3.1, a convolutional code having a code rate of 1/2, a

constraint length of 7 and generator polynomials of (170,133) (in octal) is used in our

system. To show the effect of our proposed system on the BER performance, we also

plotted in Fig. 3.9 the ’wireless-only’ SM BER curve as well as the experimental A-

RoF-aided twin-antenna SM system BER, where we show that the experimental results

exhibit about 1 dB degradation at the BER of 10−4 compared to the simulation results

of the ’wireless-only’ SM without A-RoF as well as that with A-RoF of Fig. 3.7. This

disparity is partially caused by the phase noise introduced by the optical components

and by the frequency leakage of the OBPFs used. Nonetheless, given that only 1 dB

degradation is observed at BER of 10−4, we realised a A-RoF-aided twin-antenna SM
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system, dispensing with both digital processing and with actively-powered SM switches

in the RRH, resulting in an energy-efficient A-RoF-aided SM system.

In the next section, we extend the above scheme, where a scalable SM-STBC scheme

is implemented in a learning-assisted adaptive C-RAN system.

3.5 Analogue Radio Over Fiber Aided SM-STBC for the

Learning Assisted Adaptive C-RAN Downlink

In Section 3.4, we proposed and experimentally verified the operating principle of our

A-RoF aided SM scheme by using a side-band selection philosophy, which was restricted

to two transmitter antennas. As described in Section 3.3 and inspired by the proposed

OSSB selection method conceived for SM antenna index mapping, we propose another

side-band selection aided SM encoding in Section 3.5.1, which is capable of supporting

any arbitrary number of SM transmitter antennas per RRH, where we implemented

Alamouti’s STBC for improving the diversity gain attained. As a further benefit of

our flexible design, in Section 3.5.2 we design an adaptive system, where the number

of RRHs supporting a single user as well as the modulation technique employed can be

adaptively adjusted, where we also invoke a learning algorithm, namely the KNN for

controlling the adaptation.

3.5.1 Proposed A-RoF Aided C-RAN System Model

In the context of our C-RAN and MIMO deployment, SM-STBC can be considered a

cost-efficient technique of achieving a high throughput and a beneficial diversity gain.

To dispense with the power-thirsty antenna switches as well as with the DAC and ADC

in the RRHs of the C-RAN system, in this section, we present our A-RoF aided SM-

STBC scheme conceived for a C-RAN, where the SM-STBC processing is carried out

optically relying on the optical carrier index. Fig. 3.10 shows a generic fiber-based

C-RAN system, where a CU performs most of the signal processing, while the RRHs

contain some passive optical components for supporting the associated radio functions.
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Figure 3.10: An A-RoF aided C-RAN system.

Let us now consider a C-RAN system, employing our A-ROF aided SM-STBC design

shown in Fig. 3.11, where the schematic of our C-RAN fronthaul design and the wireless

link are shown. The proposed system relies on an optical solution for selecting the

specific side-band which corresponds to different STBC-activated antennas. This is

achieved without employing any actively-powered SM switches and power-thirsty ADCs

and DACs. Hence, as shown in Fig. 3.11, the STBC signal is directly modulated by a

set of LDs referred to as a laser bank, resulting in an optical double side-band (ODSB)

signal, where each side-band carrying Alamouti’s STBC streams3 is mapped to each

antenna of each RRH. Explicitly, each of the STBC symbols is carried by one of the

side-bands of the ODSB-STBC signal, which is then mapped to an antenna at the RRH.

Then, with the side-band selection4 performed by controlling the drive-frequency and the

phase shifter of the DD-MZM of Fig. 3.11, only a single ODSB-STBC signal carrying

the Alamouti’s code will be transmitted over the fiber at each STBC symbol period,

3Here, we refer to the directly modulated ODSB signal carrying the STBC symbols in this stage as
the ODSB-STBC signal for clarifying our side-band selection process.

4To clarify, the ”side-band” in this side-band selection refers to a single ODSB-STBC signal generated
by direct modulation of Fig. 3.11, because the ODSB-STBC signal would be viewed as the side-band of
an optical carrier after MZM modulation.



80 Chapter 3 Analogue Radio Over Fiber Aided Spatial Modulation

where the side-band selection process would be detailed later in Section 3.5.1.2. At the

fiber receiver of Fig. 3.11, an EDFA is invoked for optical amplification, while some

passive optical components such as a WDM-Demux and FBG are used for side-band to

antenna mapping. The WDM-Demux separates each ODSB-STBC signal, and the FBG

divides each side-band of the ODSB-STBC signal carrying Alamouti’s STBC stream

and then passes it on for optic-to-electro (O/E) conversion and electronic amplification

(EA). Then, each side-band of the ODSB-STBC signal carrying Alamouti’s code is

mapped to each STBC-activated antenna of Fig. 3.11. Note that owing to the side-

band selection’s capability to transmit a single ODSB-STBC signal at each SM-STBC

symbol period, only a pair of the STBC-activated antennas of Fig. 3.11 would transmit

the modulated data during each SM-STBC symbol period, while the remaining antennas

remain inactive.

Additionally, we propose an adaptive design, where the number of RRHs supporting

a user as well as the modulation technique used per user is adapted. As shown in Fig.

3.11, the block performing both the STBC scheme and the direct modulation (DM)

scheme, where in Fig. 3.11 we refer to as ”STBC & SD (SD)”, is capable of adapting

the number of connected RRHs by assigning the STBC symbols to each SD RRHx,

hence realising a flexible adaptive C-RAN system, which we will control by invoking a

learning algorithm in Section 3.5.2. This section will only elaborate on our A-RoF aided

C-RAN design.

In the proposed design of Fig. 3.11, the CU performs digital modulation, optical

processing aided SM-STBC encoding, radio carrier modulation, electro-to-optic (E/O)

conversion and C-RAN RRHs adaptation control, while the RRH implements the asso-

ciated radio functions (filtering, O/E conversion, photo detection, amplifying and radio

transmission), thereby substantially simplifying the transceiver design in the RRH by

beneficially centralising the digital processing in the CU.

3.5.1.1 Wireless SM-STBC Scheme

Prior to discussing our proposed C-RAN design, we will introduce the wireless SM-STBC

architecture. SM is a cost-efficient MIMO scheme, where only one of the transmit an-

tennas is activated each symbol period, thus commensurately reducing both the number
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of RF chains and the ICI. The antenna index and the transmitted symbols are jointly

detected at the receiver. In this context, STBC is amalgamated with SM for the sake of

attaining a diversity gain. Fig. 3.12 shows the wireless SM-STBC scheme, where B is

the transmitted input bit sequence, B̂ is the detected bit sequence, NTA is the number

of transmitter antennas (TA) and Nr is the number of receiver antennas (RAs). In this

section, an Alamouti STBC stream is transmitted by activating a pair of the TAs of Fig.

3.12 during two consecutive symbol periods, jointly forming an STBC symbol period.

The statistical SM-STBC model is as follows:

Y = HX + N, (3.1)

where H is the MIMO channel matrix of size (Nr×NTA), X = [x1,x2] is the transmitted

input SM-STBC matrix of size NTA × 2 with the ith column xi denoting the symbol

vector transmitted over the ith symbol time of a STBC block5. Furthermore, N =

[n1,n2] denotes the Nr × 2 noise matrix, with the ith column ni denoting the receiver

noise vector over the ith symbol period of a STBC symbol period. Y is the received

symbol matrix of size Nr×2, where ×2 denotes two symbol periods. To elaborate a little

further, Fig. 3.13 shows the SM-STBC mapping process, where the input data vector

B is split into two streams, namely b1 and b2, where the classic modulated data b1 is

QAM/PSK-modulated for transmission and the antenna selection index b2 performs the

antenna switching to the corresponding TAs [105, 7]. The classic modulated symbols S

5Each STBC block utilises two symbol periods and we refer to this as STBC symbol period.
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are transmitted to the corresponding pair of TAs after the STBC processing and radio

carrier modulation. For example, if B = {b1, b2} = {1, 0, 0}, we obtain b1 = {1, 0}, which

is BPSK-modulated to S = {1,−1}, while b2 = 0 is used for simultaneously selecting

TA1 and TA2 for transmission within a STBC symbol period. Explicitly, after STBC

encoding, at the first symbol period, symbol 1 feeds TA1 while −1 feeds TA2. At the

second symbol period, symbol −1 feeds TA1 and symbol −1 feeds TA2. Given that

at least two RF chains are required to feed a pair of TAs in the proposed SM-STBC

scheme, a switch is required to simultaneously control the selected two TAs, enabling

the SM-STBC mapping. Following the SM-STBC antenna selection, the vector X of

Equation 3.1 is denoted by:



0 0

0 0

. .

. .

s1 −s2
∗

s2 s1
∗

0 0

. .

0 0



,

where s1 −s2
∗

s2 s1
∗


represents an Alamouti STBC transmitted from the SM-STBC activated-TAs. Further-

more, at the receiver, the classic optimal ML detection [118] is used for jointly detecting

both the antenna selection index and the transmitted data.

Based on the above SM-STBC scheme and the C-RAN system, we invoke A-RoF

techniques for optically processing the SM-STBC using the optical carrier index mapped

to each TA of Fig. 3.11, where the power-thirsty SM switches, DAC and ADC are

eliminated in the RRHs. This concept results in an energy-efficient C-RAN system

combined with optical processing aided MIMO signal generation. Next, we will detail

the proposed A-RoF aided C-RAN fronthaul design.
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3.5.1.2 A-RoF Aided C-RAN Fronthaul Design Using SM-STBC

In this section, we present our system as an energy-efficient and low-complexity mobile

fronthaul solution capable of maintaining the BER performance of the above-mentioned

wireless SM-STBC scheme.

Fig. 3.11 shows the schematic of our proposed system design, comprising both a

RoF link and a wireless link. In this section we focus our attention on the fiber-based

fronthaul design. The SM-STBC encoding process is confined to the CU of Fig. 3.11,

where the ODSB-STBC signal controlled both by the optical index of the phase-shifter

and by the drive frequencies of the DD-MZM of Fig. 3.11 is mapped to each of the

activated STBC antennas of Fig. 3.11. As shown in Fig. 3.11, the fiber-based fronthaul

connects the CU and the RRHs.

To be more explicit, the CU is constituted by three modules, namely the SM scheme’s

digital signal processing (SM-DSP), the STBC and direct modulation (STBC and DM)

and the Optical Index Mapping. At the RRHs, the actively-powered switches used

in Section 3.5.1.1 are replaced by a set of passive optical components, which will be

detailed later in Section 3.5.1.2. In the following, we will describe our system based on

an eight-TA system per RRH as an example.

SM Digital Signal Processing This module carries out the digital processing oper-

ations of SM signal generation, splitting the input bit sequence into index bit sequence

for side-band selection and the classic transmitted bit sequence for generating STBC

symbols. As shown in Fig. 3.11, the input bit sequence B is fed into a bit splitter (BSL)

that outputs the pair of bit sequences b1 and b2, where b1 is used for QAM/PSK classic

modulation and b2 controls the optical index of the side-band which corresponds to each

TA of the RRH. In our proposed system b2 is further split into b21 and b22. In contrast

to the antenna index b2 of Fig. 3.13 used in the wireless SM-STBC described in Section

3.5.1.1, the optical index is related to the phase shift between each arm as well as to

the drive frequency of the DD-MZM of Fig. 3.11, which are controlled by b22 and b21,

respectively. For example, if we aim for an eight-TA SM-STBC scheme transmitting

B = {b1 = {0, 1}, b2 = {1, 1}}, where B is a binary sequence, b1 is BPSK-modulated

into S = {−1, 1}, which is processed for STBC transmission, while b2 is further split
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into b21 = {1} and b22 = {1} for the sake of tuning the drive frequency of the tunable

frequency generator (TFG) of Fig. 3.11 and controlling the phase-shifter (PS) of Fig.

3.11 for ODSB-STBC signal side-band selection corresponding to eight different TAs.

Note that the SM-STBC system employing eight antennas will require two bits to select

one out of the four possible twin-antenna combinations, hence b21 and b22 are constituted

by a single bit6. The C-RAN-DSP of Fig. 3.11 performs the classic QAM/PSK modu-

lation and centrally processes the data stream transmitted to each RRH using the laser

bank in the STBC & DM block of Fig. 3.11. The mapping rule and its rationale will

be discussed in the Paragraphs ”Optical Index Modulation” and ”Remote Radio

Head” of Section 3.5.1.2.

STBC and DM As shown in Fig. 3.11, this module consists of a laser bank perform-

ing STBC encoding, radio carrier modulation and optical direct modulation. Again, we

use an eight-TA SM-STBC scheme as an example for illustration. More specifically, the

classic modulated symbol S is assigned to the STBC and DM (SD) block of Fig. 3.11

for STBC processing7, where S1 and S2 are the STBC symbols transmitted to a pair of

STBC-activated TAs of RRH1 of Fig. 3.11. Then, as shown in Fig. 3.11, S1 and S2 are

carried by a RF of frequency fRF via carrier modulation, followed by the LD’s direct

modulation, whose spectra is shown in Stage 1 and Stage 2 of Fig. 3.14. The optical

bandpass filters (OBPFs) of the SD then retain each side-band containing either S1 or

S2 to form a new ODSB, as shown in Stage 3 of Fig. 3.14 using an optical combiner,

where S1 and S2 are modulated to each side-band of the new ODSB of stage 3 of Fig.

3.14, where we will refer to the ODSB carrying S1 and S2 as ODSB-STBC signal for

distinguishing them from our DD-MZM side-band selection process in Section 3.5.1.2.

Again, the side-band described in the DD-MZM side-band selection can be viewed as a

single ODSB-STBC signal, because the ODSB-STBC signal of Stage 3 of Fig. 3.14 is

shifted away from an optical carrier and becomes its side-band, as shown in Stage 5 of

Fig. 3.14. Then, the resultant ODSB of Stage 3 seen in Fig. 3.14 is fed into the optical

index mapping block for side-band selection.

6For 2M-TA system, b21 represents 1-bit information, while b22 represents (log2(M)− 1)-bit informa-
tion.

7In this example, only single SD module is required for connecting a single RRH. However, the data
transmitted to each RRH corresponds to each SD seen in Fig. 3.11.
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Side-band central wavelength Corresponding TA index PS index TFG index

λ1 (TA1, TA2) 1 1

λ2 (TA3, TA4) 1 0

λ3 (TA5, TA6) 0 0

λ4 (TA7, TA8) 0 1

Table 3.2: The A-RoF aided eight-TA SM-STBC mapping scheme. Phase Shift-
ing Index, -π/2 (bit 1); π/2 (bit 0). Drive Frequency Index, fdrive1 (bit 0); fdrive2
(bit 1).

Optical Index Mapping This module performs the main function of optical index

mapping, where the optical index is characterised both by the phase-difference between

the drive signal fed into each arm of the DD-MZM and by the DD-MZM’s drive fre-

quency, where the locations of the ODSB generated in Stage 3 of Fig. 3.14 are mapped

to different pairs of TAs in Fig. 3.11. The optical index mapping is mainly performed

via changing the phase difference by either π/2 or −π/2 between the signal driving the

two arms of the DD-MZM and via tuning the drive frequency fdrive [116].

Based on our previous experimental feasibility study of the RoF aided twin-antenna

SM using side-band selection [28], we are capable of extending our design to any arbitrary

number of TAs to support multiple SM schemes. More specifically, the side-band location

relies on both the drive frequency controlled by b21 and on the phase shifting tuned by

b22, as shown in Fig. 3.11. As verified experimentally and analysed in the literature

[116, 28], a phase difference of either π/2 or -π/2 between the two drive frequencies of

the DD-MZM is capable of moving the ODSB-STBC signal to either the upper side-band

or to the lower side-band of the optical carrier of the MZM, while changing the drive

frequencies is capable of shifting away the ODSB-STBC signal from the optical carrier

of DD-MZM by a frequency spacing of fdrive.

Again, considering an eight-TA based SM-STBC scheme, b21 is used for controlling

the TFG, where the architecture is shown in Fig. 3.15, shifting the side-band to different

frequencies. In our system, we use a flexible TFG, which is evolved from our previously

proposed TFG of [19]. As shown in Fig. 3.15, the MZM driven by an unmodulated

drive frequency of 15 GHz is invoked for generating a multi-wavelength signal. Follow-

ing the WDM-Demux and b21-controlled DSP block of Fig. 3.15 selecting the beating

wavelength, the spectra containing λa and λb is retained and converted to the specific

radio frequency of fdrive. Explicitly, if the drive signal fdrive1 = 30 GHz of Fig. 3.15
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Figure 3.14: Spectrum evolution for 1-RRH scheme (Each stage corresponds to
the stage of Fig. 3.11). Note that Stage 4 of Fig. 3.11 is not involved here
because it only reflects the value of fdrive.

is required, given the relationship of λb − λa = λ3 − λ2, fdrive can be flexibly tuned

by b21, which results in a tunable frequency generator. Note that tunable commercial

microwave generator can also be used in our system. However, we advocate the above-

mentioned TFG as a more flexible and low-cost design. On the other hand, during each

STBC symbol period, b22 flips the PS to either π/2 or -π/2 for shifting the ODSB-STBC

signal modulated into the optical carrier after the DD-MZM process of Fig. 3.11 to be

either the lower side-band or the upper side-band, as shown in Stage 5 of Fig. 3.14. The

directly modulated ODSB signal of Stage 3 in Fig. 3.11 feeds a dual-drive MZM for
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Figure 3.15: Tunable frequency generator.

side-band selection driven by a pair of RF signals having a frequency of either fdrive1 or

fdrive2 , as shown in Stage 5 of Fig. 3.14 selected by b21 with a phase-difference of either

π/2 or -π/2 controlled by b22.

To clarify the optical index modulation process, for example, as shown in Fig. 3.11,

(b22, b21) = (1, 0) or (1, 1) or (0, 0) or (0, 1) is used for side-band selection, where each

combination corresponds to a side-band transmission in a SM-STBC symbol period8,

mapped to (TA1, TA2), (TA3, TA4), (TA5, TA6) and (TA7, TA8) of RRH1 of Fig. 3.11.

The specific mapping rule conceived for an eight-TA SM-STBC system is shown in Table

3.2. After Stage 5 of Fig. 3.11, a power splitter is invoked before fiber transmission to

serve multiple RRHs, where each fiber strand links the CU to a RRH.

Remote Radio Head As described above, the SM-STBC mapping and digital pro-

cessing as well as radio carrier modulation are centralised in the CU of Fig. 3.11. The

compact RRHs are responsible for the radio functions such as amplification, O/E con-

version, RF filtering and transmission. More explicitly, at the fiber’s receiver side, an

EDFA is utilised for amplifying the optical signal, followed by a WDM Demultiplexer to

filter the corresponding wavelength for the sake of TA mapping. The main components

of the side-band to SM-STBC TA mapping operations are shown in the demodulation

and side-band mapping (D&SBM) block of Fig. 3.11. As shown in Fig. 3.11, we in-

voke an FBG to separate the side-band of the ODSB-STBC signal obtained in Stage

3 of Fig. 3.14, which carries the STBC symbols S1 and S2. As seen at Stage 6 of

8In Alamouti’s code, a SM-STBC symbol period refers to two symbol periods.
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Fig. 3.14, the lower side-band of λi carrying S1 reflected by the FBG and the upper

side-band of λi carrying S2 transmitting through the FBG feed the PDs used for the

O/E conversion. Then the resultant signal is passed through an electronic bandpass

filter (EBPF) for retaining the desired frequency, followed by an electronic amplifier for

boosting the signal to the specific power level required for radio transmission. Lastly,

the recovered RF signal fRF carrying S1 and S2 is fed into the corresponding pair of

TAs, while the remaining inactive antennas radiate negligible low-power noises and the

phase noise imposed by the optical and electronic devices.
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Fig. 3.14 shows spectral evolution process of the optical signal. Stages 1, 2 and 3 of

Fig. 3.14 give the direct modulated ODSB, where S1 and S2 are carried by the lower

side-band and the upper side-band in Stage 3 of Fig. 3.14. Then, the ODSB signal

carrying both S1 and S2 feed the Optical Index Mapping module detailed above, where

the (b22, b21)-selected side-band formed by a single ODSB-STBC signal is transmitted

by tuning the frequency of the TFG and PS of Fig. 3.11 during each SM-STBC symbol

period. The mapping rule conceived for the example of an eight-TA scheme is seen at

Stage 5 of Fig. 3.14 and described in Table 3.2. The fiber-based fronthaul then conveys

the optical signal of Stage 5 in Fig. 3.14 to the RRHs, where a WDM-Demux block

transports each side-band to each TA after O/E conversion. Stages 6 and 7 of Fig. 3.14

show that each optical signal carrying S1 and S2 is separated by the FBG, where S1

and S2 feed a pair of TAs. Thus, because only a single ODSB-STBC signal carrying

the STBC symbols is transmitted during each STBC symbol period, the WDM-Demux

of Fig. 3.11 becomes capable of filtering the specific wavelength in one of the ports,

while no data is transmitted from the other ports, hence facilitating the mapping of the

side-band index to a specific antenna index using a set of passive optical components.

Furthermore, our system is scalable, where any RRH can be activated by appropri-

ately adjusting the number of activated SD RRHs of the SD block in Fig. 3.11. To

elaborate a little further, Fig. 3.16 portrays the spectral evolution, when a CU serves

two RRHs. In this scheme, two SD modules, namely SD RRH1 and SD RRH2, are

assigned the particular sets of STBC symbols S1, S2 and S3, S4 carried by λo1 and

λo2 respectively, where the STBC symbols S1 and S2 are transmitted to RRH1, while

S3 and S4 are forwarded to RRH2. As shown at Stage 5 of Fig. 3.16, the side-band

selection of the two RRHs are consistent, meaning that several RRHs can be jointly

controlled merely using a single Optical Index Mapping module. At RRH2, we apply

the same architecture, where the WDM de-multiplexed wavelengths are λ1
′, λ2

′, λ3
′

and λ4
′. Hence, a twin-RRH scheme can be readily implemented by adjusting the SD

configuration. This configuration inspires our adaptive design, which will be detailed in

Section 3.5.2. Next, our simulation results are presented.
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Parameter Value

Channel coding Convolutional code

Throughput 4× 2

1.5 Gbps (BPSK-1RRH)
2.5 Gbps (BPSK-2RRH)
2.5 Gbps (QPSK-1RRH)
4.5 Gbps (QPSK-2RRH)

Throughput 8× 2

2 Gbps (BPSK-1RRH)
3 Gbps (BPSK-2RRH)
3 Gbps (QPSK-1RRH)
5 Gbps (QPSK-2RRH)

LD central wavelength
1550 nm (1 RRH)
1550 nm and 1547.2 nm (2 RRHs: frequency spacing 350 GHz)

RF signal 10 GHz

LD power 1 mW

Drive frequency (MZM) 30 GHz

Fiber type SSMF+DCF

Fiber length 20 km (15 km SSMF and 5 km DCF)

Channel model Split-step Fourier method

Modulation type BPSK and QPSK

Wireless channel Rayleigh fading channel

Wireless detection ML detection

Number of TAs four or eight each RRH

Simulation environment MATLAB

Table 3.3: Simulation parameter.

3.5.1.3 System Simulation

In this section, our simulation results are discussed under two different scenarios. Firstly,

we support a user by a single RRH, while relying on an eight-TA SM-STBC scheme.

Then, we will increase the number of RRHs, which supports the user, to two, without

changing the configuration of the CU as well as the RRHs. Similar to the channel model

introduced in Section 3.5.1.1, the wireless channel is the classic statistical SM-STBC

model with A-RoF impairments, as shown below:

Y = α ◦HX + N, (3.2)

where α is the A-RoF-induced distortion9, and H is the wireless MIMO channel matrix,

both of which have a size of (Nr × NTA). Furthermore, ◦ represents the Hadamard

product. Here, H has independent and identically distributed (i.i.d) entries with uniform

9The distortion is jointly caused by the effects of the A-RoF components, such as fiber’s dispersion,
fiber’s non-linearity, the phase noises of other components, the OBPF’s signal leakage and optical noises
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Figure 3.17: BER performance for four TAs and two receive antennas using the
schematic of Fig. 3.11 and parameters of Table 3.3.

phase distribution and complex Gaussian distributed amplitude having a mean of 0 and

a variance of 1, yielding CN ∼(0,1). N is the Gaussian noise distributed as CN ∼(0,σ2).

At the wireless receiver, ML detection is used for jointly detecting the antenna index

and the classic modulated symbols.

Furthermore, we simulate a SSMF of 15 km and a DCF of 5 km, using the popular

split-step Fourier method [90]. The A-RoF parameters used are listed in Table 3.3. In

this section, we consider two scenarios, where single-RRH SM-STBC scheme and two-

RRH multiplexing SM-STBC scheme are simulated for the proposed C-RAN system.

Explicitly, depending on the specific wireless channel conditions, the user can either

communicate by invoking a single RRH using our SM-STBC scheme or with the aid of

two RRHs, while multiplexing the signals transmitted from both RRHs, where we use

ML detection for both cases. In our proposed A-RoF aided C-RAN shown in Fig. 3.11,

the SD block is used for switching the connection between the single-RRH SM-STBC and

two-RRH multiplexing SM-STBC arrangements. For example, if the user is connected
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Figure 3.18: BER performance for eight TAs and two receive antennas using
the schematic of Fig. 3.11 and parameters of Table 3.3.

to two RRHs, the C-RAN-DSP tends to assign the classic modulated bit sequence b1 to

SD RRH1 and SD RRH2 of Fig. 3.11, thus the signals will be transmitted from both

RRH1 and RRH2, multiplexing the SM-STBC signals from each RRH to the same user.

We firstly investigate the SM-STBC scheme using four TAs and two RAs (4 × 2)

schemes, while a pair of TAs transmit the modulated symbols during each STBC symbol

period. Moreover, BPSK and QPSK are considered for both the single-RRH SM-STBC

and two-RRH multiplexing SM-STBC arrangements. Thus, any of the four configura-

tions shown in Table 3.3 may be activated by our proposed system. Moreover, the joint

throughput after a half-rate convolutional code (CC) is halved. Note that, after the CC

process, the modulated symbol rate of the single-RRH scheme is 1 Gsymbol/s10 while

that of the twin-RRH scheme is 2 Gsymbol/s11, and the bit rate controlling the optical

index is 0.5 Gbps for all the cases. Explicitly, we use a constraint length of 7 and the

10Corresponding bite rate: 1 Gbps for BPSK and 2 Gbps for QPSK.
11Corresponding bit rate: 2 Gbps for BPSK and 4 Gbps for QPSK.
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generator polynomials of (171,133) (in octal), as shown in Table 3.3 in our proposed

system simulation.

To verify that our A-RoF aided system performance is not unduly degraded by the

optical link compared to the wireless-only scheme, namely where only wireless transmis-

sion relied upon, Fig. 3.17 shows a modest BER performance of the four configurations,

where the scheme operating with A-RoF shows a negligible BER degradation of less than

1 dB compared to that of wireless-only scheme. This modest degradation is imposed by

the residual interference introduced by the muted antennas.

Furthermore, our system is eminently scalable. Hence, we also investigate an (8× 2)

scheme for the sake of increasing the data rate, as seen in Fig. 3.18 that the BER perfor-

mance difference between the proposed A-RoF-aided system and the (8×2) wireless-only

scheme is higher than that of the (4× 2) scheme comparison characterised in Fig. 3.17.

This is because when more antennas are applied, more interference is inflicted, which

degrades BER performance.

Next, relying on the system schematic of Fig. 3.11, we will discuss the benefits of

invoking the KNN learning algorithm for transceiver adaptation and compare it to the

classic threshold adaptation based benchmarker.

3.5.2 Learning Assisted Transceiver Adaptation

In Section 3.5.1, we proposed a C-RAN system based on an A-RoF link, where the SM

concept is combined with STBC and the signals are processed optically. Furthermore, we

discussed that our C-RAN system is scalable of adapting the number of RRHs supporting

a user. Similarly, the choice of the modulation technique employed can also be adapted

by the SD and C-RAN-DSP module of Fig. 3.11, depending on the power of the signal

received by the user from the RRH.

3.5.2.1 Adaptation of the Proposed C-RAN

To elaborate further, observe in Fig. 3.11, if a user was served by a single RRH and

then the system switches to the twin-RRH mode, the C-RAN-DSP will assign the STBC
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symbols to SD RRH1 and SD RRH2 instead of SD RRH1 only. Thus, as shown at Stage

3 of Fig. 3.16, a pair of ODSB-STBC signals are transmitted to the DD-MZM of Fig.

3.11 for side-band selection, as detailed in Section 3.5.1. Then the transmitted optical

signal is mapped to separate single-mode fibers in order to serve individual RRHs. At

the RRH, we invoke the same configuration, except for the demultiplexed wavelengths

of the WDM-Demux module, where in the example of Fig. 3.16, we use λ1, λ2, λ3,

λ4 at RRH1, while λ′1, λ′2, λ′3, λ′4 at RRH2. Thus, our proposed system is capable of

supporting multiple RRH connections by adjusting the configuration of the SD block of

Fig. 3.11.

Hence, we are able to design a system, where the number of RRHs supporting a

user can be adapted in order to vary the data rate, while meeting a particular target

performance threshold. Hence, we assume the following scenarios:

1. The user is supported by a single-RRH using SM-STBC along with the modulation

formats of either BPSK or QPSK.

2. The user is supported by a pair of RRHs transmitting multiplexed signal using

SM-STBC using the modulation formats of either BPSK or QPSK.

3.5.2.2 Learning Model and Results

We amalgamate our proposed adaptive C-RAN system with a learning technique for

improving the achievable data rate of the system, which relies on the classification algo-

rithm. The rationale of the choice behind the KNN algorithm is that most classification

algorithms require an explicit functional mapping between the feature set and the classi-

fiers. The feature set in our solution includes the SNR and the BER, while the classifiers

are constituted by the number of RRHs connected to a single user, associated with dif-

ferent modulations techniques. Explicitly, for the single RRH case we invoke SM-STBC

and for the 2-RRH scenario we invoke SM-STBC and spatial multiplexing. Unfortu-

nately, there is a paucity of information about the functional mapping between the two.

Therefore, a KNN classification algorithm is invoked in this section, which removes the

need for a functional mapping [119]. The KNN algorithm consists of two stages, namely

training and testing. During the training phase, the samples containing the information,
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Figure 3.19: Stylized portrayal of the KNN algorithm.

such as the instantaneous SNR and its corresponding BER, is collected over different

channel realisations. Then, in the testing phase, we have to decide about the class that

is to be employed for attaining a high data rate as well as meeting the target BER. The

BER vs SNR relationship may be observed in the stylized illustration of Fig. 3.19, where

depending on the prevalent SNR, we select the transceiver mode capable of satisfying

the BER requirement.

The conventional threshold adaptation relies on the BER vs SNR relationship and

the SNR values meeting the target BER. For example, let us consider the results of Fig.

3.18. Assuming that the target at BER= 10−3 defines SNRs, the points of intersection

of the horizontal line at the BER of 10−3, where the transmission mode reconfiguration

has to take place [120]. By contrast, the KNN classification relies on the training data.

For example, as shown in Fig. 3.19, we aim for switching between Configuration 1 and

Configuration 2, which are represented by squares � and triangles 4. The testing point
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Figure 3.20: Stored training data.

of Fig. 3.19 is the centroid used for representing the symbols encircled, which determines

the specific configuration activated. Compared to the conventional adaptation relying

on a threshold adaptation, the KNN classification assisted adaptation achieves a higher

throughput.

As mentioned in Section 3.5.1, our RoF aided SM-STBC is capable of flexibly switch-

ing between the single-RRH and twin-RRHs aided configuration, thus under the control

of the KNN algorithm.

As discussed in Section 3.5.1, given our fixed symbol rate, which corresponds to a fixed

maximum RF modulated bandwidth, the BER performance of the BPSK-2RRH scheme

becomes slightly better than that of QPSK-1RRH. Thus, we consider the following three

configurations or classes for our adaptation technique based on the SM-STBC scheme

(8 × 2) to verify the feasibility of controlling our adaptive C-RAN system by the KNN

algorithm, while employing a convolutional code having a code rate of 1/2, a constraint
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Figure 3.21: Probability distribution function after KNN algorithm using the
schematic of Fig. 3.11 and parameters of Table 3.3.

length of 7 and generator polynomials of (171,133) (in octal). The following are the

three configurations used in our adaptive system:

1. 2 Gbps BPSK-1RRH;

2. 3 Gbps BPSK-2RRH;

3. 5 Gbps QPSK-2RRH;

Again, the simulations rely on the training phase and the testing phase. In the train-

ing phase, we store the training data associated with the pair of features {BER,SNR},
namely the BER and the instantaneous post-processing SNR for each channel realisa-

tion associated with a different noise level. Hence, in our system, we store 300 training

symbols for each of the 20 noise levels considered. Fig. 3.20 shows the training data

stored for the above-mentioned scenarios, where the squares, triangles and stars denote
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schemes representing the BPSK-1RRH, BPSK-1RRH and QPSK-2RRH schemes, re-

spectively. The target BER of our system is 10−3 and the testing point is {10−3,M},
where M denotes the real instantaneous post-processing SNR.

Thus, we compare the total number of each class encircled and determine which

class (configuration) is used for that specific time slot. We performed Monte-Carlo

simulations, where 100 frames each containing 8000 bits were used for each instantaneous

post-processing SNR. Then, we obtained the probability density function (PDF) of the

three classes tested, which is seen in Fig. 3.21. For example, around 7 dB around, we

have a similar probability of choosing RRH1-BPSK and RRH2-BPSK. Upon increasing

the SNR, the probability of the RRH1-BPSK mode is increased, while that of the RRH2-

BPSK mode tends to zero upon approaching 9 dB. Then, the RRH2-QPSK mode shows

increasingly high probability beyond 9 dB, while at 16 dB, the RRH2-BPSK probability

tends to zero.
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Figure 3.23: Data rate comparison between KNN algorithm aided adaptation
and the conventional adaptation using the schematic of Fig. 3.11 and parameters
of Table 3.3.

Fig. 3.22 shows that our KNN-learning algorithm is indeed capable of maintaining

a BER below 10−3. Compared to the classic threshold based adaptation [120], we

show in Fig. 3.23 that the KNN assisted user adaptation improves the achievable data

rate. Although, we observe in Fig. 3.22 that the BER performance of the conventional

threshold adaptation is superior to that of our KNN-assisted solution, both techniques

are capable of attaining target BER performance. Explicitly, the KNN-based learning

algorithm achieves a higher throughput, because it does not maintain an unnecessarily

low BER- it rather encourages the activation of higher-throughput modes.

3.6 Summary and Conclusions

Inspired by the popularity of both the SM and C-RAN concepts of next-generation mo-

bile communication, we intrinsically amalgamated the SM philosophy, with our A-RoF
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aided C-RAN system. Explicitly, we briefly reviewed the background of A-RoF aided

C-RAN and SM in Section 3.1. In Section 3.3, we listed our new contributions. Then, in

Section 3.4, we designed an all-optical processing based A-RoF-aided SM scheme. An ex-

perimental verification of the novel A-RoF-aided twin-antenna SM system has also been

provided. SM encoding was carried out in the optical domain and our centralised RoF-

aided SM encoding relying on the MZM’s side-band selection was characterised both

by simulations and by experiments. This design is also eminently suitable for small-cell

fronthaul solutions. The experimental results show that our 2 Gbps system exhibits only

marginally degraded BER performance compared to its pure wireless counterpart oper-

ating without an A-RoF link, while benefiting from centralised SM encoding and RAP

switch removal. Bearing in mind that SM is not capable of achieving transmit diversity

gain, in Section 3.5 we further extended our single side-band selection concept proposed

in Section 3.4 to a generalized SM aided adaptive C-RAN system. Explicitly, we pro-

posed an A-RoF aided SM-STBC scheme using optical side-band selection and further

extended it to an adaptive C-RAN system, where any arbitrary number of transmitter

antennas can be driven by a single MZM. In our proposed system, the power thirsty

ADC, DAC and the actively-powered switches of a conventional system are eliminated,

resulting in an energy-efficient and cost-efficient mobile access network, where the BER

performance of this A-RoF aided solution is only marginally degraded compared to the

conventional wireless SM-STBC scheme. Moreover, by taking advantage of the flexibly

selectable number of RRHs of the proposed A-RoF aided C-RAN system, we invoked

the KNN algorithm for intelligently adapting both the number of selected RRHs and the

modulation format, showing that the achievable data rate exceeded that of the classic

threshold adaptation.

Next, inspired by Chapter 2 and the solution conceived in this chapter, where beam-

forming and SM are invoked for A-RoF aided C-RAN systems, in the next chapter, we

will propose a multi-functional-MIMO system, where a joint millimeter wave (mmWave)

upconversion and A-RoF aided beamforming as well as SM and multi-set space-time shift

keying assisted A-RoF are investigated.





Chapter 4
Analogue Radio Over Fiber Aided

MF-MIMO

I
n Chapters 2 and 3, we proposed an analogue radio over fiber (A-RoF) network

design technique and conceived a pair of multiple-input-multiple-output (MIMO)

schemes, namely beamforming and spatial modulation (SM). As described in

Chapters 2 and 3, our design aim is to optically process the MIMO schemes in

a central unit (CU).

More explicitly, in Chapter 2 we invoked A-RoF techniques after appropriately shift-

ing the phase of the RF signals carried by optical wavelengths in order to arrange for

wireless beamforming without using radio frequency (RF) phase shifters. More explicitly,

we proposed a fiber-non-linearity aided phase-shifting scheme, which was then invoked

in a cloud/centralised radio access network (C-RAN) relying on small-cell sectorization.

This may be deemed to be a cost-efficient beamforming system in comparison to the

traditional RF phase-shifting aided scheme. To elaborate a little further, the benefit of

our proposed system is that it eliminates the power-thirsty RF phase-shifter from the

A-RoF aided C-RAN system advocated.

Then, in Chapter 3, we conceived an A-RoF aided C-RAN system relying on a SM-like

concept, where we were able to dispense with the power-thirsty switches. Furthermore,

an adaptive C-RAN relying on a SM-like concept was also proposed, which was flexible

enough for accommodating an arbitrary number of transmitter antennas.

103
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Based on the concepts conceived in Chapters 2 and 3, here we introduce more so-

phisticated multiple-antenna techniques, amalgamating both beamforming and diversity

aided and SM-assisted MIMO schemes combined with millimeter wave (mmWave) up-

conversion using A-RoF. As a benefit, we arrive at a sophisticated multi-functional

MIMO (MF-MIMO) scheme [121]1. Recall that we proposed a joint SM and space-time

block coding (STBC) system in Section 3.5, which is a dual-functional MIMO system,

which evolved from Section 3.4 focusing on our side-band selection based SM-like concept

conceived for an adaptive C-RAN system design. In this chapter, the dual-functional

MIMO concept of Section 3.5 is evolved further into a general A-RoF aided MF-MIMO

design for the C-RAN fronthaul downlink. Recall from Chapter 1 that the A-RoF aided

MF-MIMO signal processing is constituted by the carrier modulation and electro-to-

optic (E/O) conversion. Moreover, we generate mmWave carrier using a combination of

a Mach-Zehnder modulator (MZM) and an optical interleaver housed in E/O conversion

block and Optical filtering/WDM Demux block of Fig. 4.1, respectively, which we will

elaborate on the process in Section 4.4.2.1.
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Figure 4.1: A-RoF aided MF-MIMO for C-RAN Downlink.

4.1 Background

Owing to the popularity of flawless multimedia services supported by the ubiquitous

smartphones, cellular networks are approaching their capacity, especially in densely

1MF-MIMO is an aggregate of two or more than two multiple-antenna supported techniques.
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populated areas [2, 9]. Small cells are capable of overcoming the network capacity

shortage with the aid of cell-spliting, which results in high-quality wireless coverage

within a small cell radius [31, 12, 122]. A-RoF techniques are capable of supporting

small cell deployment using centralised processing, where the small cell base stations

(BSs) are connected using fiber [12] and only low-complexity optical-to-electronic (O/E)

conversion and RF amplification are required at the small-cell base station [16, 123]. A

simplified schematic of the A-RoF-aided small cell system is shown in Fig. 4.2, where a

single CU supports several remote small-cell radio heads. This architecture is potentially

capable of reducing the overall cost of the network [1, 16]. As shown in Fig. 4.2, the CU

is responsible for centralised digital processing, while the remote radio heads (RRHs)

are used for radio transmission, including O/E conversion, filtering, amplification and

transmission from the transmitter antenna arrays (TAAs). This architecture is also

applicable to the popular C-RAN concept [101, 124], where a CU2 carries out all the

baseband signal processing [23], serving multiple low-complexity and low-cost RRHs.

The A-RoF transmissions [12, 19] to the RRHs invoked by C-RAN [1] are also capable

of supporting the emerging small-cell technologies [125, 1].

Moreover, mmWave carrier frequencies naturally lend themselves to small cell cre-

ation owing to the associated short propagation range, thus reducing the inter-cell inter-

ference [126, 2]. However, traditional all-electronic mmWave processing requires radio

frequency (RF) mixers, which tend to degrade the link’s performance [15]. We circum-

vent this problem with the aid of A-RoF techniques which are capable of dispensing

with high frequency mixers and demonstrate that optical upconversion to mmWave fre-

quencies is capable of matching the performance of its all-electronic counterpart [15].

This is achieved by exploiting the MZM’s non-linearity, the fiber’s non-linearity and the

photo-detector’s non-linearity for optical up-conversion [15]. Moreover, multi-frequency

mmWave wavelength up-conversion techniques using four-wave mixing in a semicon-

ductor optical amplifier have been proposed in [127, 128], which aim for improving the

capacity and for reducing the interchannel interference. Additionally, the optical gener-

ation of multiple-frequency mmWave signals using tunable optical frequency combs has

been proposed in [129] for mitigating the crosstalk between the various optical network

elements involved. Furthermore, a beneficial combination of De-multiplexers and MZMs

2In the C-RAN literature the CU and baseband unit (BBU) terminologies are used interchangeably
[1].
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has been proposed in the context of a passive optical network [130] for supporting the

photonic generation of 60/120 GHz signals. By contrast, in this treatise we exploit

the MZM’s non-linearity combined with an OIL for optical upconversion and flexible

beamforming.

On the other hand, as a key technique of reducing the inter-channel interference

and of increasing the signal-to-interference-plus-noise ratio (SINR) of mmWave signals,

beamforming may be invoked to compensate for the short propagation range of mmWave

communications and hence for achieving an SINR gain [37]. Furthermore, A-RoF aided

beamforming relying on all-optical processing is capable of substantially reducing the

complexity of our MF-MIMO configuration, which is designed to combine the gains of

spatial diversity, multiplexing and beamforming techniques, by avoiding the employment

of phase shifters used in traditional electronic beamforming [19].

Let us now elaborate a little further on SM and its generalized version referred to
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as MF-MIMO [8], namely space-time shift keying (STSK) and multi-set STSK (MS-

STSK). SM is a low-cost MIMO technique, where one out of M transmit antennas

is activated to transmit a single classic quadrature amplitude modulation/phase shift

keying (QAM/PSK) symbol. Hence, in SM, in addition to the classic modulated bits,

log2M implicit antenna index based information bits are conveyed3 [105]. SM is capable

of striking a compelling trade-off between Bell Lab’s Layered Space-Time (BLAST) and

Alamouti’s STBC, whilst relying on a reduced number of RF chains. Its further benefits

are its ability to use a single-antenna based maximum likelihood (ML) detection scheme

and the mitigation or elimination of inter-channel interference [108, 115]. Additionally,

STSK constitutes a generalization of SM, where one out of say M number of dispersion

matrices is activated for implicitly conveying log2M bits, which can attain both diversity

and multiplexing gains [115, 131]. Based on intrisincally amalgamating the philosophy

of both SM and STSK, the concept of MS-STSK was proposed in [106] as a further

generalized architecture, which is capable of striking a beneficial design trade-off between

the achievable multiplexing and diversity gains [106]. In the next section, we will provide

a brief review of wireless MF-MIMO techniques.

4.2 A Brief Review of Wireless MF-MIMO

As discussed in Chapter 1, MIMO schemes are capable of simultaneously achieving

beamforming, multiplexing and diversity gain depending on the specific choices of the

multiple-antenna techniques invoked, as shown in Fig. 1.5. Thus, in order to make

the most of the MIMO techniques conceived for achieving a high data rate as well as

attaining a low bit error ratio (BER), the MF-MIMO term is invoked for describing the

amalgamation of two or more MIMO schemes [121]. The concept of MF-MIMO has been

widely researched during the past two decades [121]. As early as 1991, Tarokh et al. [132]

suggested a joint Vertical-Bell Laboratories Layered Space-Time (V-BLAST) and STBC

scheme, where by partitioning the transmitter antennas into small individual groups

with each carrying out independent STBC operations, their scheme became capable of

providing diversity gain as well as multiplexing gain. Then, Jongren et al. [133] proposed

combining conventional beamforming and orthogonal STBC (OSTBC) in the presence

3We refer to the antenna selection index in SM as the implicit information.
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of imperfect channel knowledge, where significant SNR gains were shown both over

conventional OSTBC and over conventional beamforming. Furthermore, El-Hajjar et al.

[134] designed layered steered space-time codes (LSSTC), where the merits of V-BLAST,

analogue beamforming (ABF) and OSTBC were combined to achieve a high spectral

efficiency, a high SNR gain and a high diversity gain at a low detection complexity.

On the other hand, MF-MIMO signals can also be digitally processed. A linear dis-

persion code (LDC) was proposed by Hassibi and Hochwald in [135] which was then

further developed by Heath et al. [136] for guaranteeing satisfactory BER performance,

where appropriately designed dispersion matrices were utilised for generating indepen-

dent space-time coding (STC) symbols. The scheme in [136] achieved both a multi-

plexing and a diversity gain, hence yielded both a high capacity and a low BER. Later,

in order to strike a flexible trade-off between the diversity and the multiplexing gain,

Sugiura et al. [137] amalgamated the concepts of LDC and SM for creating the concept

of space-time shift keying (STSK) schemes, which was based on activating one out of

several dispersion matrices at a time. Moreover, Basar et al. [138] proposed another

MF-MIMO scheme amalgamating SM and Alamouti’s STBC by activating a pair of an-

tennas, aiming for providing a diversity gain, which the single-transmitter SM can not

support. Inspired by the STSK scheme and antenna selection scheme of SM, Hemadah

et al. [106] proposed a multi-set STSK (MS-STSK) scheme, which subsumes STSK,

while benefiting from the SM’s antenna combination selection for transmitting extra

implicit antenna-index based bits, achieving both a higher data rate and a lower BER

than conventional STSK.

4.3 New Contributions

In this chapter, we consider MF-MIMO concept in the context of A-RoF aided small-

cell based C-RAN from the perspective of system design for achieving a compelling

performance vs cost trade-off, where the following problems are considered:

• Problem 1: MF-MIMO tends to rely on complex digital signal processings, which

would impose very high cost in densely populated areas, where numerous small

cells are used.
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• Problem 2: Currently, the state-of-the-art mmWave carriers are proposed for

small-cell systems for reducing the inter-cell interference as a benefit of their oth-

erwise undesirable high pathloss. However, they rely on costly high-frequency

generators [139] and mmWave mixers, which may degrade the performance of the

wireless link [15].

• Problem 3: Analogue beamforming (BF) is a RF phase-shifting based technique

for creating a directional beam towards the desired user and nulls towards the

interferers. They have the benefit of improving the SNR gain [37], but imposes a

high insertion loss on each RF phase-shifter.

Thus, in this chapter, we have integrated these wireless MIMOs with the A-RoF aided C-

RAN fronthaul concept for conceiving a cost- and energy- efficient mobile access network

for centralised MIMO signal processing to address Problem 1. Furthermore, Problem 2

is solved by using optical up-conversion of mmWave signals, without the need for the

large-scale deployment of the costly mmWave generators at the myriads of small-cell BS

[139]. Then, the RF phase shifter potentially imposing a high-insertion loss presented

by Problem 3 will be replaced by a single chirped fiber Bragg grating (CFBG), which

is capable of delaying, i.e. phase shifting, the optical signals for steering the beam.

Again, based on the above-mentioned solutions, Fig. 4.3 shows our proposed MF-MIMO

arrangement, where the SM/MS-STSK and BF concepts are combined for achieving both

diversity as well as multiplexing and beamforming gains.

In our A-RoF system’s downlink, RF signals are transmitted over the optical fiber

from the CU to the RRH, where the centralised baseband processing is carried out.

Then, the photo-detected signal is transmitted by the antennas without the need for

electronic processing in the baseband, such as modulation, digital-to-analogue (DAC)

or analogue-to-digital (ADC) [15, 12]. In this section, we propose an A-RoF system

relying on centralised processing aided SM and MS-STSK combined with all-optical

beamforming, while simultaneously achieving optical up-conversion to mmWave carrier

frequencies.

In the proposed A-RoF network, the SM and MS-STSK information is modulated

onto the two side-bands of an optically modulated signal in the CU of Fig. 4.2, which

is up-converted from a frequency of 3 GHz to a mmWave frequency by pure optical
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processing utilising a MZM and an optical interleaver (OIL). The side-band containing

the implicit information4 is decoded by the RRH of Fig. 4.2. Furthermore, tunable op-

tically aided beamforming can be achieved using optical FBG, which introduces a linear

relationship between the time delays and the optical wavelengths by reflecting different

wavelengths from different locations inside the FBG discussed in [37, 140]. Moreover, the

SM/MS-STSK signals are transmitted over a dispersion-shifted fiber (DSF), which ex-

ibits a low dispersion in our proposed wavelength region [13]. This is used for mitigating

the dispersion effects imposed on the optical fiber aided beamforming.

Thus, compared to a conventional cellular architecture, where the RF and baseband

signal processing are integrated into a base station [1], our proposed design is capable of

concentrating the digital baseband processing in the CU. Hence the complexity of the

RRH is reduced to that of low-cost filtering, switching and amplification [141] Against

the above backdrop, the novel contributions of this chapter are summarised as follows:

4 In MS-STSK, the implicit information refers to the antenna selection index and dispersion matrix
index information.
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1. Intelligent centralised-processing aided A-RoF network design: We pro-

pose a sophisticated A-RoF network for supporting low-complexity SM or MS-

STSK combined with all-optical beamforming and up-conversion to mmWave car-

rier frequencies. More explicitly, all-optical SM/MS-STSK processing is combined

with beamforming in the mmWave spectral band. To the best of our knowledge,

this is the first time that optical fiber aided analogue beamforming using CFBG

is conceived for mmWave communications.

2. Optical processing aided SM/MS-STSK encoding scheme: We propose an

architecture for carrying both implicit antenna-index-based information and clas-

sically modulated information by SM/MS-STSK intrinsically amalgamated with

optical processing. Again, this avoids the ADC and RF carrier modulation at the

RRH. Instead, an optically up-converted mmWave signal carries the SM and MS-

STSK symbols, which are then fed into linear uniform arrays for beamforming,

hence requiring no additional electronic signal processing at the RRHs.

The rest of the chapter is organised as follows. Section 4.4 presents the A-RoF

aided SM-BF encoding network, where the proposed model is presented and discussed.

Then, in Section 4.5, the A-RoF aided MS-STSK-BF scheme is introduced and analysed,

followed by our conclusions in Section 5.6. Note that SM is a special case of MS-STSK,

we invoke SM firstly for better demonstrating our system.

4.4 A-RoF Network Design for SM-BF

In this section, we propose an all-optical processing aided MF-MIMO [142] system,

where SM/MS-STSK, optical upconversion and optical fiber aided beamforming were

amalgamated. In A-RoF networks, most of the digital processing is carried out in the

CU of Fig. 4.2. In this contribution, we propose a novel A-RoF network carrying SM

symbols, which can be used both for the mobile fronthaul or backhaul.

In the proposed network, after the optical aided SM encoding, the SM informa-

tion is transmitted over the DSF, where the signal is up-converted to a mmWave car-

rier frequency and linearly time-delayed signals are attained with the aid of FBGs for
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achieving an angularly selective beamforming effect. In this section, we first present the

conventional SM electronic encoding design and then we discuss the proposed system

architecture and its performance.

4.4.1 Conventional Electronic SM

Fig. 4.4 shows the conventional SM encoding process using Nt transmit antennas, where

the input bits are partitioned into two streams. The first stream is used for activating

one out of the Nt transmit antennas, while the second stream is used for modulating

a classical QAM/PSK symbol5, as shown in Fig. 4.4. Hence, the transmitted symbol

implicitly carries the selected antenna index information.

QAM/PSK
Carrier Modulation

Antenna2

Antenna1

Digital Signal Processing 
Antenna Selection

Implicit bits

..............

 Antenna

Data Stream

Switch

         (Splitting Data)

Nt

Figure 4.4: Conventional electronic SM encoding scheme used by the base sta-
tions of the conventional cellular architecture.

In the traditional architecture, SM encoding is carried out at each BS, adding extra

cost and complexity to the small-cell system [1]. By contrast, in our proposed design,

the digital processing is concentrated to the CU, as detailed in the following sections. To

elaborate a little further, our proposed A-RoF-aided SM design is capable of confining

the SM encoding to a single CU, hence substantially easing the burden imposed on

small-cell base stations.

4.4.2 Proposed A-RoF-aided SM-BF Design

Upon introducing optical fiber aided beamforming and optical up-conversion, our system

transmits the SM symbols using a mmWave carrier and all-optical processing, relying on

5In this chapter, we term data symbol for transmission as classic modulated symbol.
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photo-detection, amplifying and radio transmission), as well as SM implicit data
recovery and SM switching.

the RRHs of Fig. 4.2. Figs. 4.5 and 4.6 highlight the operation of our A-RoF aided SM

system and the corresponding spectral-domain manipulations. In the following, we will

detail the signal processing in our system of Fig. 4.5, while referring to the corresponding

spectral-domain manipulations seen in Fig. 4.66.

SM encoding: Similar to the conventional electronic SM encoding scheme, a pseu-

dorandom binary sequence (PBRS) is generated and split into two streams that convey

the antenna selection bits x̂1 as well as the classic modulated bits x̂2. Then, as shown in

Fig. 4.5, we map the implicit antenna-index bits to a 2L −QAM/PSK scheme, where

2L represents the number of transmitter antenna elements of each antenna array of Fig.

4.5. Similarly, the classic modulated bits are conveyed by 2M − QAM/PSK symbols

according to the system requirements. Note in the interest of explicit clarity that in

contrast to the conventional electronic SM encoding scheme, in our amalgamated op-

tical/RF system both SM streams are conveyed by QAM/PSK symbols over the fiber.

6The circled numbers of Fig. 4.5 correspond to the numbers in Fig. 4.6.
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This ensures that they have the same symbol rate during their transmission in the A-

RoF link. For example, if a PRBS block of the bits b1...b3 is transmitted, b1, b2 are used

for the implicit antenna-index bits as x̂1 for activating one out of four antenna elements,

while b3 is used for classic BPSK modulated bits for optical transmission as x̂2. To

ensure that b3 is conveyed by the b1, b2-based antenna element after the A-RoF link,

b1, b2 are conveyed by a quadrature phase shift keying (QPSK) symbol.

Afterwards, both types of SM symbols are carried by a RF frequency of fRF and

fed into a pair of LDs for direct modulation, as shown in Fig. 4.5. The two LDs are

directly modulated by x1 and x2 to generate a pair of wideband signals, respectively,

as shown at 1 and 2 of Fig. 4.6. Then, the left side-band of 1 carrying x1 and the

right side-band of 2 carrying x2 are retained by the optical bandpass filters (OBPFs)

and combined to a new ODSB signal using an optical combiner, as shown in Fig. 4.5

and marked by 3 of Fig. 4.6.

Thus, SM encoding relies on optical double side-band (ODSB) modulation associated

with an RF frequency of fRF , where both the implicit symbols x1 used for antenna

selection and the classic modulated symbols x2 are mapped to one of the side-bands,

each using a combination of laser diodes (LDs) and OBPFs.

mmWave optical upconversion: Afterwards, optical modulation is employed us-

ing the MZM of Fig. 4.5, where, as demonstrated at 4 of Fig. 4.6, the drive voltage

of the MZM can be appropriately tuned in order to copy the ODSB signal carrying

x1 and x2 to multiple wavelengths. This will result in multi-wavelength signals that

can be transmitted over mmWaves, by beneficially exploiting the MZM’s non-linearity7

[19]. Then, the multi-wavelength ODSB signal is transmitted over a DSF at the zero-

dispersion wavelength in the vicinity of 1550 nm [13], for the sake of mitigating the

dispersion effects, whilst aiming for a constant time-delay. As shown in Fig. 4.5, optical

up-conversion is applied using an OIL, as illustrated in Fig. 4.7. The multi-wavelength

signal at the fiber’s output is fed into the OIL, where the two outputs of Fig. 4.7 pro-

vide the beat frequencies representing the mmWave frequency carrying x2 and the RF

frequency fRF carrying x1, respectively. For example, if a multi-wavelenth signal of the

7In Fig. 4.6, we portrayed the comb-like signals for the sake of showing the spectral evolution in our
system design in a stylized format. In fact, the amplitude of the corresponding wavelengths relies on
both the harmonics’ order and on the switching voltage as well as on the amplitude of the MZM’s drive
voltage, which will be analysed in Section 4.4.2.1.
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ODSBs having the center frequencies of λ1, λ2 and λ3, shown in Fig. 5 is fed into the

OIL, Port 1 of the OIL retains the optical carrier and the left side-band of λ2 as well

as the right side-bands of λ1 and λ3 while Port 2 outputs the remaining spectrum. The

OIL acts as a periodic filter, which splits the spectrum for generating a set of appropri-

ately beating frequencies after the PDs of the ’Beamforming and SM signal mapping’

block of Fig. 4.5, generating the RF and mmWave frequencies in our proposed system.

Generally, Port 1 retains the optical carrier and the left side-bands of λ2n as well as the

right side-bands of λ2n−1, while Port 2 outputs the right side-bands of λ2n as well as

the optical carrier and the left side-bands of λ2n−1. The corresponding spectra of Port

1 and Port 2 are shown at 5 and 6 of Fig. 4.6.

Beamforming and SM signal mapping: Following the OIL, the antenna selection

bits x̂1 are recovered after passing the signal gleaned at Port 1 of Fig. 4.5 through the

OBPF, PD, electronic bandpass filter (EBPF), baseband demodulation and the ADC

components, where the OBPF retains the spectrum of 7 of Fig. 4.6, the PD achieves

the O/E conversion, the EBPF obtains the fRF RF signal and the ADC converts the

analogue RF signal to digital symbols for SM switching. The photo-detected RF signal

used for antenna selection appears at fRF . On the other hand, the output of Port 2 is

fed into a tunable chirped FBG, which imposes a linear time delay on each wavelength

by reflecting different wavelength from different locations.

The time-delayed multi-wavelength signal carrying x2 is then transmitted by the ac-

tivated antenna, where the photo-detectors of the Demodulation and Antenna Arrange-

ment (DAA) block of Fig. 4.5 receive the corresponding time-delayed wavelengths and

then convert them to a mmWave signal having a frequency of (fRF + fdrive). Therefore,

the mmWave signals of the DAA associated with the linear time delays are passed on

to the corresponding transmitter antenna array (TAA), whose index has been decoded

after the photo detection stage of Fig. 4.5.

More specifically, as shown in Fig. 4.6, the spectra at 1 and 2 represent the directly

modulated ODSB optical signals of the LDs of Fig. 4.5, where x1 and x2 are mapped

to the side-bands having a center frequency of fRF . Then, following the appropriate

filtering by the OBPF after each LD of Fig. 4.5, we obtain a new ODSB, with x1 being

mapped to the left and x2 to the right side-band, as shown at 3 of Fig. 4.6. The
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Figure 4.6: Spectral-domain charaterization of proposed system of Fig. 4.5.
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ODSB signal is then converted to a multi-wavelength signal by beneficially exploiting

the MZM’s non-linearity of Fig. 4.5, resulting in the spectra at 4 of Fig. 4.6. The

OIL of Fig. 4.5 is then used for appropriately filtering the spectrum to be utilised for

mmWave generation and antenna-index bit recovery. The stages 5 and 6 show the

spectrum of port 1 and port 2 of Fig. 4.5, where the corresponding frequencies will be

processed in order to form stages 7 , 8 , 9 , 10 and 11 of Fig. 4.6. The photo-detected

RF signal after stage 7 is used for antenna selection, while those of 8 , 9 , 10 and 11

are used for mmWave signal generation. The details of these spectral shaping operations

will be discussed in the following sections.

In contrast to the conventional SM encoding scheme of Fig. 4.4, our proposed sys-

tem is capable of carrying the SM symbols encapsulated in a multi-wavelength optical

signal over the optical fiber. At the fiber’s output, the implicit antenna index bits are

recovered, while the corresponding classic modulated symbols are modulated by a up-

converted mmWave signal. Our design eliminates the need for both the ADC and the

DAC at the RRH, which substantially reduces the cost and complexity of the RRH. The

optically up-converted and beamformed mmWave signal can be directly fed into the

TAA, without any additional electronic processing for modulation and demodulation,

where the electronic filters and amplifiers are used for ensuring that the amplitudes of

the mmWave signals emitted from each TAA element are appropriately adjusted. In the

following, we detail both the rationale and mathematical model of our system regarding

mmWave generation and beamforming.

Multi−wavelength Signal

Port 1

Port 2
Optical Interleaver

Multi−wavelength Signal

mmWave Frequency

RF Frequency

λ1 λ2 λ3

λ1 λ3

λ2

λn

.............

.............
λ2n−1

.............
λ2n

λ1 λ2 λ3 λn
.........

Figure 4.7: An optical interleaver.
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4.4.2.1 mmWave Generation

As presented in the middle dashed box of Fig. 4.5, the MZM and OILs contribute to

the mmWave signal generation. The harmonics generated by the MZM’s non-linearity

result in multiple wavelengths, where each wavelength carries a copy of the ODSB signal

of 3 of Fig. 4.68. Assuming that Ein is the ODSB input of the MZM, as detailed in

[143], higher-order optical side-bands are generated relying on the voltage of the drive

signal imposed on the MZM. The resultant optical signal is given by:

EMZM (t) = cos[±π
4

+
πVdrcos(ωLO)

2Vπ
]Ein(t)

=
Ein(t)√

2
[J0(

π|Vdr|
2Vπ

) + 2
∞∑
n=1

(−1)nJ2n(
πVdr
2Vπ

)cos(2nωLOt)

± 2
∞∑
n=1

(−1)nJ2n−1(
πVdr
2Vπ

)cos((2n− 1)ωLOt)], (4.1)

where the EMZM is the output field of the MZM with a switching voltage of Vπ, which

induces a phase shift of π for each arm, while Vdr is the drive voltage of the angular

center frequency of ωLO/(2π). Here, Jn(πVdr2Vπ
) is the Bessel function of the first kind and

order n, which determines both the number and the amplitude of the side-bands.

The resultant multi-wavelength ODSB signal carrying the RF of ωRF is then fed into

the OIL of Fig. 4.5, after transmission over the optical fiber, where the OIL removes

some of the multi-wavelength signal frequencies. Explicitly, in the case of Port 2 of the

OIL of Fig. 4.5, λ1 associated with the left side-band, λ3 with the right side-band as

well as the right side-band of λ2 and λ4 are filtered out, as shown at 5 of Fig. 4.6.

In this case, the beat frequency between λ1 and the right side-band of λ3 is photo-

detected, which generates a frequency of ωRF + ωLO, namely 28 GHz in our design

and completes the mmWave frequency generation. The up-converted frequency relies

on the frequency ωrf of the drive voltage imposed on the MZM of Fig. 4.5, which can

be appropriately tuned in order to up-convert the signal to any desired frequency in the

mmWave spectrum.

8λ1 of Fig. 4.6 is the LD’s optical carrier.
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More specifically, if a RF signal of center frequency of 3 GHz is directly modulated

by the LDs of Fig. 4.5, a multi-wavelength ODSB signal carrying a 3 GHz RF signal is

then generated with the aid of a MZM’s drive signal of 25 GHz, resulting in a wavelength

spacing of 25 GHz among the neighbouring λn components. Then, as shown in stages

4 , 5 and 6 of Fig. 4.6, the OIL of Fig. 4.5 removes some of the frequencies output by

Port 1 and Port 2 of the OIL. Thus, on one hand, the output signal of Port 1 is filtered

by the OBPF seen at 7 of Fig. 4.5. Then, after processing by the Beamforming and

SM signal mapping block of Fig. 4.5, the beat frequency becomes 3 GHz, which is used

for the implicit bits recovery of SM. On the other hand, following the transmission of

the output signal of Port 2 of the OIL in the CFBG scheme of Fig. 4.5 for beamforming,

the signal is fed into the DAA of Fig. 4.5, resulting in the time-delayed signals of stages

8 , 9 , 10 and 11 of Fig. 4.5. After the PD, the beat frequency obtained is the

up-converted mmWave frequency of 28 GHz. The beamforming scheme will be further

detailed in the next section.

4.4.2.2 Beamforming

Due to the short mmWave propagation range, we exploit our optical signal processing

aided beamforming scheme to extend the propagation range of mmWave communica-

tions. In our design, beamforming is introduced by exploiting the constant time-delay

difference between the neighbouring antenna elements of each transmitter, where the

constant time delay difference is obtained with the aid of CFBG, which impose dif-

ferent time-delays on different wavelengths due to their different locations of reflection

[140]. Furthermore, CFBG supports true-time delay based beamforming for wideband

signals, which is achieved by avoiding the beam-squinting introduced by the popular

phase shifting based beamforming scheme [37].

The signal generated at the output of the OIL of Fig. 4.5 is transmitted to an

optical circulator (OC), which is a three-port component, where the time-delayed multi-

wavelength signals reflected by CFBG are forwarded to one of the DAA block of Fig.

4.5. The time delay introduced by CFBG is linearly proportional to the transmitting

wavelengths, which can be translated to a specific beamsteering direction [144]. Fur-

thermore, the reflected frequency spectrum of the CFBG can be appropriately tuned to
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control the time delay, thus adjusting the beamsteering direction [42]. Subsequently, the

output of the OC is split into several branches shown in the DAA block of Fig. 4.5. As

shown at 8 , 9 , 10 , 11 of Fig. 4.6, the desired wavelength is retained with the aid

of optical BPF in DAA of Fig. 4.5. Thus, each branch outputs the carrier associated

with the same symbol but different delays. After the PD and electronic BPF of the

DAA of Fig. 4.5, the delayed carriers are fed into the antenna array elements, which can

be translated into different beamforming patterns according to the appropriately tuned

time delay differences. We will demonstrate that our system is capable of both mmWave

carrier generation and beamforming with the aid of the CFBG-induced time-delay as

detailed mathematically in the following section.

4.4.3 Mathematical Model of Beamforming for Multi-wavelength Sig-

nals

Since the time-delay imposed by the CFBG is applied in the optical domain, there

may be a delay-difference between the modulated optical signal and its corresponding

photo-detected beat signal. In this section, we show mathematically that the time-delay

differences between the photo-detected RF signals of the neighbouring antennas remain

constant. As mentioned in Section 4.4.2, the RF signal is directly modulated by LDs

and the input optical field of the MZM of Fig. 4.5 is formulated as:

Ein(t) =
√
PLasere

jωoct[1 + cos(ωRF t)], (4.2)

where PLaser is the LD’s output power and ωoc denotes the optical carrier’s angular

frequency corresponding to λ1 of Fig. 4.6. The MZM output field expressed in Equation
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(4.1) can be combined with Equation (4.2) to arrive at:

EMZM (t)

= cos(±π
4

+
πVdrcos(ωLO)

2Vπ
)Ein(t)

=

√
Plaser[1 + cos(ωRF t)]e

jωoct

√
2

[J0(
π|Vdr|
2Vπ

)

+ 2

∞∑
n=1

(−1)nJ2n(
πVdr
2Vπ

)cos(2nωLOt)

± 2
∞∑
n=1

(−1)nJ2n−1(
πVdr
2Vπ

)cos((2n− 1)ωLOt)]

=

√
Plasere

jωoct

√
2

[J0(
π|Vdr|
2Vπ

)[1 + cos(ωRF t)]

+ 2

∞∑
n=1

(−1)nJ2n(
πVdr
2Vπ

)[cos(2nωLOt)

+
cos((2nωLO + ωRF )t) + cos((2nωLO − ωRF )t)

2
]

± 2
∞∑
n=1

(−1)nJ2n−1(
πVdr
2Vπ

)[cos((2n− 1)ωLOt)

+
cos(((2n− 1)ωLO + ωRF )t) + cos(((2n− 1)ωLO − ωRF )t)

2
]

=

√
Plaser√

2
[J0(

π|Vdr|
2Vπ

)[ejωoct + ej(ωoc+ωRF )t/2

+ ej(ωoct−ωRF t)/2] + 2

∞∑
n=1

(−1)nJ2n(
πVdr
2Vπ

)

× [ej(ωoc+2nωLO)t/2 + ej(ωoc−2nωLO)t/2

+
ej(ωoc+2nωLO+ωRF )t/2 + ej(ωoc−2nωLO−ωRF )t/2

2

+
ej(ωoc+2nωLO−ωRF )t/2 + ej(ωoc−2nωLO+ωRF )t/2

2
]

± 2
∞∑
n=1

(−1)nJ2n−1(
πVdr
2Vπ

)

× [
ej(ωoc+(2n−1)ωLO)t + ej(ωoc−(2n−1)ωLO)t

2

+
ej(ωoc+(2n−1)ωLO+ωRF )t/2 + ej(ωoc−(2n−1)ωLO−ωRF )t/2

2

+
ej(ωoc+(2n−1)ωLO−ωRF )t/2 + ej(ωoc−(2n−1)ωLO+ωRF )t/2

2
]. (4.3)

Thus, after the OIL and the DAA block of Fig. 4.5, we arrive at multiple mmWave
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signals of the same frequency but having different time-delays. Here, the signal at the

output of Port 2 after the OIL block of Fig. 4.5 can be expressed from Equation (4.4)

as follows:

EILbottom(t)

=

√
Plaser√

2
[J0(

π|Vdr|
2Vπ

)(
ej(ωoc−ωRF )t

2
+ ejωoct)

+ 2
∞∑
n=1

(−1)nJ2n(
πVdr
2Vπ

)

(
ej(ωoc−2nωLO−ωRF )t + ej(ωoc+2nωLO−ωRF )t

4

+
ej(ωoc+2nωLO)t + ej(ωoc−2nωLO)t

2
)

± 2
∞∑
n=1

(−1)nJ2n−1(
πVdr
2Vπ

)

ej(ωoc−(2n−1)ωLO+ωRF )t + ej(ωoc+(2n−1)ωLO+ωRF )t

4
]. (4.4)

After the OIL, the beat frequency can be obtained by the DAA block seen at the

bottom of Fig. 4.5, where the right side-band of even wavelength (λ2 and λ4...) and

its neighbouring wavelengths’ optical carrier (λ1 and λ3...) are retained and mapped to

each line of the DAA block, as shown in Fig. 4.6. Thus, assuming that no time-delay

scheme is applied, the resultant photo-detected signal of the top line of the DAA block

of Fig. 4.5 is given as follows:

EPD(t)

∝ |EIL(t)|2

= |
√
Plaser√

2
[J0(

π|Vdr|
2Vπ

)
ejωoct

2
∓ 2J1(

πVdr
2Vπ

)

ej(ωoc+ωLO+ωRF )t

2
]|2

=
Plaser

8
[J2

0 (
π|Vdr|
2Vπ

) + 4J2
1 (
πVdr
2Vπ

)∓ 4J0(
πVdr
2Vπ

)J1(
πVdr
2Vπ

)

× cos(ωLO + ωRF )t]. (4.5)

In order to achieve the desired beamforming effect, having an identical time-delay
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difference between neighbouring wavelengths is required. Thus, in terms of the first line

of DAA shown in Fig. 4.5, which feeds the signal to antenna element 1 of each TAA, the

CFBG applies the time-delay t1 to the optical carrier λ1 and t2 to λ2’s right side-band

x2 upon introducing ∆t = t2 − t1. The corresponding photo-detected beat signal is

expressed as follows:

EPDdelayed(t)

∝ |EILdelayed(t)|2

= |
√
Plaser√

2
[J0(

π|Vdr|
2Vπ

)
ejωoc(t−t1)

2
∓ 2J1(

πVdr
2Vπ

)

ej(ωoc+ωLO+ωRF )(t−t2)

2
]|2

=
Plaser

8
[J2

0 (
π|Vdr|
2Vπ

) + 4J2
1 (
πVdr
2Vπ

)∓ 4J0(
πVdr
2Vπ

)J1(
πVdr
2Vπ

)

× cos((ωLO + ωRF )(t− t2) + ωoc(t1 − t2))]

=
Plaser

8
[J2

0 (
π|Vdr|
2Vπ

) + 4J2
1 (
πVdr
2Vπ

)∓ 4J0(
πVdr
2Vπ

)J1(
πVdr
2Vπ

)

× cos((ωLO + ωRF )(t− t2 −
ωoc∆t

ωLO + ωRF
))]. (4.6)

Similarly, assuming that the delay t3 is applied to the optical carrier λ3 of 6 of Fig. 4.6

, while t4 to the right side-band of λ4 and that ∆t = t2− t1 = t4− t3, the photo-detected

signal of the second line of DAA block of Fig. 4.5, which is fed into the antenna element

2 of each TAA of Fig. 4.5 becomes:

EPDdelayed2 (t)

∝ |
√
Plaser√

2
[−2J2(

πVdr
2Vπ

)
ej(ωoc+2ωLO)(t−t3)

2
± 2J3(

πVdr
2Vπ

)

ej(ωoc+3ωLO+ωRF )(t−t4)

2
]|2

=
Plaser

8
[4J2

2 (
π|Vdr|
2Vπ

) + 4J2
3 (
πVdr
2Vπ

)∓ 8J2(
πVdr
2Vπ

)J3(
πVdr
2Vπ

)

× cos((ωLO + ωRF )(t− t4) + (ωoc + 2ωLO)(t3 − t4))]

=
Plaser

8
[4J2

2 (
π|Vdr|
2Vπ

) + 4J2
3 (
πVdr
2Vπ

)∓ 8J2(
πVdr
2Vπ

)J3(
πVdr
2Vπ

)

× cos((ωLO + ωRF )(t− t4 −
(ωoc + 2ωLO)∆t

ωLO + ωRF
))]. (4.7)
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Thus, following the same philosophy, the photo-detected signal of the third line of DAA

of Fig. 4.5 is,

EPDdelayed3 (t)

∝ Plaser
8

[4J2
4 (
π|Vdr|
2Vπ

) + 4J2
5 (
πVdr
2Vπ

)∓ 8J4(
πVdr
2Vπ

)J5(
πVdr
2Vπ

)

× cos((ωLO + ωRF )(t− t6 −
(ωoc + 4ωLO)∆t

ωLO + ωRF
))], (4.8)

where the delay t5 is applied to the optical carrier λ5 of 6 of Fig. 4.6, while t6 is applied

to the right side-band of λ6 and ∆t = t2 − t1 = t4 − t3 = t6 − t5.

By comparing Equations (4.6), (4.7) and (4.8), it becomes clear that there exists

some delay between each photo-detected output signal and for antenna element of each

DAA, the delay will not be exactly the same. However, the time delay difference of the

photo-detected signals fed into neighbouring antenna elements of the DAA block of Fig.

4.5 will be constant. Specifically, due to the linear relationship between the time-delay

and the wavelengths, we obtain ∆t = t2 − t1 = t4 − t3 = t6 − t5 and t2 − t4 = t4 − t6.

The time-delay difference of the output signals between antenna element 1 and antenna

element 2 of the DAA block of Fig. 4.5 is (t4− t2)+ 2ωLO∆t
ωLO+ωRF

, while for antenna element

2 and antenna element 3 is (t6 − t4) + 2ωLO∆t
ωLO+ωRF

. Thus, the time difference remains

constant for each neighbouring antenna element of each TAA of Fig. 4.5.

Hence, we have shown mathematically that our beamforming signal generation is ca-

pable of maintaining a constant time-delay difference between the neighbouring photo-

detected mmWave frequencies fed into different antenna elements. Thus, our all-optical

design is capable of supporting beamforming, while simultaneously implementing mmWave

upconversion.

4.4.4 Beamforming Results

In our system, a 30 mm CFBG is used for introducing the delay required at the different

wavelengths in order to support beamsteering. The time-delay imposed on the different

wavelengths when the total chirp of the grating period of CFBG is set to 1.05 nm, which

represents the difference between the first period and the last period in the CFBG. Our



Chapter 4 Analogue Radio Over Fiber Aided MF-MIMO 125

simulations were carried out by using the OPTGRATING software and the delay vs

wavelength and frequency is shown in Fig. 4.8, where the wavelength range spans from

1549 nm to 1551 nm.

Thus, the spectral width, which is refered to as the spectral range of reflected wave-

length and changes with the total chirp [47], determines the time-delay difference as

a function of frequency spacing. Proposed by [47], the total spectral width as well as

total chirp can be adjusted by tuning a supported beam’s deflection, resulting in a linear

time-delay difference vs spectral width.
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Figure 4.8: Linear time delay vs wavelength and frequency of CFBG with the
total chirp of 1.05 nm.

Furthermore, as analysed in Section 4.4.3, the CFBG facilitates a constant time-delay

difference of (t4 − t2) + 2ωLO∆t
ωLO+ωRF

, where ∆t is the time-delay difference for a 28 GHz

spacing and t4 − t2 is a time-delay difference at a 50 GHz spacing. Thus, according to

the linear relationship seen in Fig. 4.8 and 4.9, the time-delay difference between the

adjacent antenna elements is 77.6 ps, when a total chirp of 1.05 nm is applied. Then, by

changing the total chirp of the tunable CFBG of Fig. 4.5, we obtain the corresponding
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Figure 4.9: Total chirp vs time delay difference.

relationship between the total chirp and the time-delay difference regarding our design

as shown in Fig. 4.9, where the time-delay difference range spans from 77.6 ps to 40.6

ps, when increasing the total chirp from 1.05 nm to 2.05 nm with a step-size of 0.05 nm.

Then, according to the time-delay difference range, we obtain a beam coverage range of

almost 360◦, as shown in Fig. 4.10.

4.4.5 System Performance Results and Discussions

In this section we analyse the performance of our SM system employing A-RoF combined

with all-optical beamforming and up-conversion to mmWave frequency. We compare our

proposed system to the conventional SM system operating without A-RoF in the context

of a single-RRH for verifying our centralised design philosophy, which only imposes an

almost negligible performance degradation. However, before discussing the results, let

us first consider the MIMO channel model after the fiber transmission and study its

effect on the system’s performance.
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Figure 4.10: Beamforming pattern.

In conventional MIMO systems employing Nt transmit antennas and Nr receive an-

tennas, we model the received signal using Y = HX+n, where Y represents the received

symbol vector of size (Nr × 1), H is the MIMO channel matrix of size (Nr × Nt), X

denotes the transmitted symbol vector of size (Nt × 1) and n is a (Nr × 1)-element ad-

ditive white Gaussian noise (AWGN) vector. However, during its fiber-based transition,

the symbol vector X is affected by the fiber impairments, such as fiber attenuation,

chromatic dispersion and fiber non-linearity in addition to the noise imposed by photo

detection [13]. Hence, in our system we model the SM based MIMO transmission after

fiber-based transmission as follows:

Y = HαX + n, (4.9)

where α includes the effect of the fiber impairments and optical noise, while n includes

the effect of the AWGN imposed by the RF circuits. Note that the channel state infor-

mation now includes the wireless channel fading as well as the fiber impairments and
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these are jointly estimated at the receiver. In other words, the receiver will estimate

Hα.

Furthermore, in the proposed system, the beamsteering direction has to be known

at the transmitter and this problem has been widely discussed in the literature, where

several accurate angle of departure (AoD) estimation techniques have been proposed

[145, 146]. Based on the above-mentioned design, we simulated our A-RoF network

and compared the BER of the received signal to that of its equivalent electronic SM

counterpart dispensing with A-RoF transmission. Table 4.1 summarises the parameters

used in our system. The bit rate given is the joint bit rate of implicit bits and classic

modulated bits, where, for example, a classic modulated BPSK scheme of 1 Gbps can

achieve a joint bit rate of 2 Gbps for two-antenna SM and 3 Gbps for four-antenna SM.

The MS-STSK scheme applies the bit rate similarly, which is detailed in [121].

Parameter Value

Bit rate
2 Gbps (2-antenna SM)
3 Gbps (4-antenna SM)

RF signal 3 GHz

LD center wavelength 1550 nm

LD power 1 mW

Drive frequency (MZM) 25 GHz

Achieved mmWave frequency 28 GHz

MZM mode Push-pull mode

Fiber type DSF

Fiber length 10 km

Channel model Split-step Fourier method

Modulation type BPSK

Wireless channel Rayleigh fading channel

Wireless detection ML detection

Beamforming type 4 antenna elements

Simulation environment MATLAB

Table 4.1: Simulation parameter.

An RF signal having a 3 GHz carrier is directly modulated by the LDs of Fig. 4.5,

while a drive frequency of 25 GHz is used by the MZM. This allows up-converting the

3 GHz signal to a mmWave signal of 28 GHz. The resultant frequency depends on

the specific combination of the RF and the drive frequency of the MZM. Owing to the

utilisation of the DSF, where the zero-dispersion wavelength is in the vicinity of 1550

nm, the proposed design is capable of mitigating the fiber dispersion hence achieving an
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Figure 4.11: The BER performance of our SM scheme compared to that of the
conventional electronic SM scheme using the parameters summarised in Table
4.1.

improved beamforming performance. We employed 4 elements per TAA for the sake of

showing the benefits of beamforming.

In order to show that our proposed A-RoF system has a minimal impact on the

BER performance compared to that of the conventional SM system, we transmit our

mmWave signal over the wireless channel and then compare the performance of the two

systems. The beamformed mmWave SM signal obtained after A-RoF transmission is

impaired by the mmWave wireless channel [126]. Fig. 4.11 shows the BER performance

of (Nt×Nr)=(2× 1), (2× 2), (4× 1), (4× 2) and (4× 4) MIMO systems operating both

with and without A-RoF, while analogue beamforming is employed at the transmitter

and receiver. Again, four-element TAAs are employed for attaining beamforming in our

simulated system.

In the conventional electronic SM encoding scheme of Section 4.4.1, the antenna

selection is based on implicitly conveyed symbols. In our proposed system, we modulate

the implicit symbol and the classically modulated symbol onto each side-band of the

ODSB signal generated by the LDs of Fig. 4.5.

Furthermore, we applied the implicit bits to a 2L-PSK/QAM modulation scheme,



130 Chapter 4 Analogue Radio Over Fiber Aided MF-MIMO

where 2L also represents the number of antenna elements, while the classic modu-

lated bits on BPSK format. Then, before feeding the antennas, the corresponding

2L-PSK/QAM symbols are recovered and then the implicit bits will select the acti-

vated antenna transmitting the up-converted mmWave signals carrying the modulated

BPSK symbols. Thus, the implicit bits of the 2-antenna SM scheme are carried in the

left side-band of Fig. 4.5 as a BPSK symbol, while for the 4-antenna case, they are

modulated as QPSK. The bit rate of the classic BPSK modulated bits is 1 Gbps, while

the BPSK implicit bits convey a bit rate of 1 Gbps, and the QPSK implicit bits support

a bit rate of 2 Gbps, hence achieving a multiplexed bits rate of 2 Gbps for our 2-antenna

SM and 3 Gbps for 4-antenna SM.

As shown in Fig. 4.11, when no optical amplifier is used, the BER performance of our

proposed system shows a slight degradation, which is caused by the fiber’s attenuation,

non-linearity and optical noise. This degradation can be readily mitigated by introducing

an optical amplifier, as shown in the next section in the context of MS-STSK. Moreover,

in Fig. 4.11, the BER performance of wireless systems dispensing with beamforming is

shown, where a 6 dB SNR gain is achieved by beamforming using N = 4 antenna arrays.

As observed in Fig. 4.11, by employing lower-complexity RRHs, our proposed SM

scheme shows a slight BER degradation in comparison to the conventional SM scheme.

In the following scheme, we incorporate MS-STSK into our system, which is a generalized

architecture subsuming both SM and STSK.

4.5 A-RoF Network Design for MS-STSK-BF

In this section, the MS-STSK scheme is intrinsically amalgamated with our A-RoF down-

link combined with all-optical beamforming and upconversion to a mmWave frequency

for transmission over the mmWave wireless channel.

4.5.1 Conventional MS-STSK Schemes

MS-STSK was proposed in [106] as a generalization of SM and STSK, where the data

bit sequence is partitioned into three streams that convey the antenna selection, the
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Figure 4.12: Conventional electronic MS-STSK encoding scheme employed at
the base stations of the conventional cellular architecture.

dispersion matrix selection and the PSK/QAM modulated symbol. As shown in Fig.

4.12, the data stream is divided into three parts: the bit stream B1 is used for antenna

selection, while the bit streams B2 and B3 are used for STSK encoding. In STSK

encoding, B2 = log2Q bits are used for selecting one out of Q dispersion matrices,

while B3 is represented by the PSK/QAM symbol. The output of the STSK encoder is

transmitted using NRF RF chains, which are switched to a specific combination of NRF

out of the Nt antennas with the aid of the antenna selection unit. Hence, the B1 and B2

bit streams of Fig. 4.12 are implicitly conveyed over the activated antenna combination

(AC) index and the dispersion matrix selected, respectively.

The MS-STSK scheme is capable of utilising a compelling diversity and multiplex-

ing trade-off [106]. As mentioned above, MS-STSK can be introduced into our sys-

tem by imposing a slight extra complexity on the RRH compared to the A-RoF-aided

SM design of Fig. 4.5. In this section, we denote the MS-STSK system as MS-

STSK(Nt,M ,Nr,T ,Q,L − PSK/QAM), where each symbol is characterised in Table

4.2. In the following section, we will discuss our A-RoF-aided MS-STSK design.
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Parameter Representation

Nt Transmitter antenna

M STSK space dimension

Nr Receive antenna

Q Number of dispersion matrix

T STSK time slots

L PSK/QAM constellation size

Table 4.2: MS-STSK symbol notations.

PD

PD

PD

PD

LD

LD

Drive Signal (25GHz) 

MZM

OC

PD

 DSF

Baseband ADC

TAA1

TAAn

..................

Optical
Interleaver

Demodulation   

Recovered Implicit        Bits

CFBG

Switch

STSK encoding

....

Port2

Port1

OBPF

OBPF

EDFA

Power

Divider

OBPF

OBPF

OBPF

OBPF

M RF chains

Bits
Implicit

Recovered

Demodulation

Amplifiers

M

and Antenna Arrangement

MS−STSK Encoding

OBPF

MS−STSK Encoding

Beamforming and MS−STSK signal mapping

EBPF

EBPF

EBPF

EBPF

EBPF

 

mmWave carrier 
carrying 

CU
RRH

Optical
Combiner

and Antenna Arrangement (DAA)Demodulation

mmWave Optical Upconversion

λ1

x2 x2

(Nt)

B2
B1

x1: Implicit symbol

x2: Classic modulated symbol for
transmission

x1 x1

λ1

x1 x2

λ1

RF carrier carrying x2

RF carrier carrying x1

x2

Antenna
Element 2

Antenna
Element 1

Antenna
Element 3

Antenna
Element 4

B1: Implicit bits for antenna selection

B2: Implicit bits for dispersion matrix
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4.5.2 Proposed A-RoF-aided MS-STSK-BF Designs

The MS-STSK design is further extended and improved from the SM design proposed in

Section 4.4, as shown in Fig. 4.13. Three changes have been made in the A-RoF aided

MS-STSK system compared to the SM counterpart of Fig. 4.5.

1. The x1 implicit symbols carry the bits B1 and B2 of both the selected AC and of
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the dispersion matrix, rather than only of the antenna selection information of SM,

which is mapped to the left side-band of the ODSB signals generated before the

MZM of Fig. 4.13. Here, the B1 and B2 bits are concatenated and then mapped

to x1.

2. If the number of implicit bits containing B1 and B2 is LMS , then the symbols

carrying the implicit bits would be mapped to 2LMS − PSK/QAM alphabet.

Thus, the implicit bits convey both the information for antenna selection and

the dispersion matrix selection. Hence, more implicit bits are conveyed by MS-

STSK and therefore a larger constellation size is required to transmit the implicit

bits of MS-STSK over the optical fiber, which is more susceptible to both fiber

impairments and to optical noise. We invoked an erbium-doped fiber amplifier

(EDFA) before the OIL of Fig. 4.13 in order to mitigate these effects by improving

the optical SNR.

3. Furthermore, in the RRH of Fig. 4.13, the recovered implicit bits are split into the

B1 and B2 streams, which represent the antenna selection bits and the dispersion

matrix selection bits, respectively. Then, the classic modulated symbol carried by

the up-converted mmWave signal is multiplied by the dispersion matrix selected

and then transmitted over the AC selected, while beamforming is introduced by

CFBG, which was discussed in Section 4.4.

Our A-RoF-aided MS-STSK scheme constitutes an extension of the A-RoF-aided SM

scheme discussed in Section 4.4. As shown in Fig. 4.13, the ODSB modulated by x1

and x2 is up-converted to a mmWave frequency, and an optically aided beamforming

scheme based on the CFBG philosophy of [47] is created. Thus, we adjusted the A-RoF

network conceived for SM to include MS-STSK by adding a few extra components, such

as an EDFA and the dispersion matrix selection scheme of Fig. 4.13. Next, we present

our simulation results and related discussion to verify our system.
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Parameter Value

Bit rate
5 Gbps (BPSK system)
10 Gbps (16QAM system)

RF signal 3 GHz

LD center wavelength 1550 nm

LD power 0.1 mW

Drive frequency (MZM) 25 GHz

Achieved mmWave frequency 28 GHz

MZM mode Push-pull mode

Fiber type DSF

Fiber length 10 km

Channel model Split-step Fourier method

Modulation type BPSK/16QAM

EDFA gain 20 dB

Wireless channel Rayleigh fading channel

Wireless detection ML detection

Beamforming type 4 antenna elements

Simulation environment MATLAB

Table 4.3: Simulation parameters.

4.5.3 System Simulation Results and Discussions

Let us now consider an MS-STSK (4,2,2,2,4,BPSK) system based on the design depicted

in Fig. 4.13. The simulation parameters are shown in Table 4.3. Due to the larger num-

ber of implicit bits of MS-STSK than that of our SM scheme, a higher order modulation

scheme such as 16QAM is required, which is more susceptible to fiber non-linearity.

The LD power is reduced to 0.1 milliWatt (mW) for the sake of mitigating the effect of

non-linearity-induced-phase shifts.

Before being mapped to the two side-bands of the ODSB scheme shown in Fig.

4.13, the implicit bits used for the MS-STSK scheme of Fig. 4.13 are mapped to the

16QAM symbols x1, where two bits are used for selection of a dispersion matrix and

the other two bits are used for the antenna selection. Finally, the classic modulated

symbols x2 are BPSK symbols. Using the same data set for the dispersion matrix as in

[106], Fig. 4.14 shows the BER performance of the conventional electronic MS-STSK

both with and without beamforming using N = 4 antenna arrays and of our proposed

A-RoF-aided MS-STSK system. The comparisons are based on (4 × 4), (4 × 2) and

(4 × 1) MIMO schemes, where analogue beamforming using four antenna elements is

employed. It is clearly observed that there is only a minor BER degradation, when our
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Figure 4.14: BER performance of the conventional electronic MS-STSK and of
our proposed MS-STSK scheme for 5 Gbps BPSK modulated signal using the
parameters summarised in Table 4.3.

fiber network is invoked. Moreover, recall from Fig. 4.11, that without EDFA, there is

still a modest degradation in BER performance. However, owing to the requirement of

using a higher-order fiber-modulation for MS-STSK, which is more susceptible to fiber

impairments, the proposed MS-STSK system relies on an EDFA having a 20 dB gain

in order to compensate for the degradation. Additionally, observe in Fig. 4.14 that the

beamforming aided system has a 6 dB beamforming gain.

Furthermore, to verify that our system is scalable and suitable for high data rates, we

mapped the classic modulated bits to a 16QAMs while invoking another 16QAM scheme

for the implicit bits, transmitting a 10 Gbps signal using the same MS-STSK scheme

as above. As discussed above, 16QAM is more susceptible than BPSK to the fiber

impairment, hence an EDFA of 26 dB gain is invoked. Fig. 4.15 shows our comparison

of the (4× 4), (4× 2) and (4× 1) MS-MTSK MIMO schemes. Given that only a modest

degradation is observed, we conclude that our SM/MS-STSK A-RoF network benefits
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Figure 4.15: BER performance of the conventional electronic MS-STSK and
of our proposed MS-STSK scheme for 10 Gbps 16QAM using the parameters
summarised in Table 4.3.

from all-optical processing, whilst avoiding the ADC-and-DAC-related complexity in the

RRH of Fig. 4.13.

MS-STSK is a general scheme subsuming both SM and STSK, where space-time cod-

ing can be included, leading increased flexibility to our proposed system. Additionally,

the beamforming solely relies on CFBG and the corresponding wavelengths, as discussed

in Section 4.4.

4.6 Conclusions

In this chapter, we firstly presented a rudimentary introduction to the underlying MF-

MIMO, C-RAN, A-RoF and mmWave communications concept in Section 4.1, where we

demonstrated the potential of amalgamating A-RoF aided MF-MIMO with C-RAN for

cost-efficient C-RAN design. Then in Section 4.2, a brief review of wireless MF-MIMO
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schemes was provided, while we ended up with our introduction of MS-STSK techniques.

Section 4.3 revealed the problems imposed by the wireless MF-MIMO schemes in the

context of small-cell based C-RANs, which may be circumvented by centrally process-

ing the beamforming and SM/MS-STSK whilst relying on optical solutions. Then, in

Section 4.4, we firstly proposed an A-RoF aided SM-BF downlink, where SM is com-

bined with BF implemented by relying on a centralised processing solution. In the

proposed network, most of the digital processing of the baseband SM is carried out by

the CU. In this context, the implicitly carried bits of SM, such as the antenna index

selection and dispersion matrix selection bits, are recovered by the RRHs of our A-RoF

network for creating a MF-MIMO arrangement. Again, A-RoF-aided techniques were

invoked for achieving optical processing aided beamforming and optical up-conversion

to a mmWave carrier frequency. Then, in Section 4.5, we demonstrated that the A-RoF

techniques conceived may also be applied to MS-STSK and are capable of generating

the MS-STSK-BF signal with the aid of optically up-converted mmWave signals and

beamforming without using any electronic oscillators, mixers or phase-shifters.

Furthermore, our A-RoF-aided system’s BER performance is similar to that of the

conventional all-electronic SM/MS-STSK scheme. However, this design is capable of

substantially reducing the complexity of the RRH, when intrinsically amalgamated with

SM or MS-STSK. Additionally, as seen in Fig. 4.15, we achieved a bit rate of 10 Gbps

for 16QAM and 10 km DSF in our MS-STSK fiber-based A-RoF network. Again, the

BER performance is only marginally eroded, compared to the conventional solution

relying on electronic component. In the previous three chapters, we introduced A-RoF

aided MIMO schemes in the outdoor communication scenarios, namely small cell and

C-RANs. In the next chapter, we will further exploit and develop our optical centralised

processing aided MF-MIMO concept in the context of indoor environments.





Chapter 5
Analogue Radio Over Plastic Optical

Fiber Communications

C
hapters 2-4 have been dedicated to radio over single-mode glass optical

fiber (GOF) communications, which are widely used for outdoor com-

munications. Given the increasing industrial attention focused on cost-

efficient plastic optical fiber (POF) solutions [10], in this chapter, we

will focus our attentions on the radio over plastic optical fiber (RoPOF) aided multi-

functional multiple-input-multiple-output (MF-MIMO) designs. Again, our goal is that

of combining beamforming and transmitter diversity, where mode division multiplex-

ing [147] (MDM) can be invoked for multi-user communications. Since in this chapter

POF is used as the transmission medium, we will briefly portray the state-of-the-art in

POF and its applications in communications as well as its channel model, which will

be subsequently applied in the system proposed in this chapter. Then, we will pro-

ceed by discussing our proposed analogue RoPOF (A-RoPOF) aided MF-MIMO design

conceived for indoor environments.

139
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Figure 5.1: Proposed MF-MIMO arrangement investigated in this chapter.
(Note that we refer to beamforming as analogue beamforming in the in-text
content unless we specify it to hybrid or digital beamforming.)

5.1 Plastic Optical Fiber Background of POF

The wide-ranging application of the Internet accompanied by the popularity of smart

phones, tablets and PCs has penetrated our daily life, but requires a hitherto to un-

precedented bandwidth to transmit vast amounts of data. To meet this challenge, the

second-generation GSM system followed by 3G based on WCDMA and then the 4G LTE

system have offered increasingly more convenient Internet ’surfing’. Outdoor commu-

nication has significantly benefited from these advances in communication techniques

and the pace of development remains rapid both in terms of theory and in hardware

techniques. However, there is strong quantitative evidence that most of the tele-traffic is

initiated in and destined for indoor communication networks. Wi-Fi is clearly a popular

candidate for indoor communication systems. However, its limited bandwidth and its

low transmission distance render this technique inadequate for satisfying all the future

demands, when for example low-latency high-resolution video streaming is required.

The ubiquitous single-mode GOF (SM GOF) is eminently suitable for long-reach

outdoor communications, both in the backhaul and fronthaul network, as a benefit

of its wide bandwidth, low attenuation and low dispersion compared to multi-mode
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GoF (MM GOF). On the other hand, MM GOF is popularly deployed in short-range

communications for striking an attractive cost-performance trade-off, for example in

local area networks (LANs), as a benefit of its overall cabling cost advantage over SM

GOF, including that of fiber connectors and of optical transceivers.

In the context of short-range fiber links, POF may be capable of outperforming MM

GOF, when considering its installation cost, owing to its larger core size leading to

compelling ease in handling and connecting without the need for a professional engineer

[10, 148, 11].

Thus, it is promising to investigate RoPOF aided indoor communications. Compared

to silicon fibers, such as the standard single-mode fiber, which is routinely used in core

and access networks [149], large core POF may be preferred for indoor networks, since

it provides a low-cost solution. Hence, RoPOF solutions combine the advantages of

POF with those of wireless technology for supporting high data rate communications by

offering a high bandwidth for users [6]. However, the limited bandwidth caused by the

associated large core constitutes an impediment. Hence, researchers have attempted to

improve it by conceiving the most appropriate modulation format [150]. Next, prior to

outlining our contributions on the A-RoPOF aided MF-MIMO schemes, we will review

the applications of POF in hybrid mobile communications by investigating its most

suitable modulation type aiming for extending its attainable bitrate-length product.

5.2 A Brief Review of POF Communications

POF predates GOF, since it was developed by Dupont as early as 1977, but its devel-

opment was overtaken by GOF owing to the high attenuation of POF [148]. However,

there is continued interest in short-distance LANs supporting the indoor user ends (UEs),

where the low-installation cost of POF is promising [11]. Hence in this section, we briefly

review the family of POF based indoor communication systems in terms of the type of

the modulation schemes, and categorise them into baseband and passband modulation.



142 Chapter 5 Analogue Radio Over Plastic Optical Fiber Communications

5.2.1 Baseband Modulation

During data transmission in the POF, baseband digital modulations schemes, such

as non-return-to-zero (NRZ) [151], on-off-keying (OOK) [152] and pulse-amplitude-

modulation (PAM) [153] have been used.

5.2.1.1 Non-return-to-zero Techniques

Non-return-to-zero (NRZ) modulation is commonly used both in wireless and wireline

communication for baseband transmission. Explicitly, a binary ’1’ is represented by a

positive voltage, while a binary ’0’ by a negative voltage [154]. However, in the context

of RoPOF communications, binary information is mapped to optical pulses, where ’1’ is

represented by a pulse of light while ’0’ by the absence of a pulse.

In [151], a 10.7 Gbps NRZ system was conceived for transmission over a graded-index

POF (GI-POF) which had a length of 220 m.

5.2.1.2 On-off Keying

OOK is the simplified form of amplitude shift keying (ASK). In ASK, the digit ’1’ is

represented by the carrier having a higher amplitude, while digit ’0’ is represented by

the carrier exibiting a lower amplitude. The difference between OOK and ASK is that

in OOK ’0’ is transmitted when the amplitude of the carrier wave is zero. Thus, when

it is ’on’, a ’1’ is transmitted while ’off’ represents ’0’ [154].

Generally, the bandwidth limitation of POF results in a limited fiber length of less

than 100 m [152]. However, by using maximum likelihood sequence estimation equaliser

(MLSE) based equalisation and forward error correction (FEC) in the OOK scheme, a

10 Gbps system was capable of reliably operating over a 220 m GI-POF [151]. However,

the MLSE equaliser imposes a high complexity. Thus, in [152], OOK modulation relying

on a fractionally-spaced feed-forward equaliser and decision feedback equaliser (DFE)

was shown to attain a rate of 10 Gbps over a stretch of 300 m GI-POF [152]. As a further

development, by amalgamating differential phase shift keying (DPSK) and OOK, a 40

Gbps system communicating over a distance of 100 m using POF was realised [155].
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Furthermore, RZ OOK [155] results in an error free transmission for GI-POF. Finally,

OOK combined with a DFE-aided receiver [156] was shown to achieve a data rate of 2.5

Gbps over a distance of 50 m step-index multi-core POF (SI-MCPOF).

5.2.1.3 Pulse Amplitude Modulation

In pulse amplitude modulation (PAM), the information symbols are mapped to the

amplitude of the signal. According to [157]:

s(t) =

∞∑
k=−∞

akg(t− kT ), (5.1)

where ak denotes the pulse amplitude and g(t) is the band-limited pulse shape, which

specifies the baseband signalling waveform.

Let us now briefly elaborate on the application of PAM in POF based indoor commu-

nications, where 2-PAM, 4-PAM and 8-PAM are used depending on the specific system

design. Compared to 2-PAM, multi-level PAMs schemes, such as 4-PAM and 8-PAM,

are more spectral-efficient at the cost of sacrificing the power efficiency [153]. 4-PAM

modulation combined with fractionally-spaced blind equalisation at the receiver [158]

was shown to be capable of achieving a 1.25 Gbps transmission rate over a 50 m SI-

POF. However, the attainable remained limited owing to relatively severe non-linear

distortions. In [159], a low-complexity equalizer was invoked for mitigating the distor-

tion.

8-PAM was also investigated as a means of improving POF based communications.

Specifically, a 3 Gbps system using 8-PAM over a 25 m SI-POF was characterised in [153],

which invoked factionally-spaced equalizer relying on both the feed forward and decision

feedback sections, for mitigating both the noise and the inter-symbol interference.

5.2.1.4 Baseband Orthogonal Frequency Division Multiplexing/ Discrete

Multitone Modulation

Orthogonal frequency division multiplexing (OFDM) was standardised for the 4th gener-

ation wireless communication, which relies on orthogonal sub-carriers, each transmitting
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at a low rate, hence it becomes immune to inter-symbol interference communication sys-

tem. Thus, by invoking OFDM in the POF system, both the modal dispersion as well

as the chromatic dispersion and the polarisation mode dispersion are potentially miti-

gated. Therefore, discrete multitone modulation (DMT), which is a baseband version of

OFDM, is indeed attractive for POF based communication systems [150].

DMT is widely used in the digital subscriber copper line (xDSL). In the DMT scheme,

the bits are mapped to the real and imaginary parts of each sub-carrier and then the

conjugate complex version of it is copied to the negative frequencies. Hence the resultant

time-domain signal at the output of DMT after inverse fast-Fourier transform (IFFT)

based modulation becomes real-valued.

Let us now review the DMT-based system in the context of the POF based com-

muncation system. The DMT cocept is also suitable for the POF based system by

introducing the ubiquitous cyclic prefix (CP) for mitigating the dinstinctive modal dis-

persion [160] in combination with applying bit-loading for improving the data rate and

for reducing the bit error ratio (BER) [161]. Further details of adaptive bit-loading can

be found in [162].

Despit its benefits, DMT also has its limitations, such as its high peak-to-average-

power ratio (PAPR) which is mitigated by the authors of [163].

In a nutshell, the real-valued output and the adaptive allocation of data bits to each

sub-carrier make it a cost-effective and power-efficient modulation scheme for POF sys-

tems [161, 164, 165]. The combination of CP and parallel transmission regime of DMT

overcome the bandwidth limitation imposed by the deleterious effects of modal disper-

sion, while the rate-adaptive bit loading relying on Chow’s algorithm [165] efficiently

allocates the bits to each sub-carrier with the goal of maximizing the bit rate.

Baseband modulation presents a simplified solution for wireline communication with

the ignorance of setting up higher frequency conversion while passband modulation offers

more bandwidth, which is also investigated in POF communications. Next, we provide

a brief review of the passband modulation aided POF communications.
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5.2.2 Passband Modulation

5.2.2.1 Multi-band Orthogonal Frequency Division Multiplexing Ultra-wideband

Systems

The ultra-wideband (UWB) signal has been defined as having at least 500 MHz band-

width or a fractional bandwidth of at least 20% of center frequency according to the

U.S. Federal Communication Commission (FCC) [166]. The UWB system concept re-

lies on the inherent assumption that its signal overlaps with other services operating

within the same band at a much higher power. Conversely, the UWB signal has to have

a sufficiently low power spectral density (PSD) to avoid penetrating the other higher

power signals within its band. Hence, the FCC has set up a maximum UWB emission

limit ranging from 3.1 GHz to 10.6 GHz. There are two popular techniques of generat-

ing the UWB signal: impulse radio ultra-wideband (IR-UWB) and multiband OFDM

ultra-wideband (MB-OFDM UWB) [167].

IR-UWB may be deemed to be the more traditional methodology, where a short-

duration Gaussian impulse is generated [168]. The resultant IR-UWB signal satisfied

the strict FCC spectrum mask during its transmission over a 100 m GI-POF [168].

An alternative UWB signal generation method is constituted by MB-OFDM, which

relies on partitioning the UWB signal into several sub-bands, with each band consisting

of an appropriately selected number of sub-carriers [169]. A so-called time-frequency

coding techniqeus was invoked, where each sub-band’s information was transmitted in a

different time-slot for ensuring that they experienced stastitically independent impair-

ments [167].

Thus, MB-OFDM UWB may also be deemed to constitute a promising modulation

technique, albeit its high PAPR remains an impediment. Finally, it is worth mentioning

in closing that as a compelling application, the distinction of cable television signal

(CATV) has also been reported in the literature [170].

In a nutshell, the modulation schemes shown in Fig. 5.2 have briefly touched upon

including some of the popular baseband modulation (NRZ, OOK, PAM and DMT)

schemes, and passband modulation arrangements (MB-OFDM UWB and IR-UWB),
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Figure 5.2: Modulation scheme.

which belongs either to the single carrier (NRZ, OOK, PAM and IR-UWB) modulation

or to the multi-carrier modulation (DMT, MB-OFDM UWB) family. In conclusion,

observe in Table 5.1 that DMT exhibits the best performance, when considering bitrate-

length product metric.

Let us now consider the POF channel in the next section.

Techniques
Bitrate-Length Product

Graded-Index Step-Index

NRZ
10.7 Gbps for 220 m 1.25 Gbps for 100 m

[151] [171]

OOK
40 Gbps for 100 m 2.5 Gbps for 25 m

[155] [156]

PAM
10 Gbps for 300 m(PAM+OOK) 3 Gbps for 25 m

[152] [153]

DMT
51.8 Gbps for 100 m 10 Gbps for 25 m

[172] [156]

UWB
4.48 Gbps for 50 m

[149]

CATV
2.5 Gbps for 25 m

[173]

Table 5.1: POF modulation techniques and their performance.
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Figure 5.3: Channel impulse responses (CIR) of the fiber lengths.

5.3 Channel Modelling

Accurate channel modelling is required for POF based simulations. The plastic fiber

has a large multi-mode core. Numerous impairments degrade the POF channel, such

as its imperfect refractive index, mode coupling, differential mode attenuation, modal

dispersion, chromatic dispersion, angular diffusion and non-linear effect, etc. Here, we

simply use the CIR of different fiber length for characterising our channel, along with

the corresponding frequency response as shown in Figs. 5.3 and 5.4, respectively.

5.4 Novel Contributions

POF may be deemed to be a suitable candidate for future indoor communication systems,

since it provides a low-cost solution to indoor communications due to its convenient

installation [24]. However, POF techniques are in their infancy, like silicon was decades

ago, which motivated our research. When reaching maturity, POF may even replace
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the plastic insulation of mains-wiring. On a similar note, MIMO systems constitute

promising techniques, since both diversity as well as multiplexing and beamforming

gains can be attained in order to reduce the effect of multi-path fading and to increase

both the channel capacity and signal-to-noise ratio (SNR) gains [142, 174]. Furthermore,

the standardisation of different MIMO techniques including transmitter beamforming

in the IEEE 802.11 family used for Wi-Fi [175] motivates the implementation of the

MIMO techniques in the indoor environment. Hence, we aim for designing an all-optical

processing aided MF-MIMO assisted indoor system, which achieves both diversity as

well as beamforming gains and supports multiple users relying on all-optical processing

by the POF, while minimising the number of electronics components and processing cost

[6].

A number of challenges are imposed by the current MF-MIMO aided indoor network-

ing techniques, which can be summarised as follows:
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1. State-of-the-art beamforming techniques mainly rely on invoking phase shifters in

the transceiver, which impose a high insertion loss [37].

2. Numerous phase-shifters are needed for beamforming in large-scale MF-MIMO

systems, such as layered steered space-time codes (LSSTC) and layered steered

space-time spreading (LSSTS) [174, 133].

3. Since each MZM can only modulate a single RF signal, hence multiple optical

modulators are required for transmitter diversity or multiplexing techniques, such

as space-time block coding (STBC) [2] and their number is proportional to the

number of transmitters, which potentially results in high complexity [176].

The first challenge can be tackled by using fiber optical solutions, such as a chirped

fiber Bragg grating (CFBG) [44], relying on the wavelength-dependent time delay im-

posed by CFBG. Therefore, the complexity of the MF-MIMO configuration can be sub-

stantially reduced by avoiding bulky phase shifters [44]. The optical solution is capable

of reducing the loss imposed by an electronic phase shifter and significantly simplifies

the wireless beamforming [37].

As for the third challenge, a single optical double side-band (ODSB) modulation

solution was proposed in [99] for simplifying the system by encoding the related pair

of signals into two different side-bands of an ODSB signal using optical up-conversion.

However, no beamforming can be realised using the architecture of [99], unless we expand

the same architecture to an increased number of antenna elements.

Therefore, we propose the all-optical processing aided downlink architecture of Fig. 5.5

conceived for an indoor environment, which amalgamates both STBC and beamform-

ing by exploiting the non-linearity of the Mach-Zehnder modulator (MZM) and of the

CFBG in order to address all three of the above mentioned challenges. We propose

STBC as an example of a transmitter diversity scheme, noting that our system is quite

flexible and hence it is also readily applicable to other sophisticated MIMO techniques,

such as V-BLAST [142], spatial modulation or space-time shift keying (STSK) [106].

Combining STBC and beamforming has been proposed in the literature [142, 174, 133],

where it was shown that the combination of these two techniques attains a better BER

performance than each of the individual techniques [142, 174, 133]. Additionally, based
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Figure 5.5: A FITH architecture based on POF. TXs: Transmitters, RG: Resi-
dential Gateway, POF: Plastic Optical Fiber.

on the capacity analysis presented in [177], in non-line-of-sight channels, the combina-

tion of the two techniques provides a higher capacity than each individual technique.

The beamforming employed in this section is analog beamforming, which requires the

knowledge of the angle of departure (AoD) at the transmitter. The AoD can be esti-

mated using the techniques reported in [146, 145]. On the other hand, STBC requires

the knowledge of the channel impulse response at the receivers, which can be estimated

as reported in [178].

In order to generate the twin-antenna aided STBC symbols [2] whilst relying on a

single wavelength, we will use a combination of two laser diodes (LDs) and a pair of

optical bandpass filters. Their output signal will be fed into a MZM. Then the MZM

copies the STBC signals to multiple wavelengths by exploiting the non-linearity of MZM
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[15]. The wavelengths can be tuned by a frequency-controllable MZM drive signal in

order to control the beamsteering angle. These signal processing operations will be

carried out by the residential gateway (RG) of Fig. 5.5 (the link between the access

and the in-home network). Afterwards, a POF is invoked for supporting a multi-user

system in each floor of Fig. 5.5 by relying on the MDM principle [179], where each

mode is capable of carrying the STBC symbols of a different user. Then, by exploiting

the time delay of CFBG and by invoking the appropriate photo detection (PD) and

demodulation, a beamforming angular range of approximately 150◦ can be achieved for

each transmitted signal corresponding to each STBC symbol.

Our contributions can be summarised as follows:

1. The MF-MIMO principle can be readily supported by optical fiber based pro-

cessing without requiring a large number of phase shifters and multiple optical

modulators, hence substantially reducing the complexity of wireless beamforming

systems additionally supporting the STBC.

2. We design a novel tunable microwave generator based on the MZM’s non-linearity

for controlling the beamforming pattern, whilst also providing a less costly alter-

native in comparison to the state-of-the-art commercial microwave generators.

3. By conveniently controlling the number of side-bands with the aid of the MZM’s

non-linearity, the system becomes quite scalable and it is capable of supporting

larger antenna arrays for the sake of achieving narrower beams.

4. MDM is implemented within a POF for supporting multiple users, where the

multiple STBC signals of different users can be readily mapped to different modes.

The rest of the chapter is organised as follows. In Section 5.5, the proposed system

architecture will be presented, while our performance results are discussed in Section

5.5.4, followed by our conclusions in Section 5.6.
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5.5 Proposed System Model

In this section, we propose a multi-user system for the downlink of an in-home net-

work, where each user’s signal is encoded as a 2 × 1 STBC signal modulated onto a

double side-band optical carrier and transmitted over POF. Each signal of the STBC

can be beamsteered by using all-optical processing. Thus, the system of Fig. 5.6 can

be expanded to support multi-user applications by simply copying the same design and

transmitting the different users’ signals in different modes of the POF using MDM,

which is shown in Fig. 5.7. To further detail the rationale of our proposed system, we
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Figure 5.6: Proposed system model based on a single user.

will simply describe a single-user model and characterise the spectrum of the signal at

each processing stage in the network.

As shown in Fig. 5.6, a modulated ODSB signal is generated by exploiting two direct-

modulated LDs, with each bandlimited by an optical bandpass filter (OBPF). Using the
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OBPFs of Fig. 5.6, the upper side-band of the upper LD and the lower side-band of

the lower LD are removed, while the remaining side-bands are combined. Then, the

combined signal, which contains the data streams x1 and x2 in the separate side-bands

is fed into the MZM2 of Fig. 5.6. Here, the pair of data streams x1 and x2 correspond

to the pair of symbols transmitted from the two antennas of the Alamouti scheme, with

x1 fed into transmitter antenna array 1 (TAA1) and x2 fed into transmitter antenna

array 2 (TAA2) as shown in Fig. 5.6 [2].

In our design, we generate a multi-wavelength signal for supporting beamforming as

motivated below. In order to realise directional beamsteering, when employing linear

uniform arrays, each element requires differently delayed signals, where the time delay

difference between the neighbouring elements must be constant. Since CFBG imposes

a linear time delay on the carrier, it can be invoked for the beamforming scheme by

exploiting the time delay difference of the different-wavelength carriers in CFBG. Thus,

a multi-wavelength signal carrying the same signal at each wavelength having a constant

wavelength-spacing is required, whilst guaranteeing a constant time delay difference

between neighbouring elements.

Here, the higher order side-bands introduced by the non-linearity of MZM2 seen

in Fig. 5.6 can generate a multi-wavelength signal, and each wavelength carries a set

of STBC signal. The STBC signal is transmitted as ODSB and copied to different

wavelengths. Then, the multi-wavelength signal generated for each user is transmitted

in a single mode of the POF, while the different users’ signals are transmitted in different
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modes. The CFBG of Fig. 5.6 seen at the output of the POF provides the different

wavelengths of the multi-wavelength signal associated with different delays, thus offering

beamforming for the same signal after PD and demodulation.

As demonstrated in Fig. 5.6, after the CFBGs, the delayed wavelengths will be

power-divided into two different demodulation schemes (DSs), where each one contains

several branches. The number of branches depends on the number of antenna elements.

As shown in the bottom box of Fig. 5.6, in each branch of DS 2, the multi-wavelength

signal is split by an OBPF to retain half of the optical carrier having the corresponding

wavelength and the right side-band which is modulated by x2. By contrast, in DS 1, the

left side-band is filtered out. Thus, during the demodulation, the delayed photo-detected

signal is categorised into one of two groups and it is mapped to two antennas according

to the filtered-out side-bands. For each antenna, we arrange for a linearly increasing

time delay after the photo detection of each wavelength, which is then exploited for

beamsteering [37]. The desired beamsteering direction is determined by using explicit

beamforming feedback, where a beamforming weight matrix containing the phase infor-

mation for each antenna element is sent back from the desired users to the TAAs [180].

Then, in our design, this information is fed back over the fiber to the tunable frequency

generator of Fig. 5.6 through the POF, where the corresponding driving frequencies

are applied. Explicitly, the AoD can be accurately estimated using classic techniques

reported in the literature, such as the direction search for the largest gain used in the

IEEE 802.11ad standard [146], the Kalman filter based tracking algorithm presented in

[146] and the path search techniques using different beamwidths [145]. Additionally,

several channel estimation technniques have been proposed for STBC in the literature,

including closed-form blind channel estimation [178]. Then, the AoD information can be

sent back to the tunable frequency generator to adjust the corresponding beamsteering

angles.

Consequently, the specific pair of data streams modulated using STBC and carried by

the same radio frequency (RF) will be beamsteered. Additionally, to appropriately tune

the beamsteering direction, a tunable microwave generator used as the drive signal is

imposed on the MZM2 for the sake of controlling the spacing of each wavelength, hence

indirectly resulting in an adjustable beamforming pattern. The multi-wavelength gener-

ation, tunable microwave generator and the multi-user system design will be described
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in the following sections.

5.5.1 MZM-aided Multi-wavelength Generation

As shown in Fig. 5.6, the multi-wavelength signal is generated with the aid of the MZM’s

non-linearity, where the ODSB appears at every wavelength [15]. This is arranged for

ensuring that different wavelengths experience different delays in the CFBG and hence

beamforming can be achieved for each STBC signal, which is a benefit of the CFBG-

induced-time-delay of each wavelength. Here, we briefly introduce the physical rationale

for this process.

The RF signal is directly modulated by laser, which can be formulated as:

Edm =
√
Plasere

j2πfoct[1 + cos(2πfRF t)], (5.2)

where Edm is the output field of the direct-modulated LD that operates at an optical

power of Plaser and an optical frequency of foc, which is modulated by a RF signal of

frequency fRF .

As detailed in [143], higher-order optical side-bands can be generated based on the

voltage of the drive signal imposed on the MZM, which results in the optical signal as

[15]:

EMZM

= cos(±π
4

+
πVdrcos(ωLO)

2Vπ
)Edm(t)

=
Edm(t)√

2
[J0(

π|Vdr|
2Vπ

) + 2
∞∑
n=1

(−1)nJ2n(
πVdr
2Vπ

)cos(2nωLOt)

± 2

∞∑
n=1

(−1)nJ2n−1(
πVdr
2Vπ

)cos((2n− 1)ωLOt)], (5.3)

where the EMZM is the output field of MZM2 seen in Fig. 5.6 having a switching voltage

of Vπ, which imposes a phase shift of π for each arm of the MZM, while Vdr is the drive

voltage having the center angular frequency of wLO/(2π). Finally, Jn(πVdr2Vπ
) is the Bessel

function of the first kind and order n, which determines the number of side-bands.
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The multi-wavelength signal generated is attributed to the changing of side-bands,

which rely on Vdr. Thus, copies of ODSB can be readily obtained by simply tuning

the voltage of the drive signal. However, to achieve convenient beamsteering tunability,

in the following section a novel tunable microwave generator capable of generating the

drive signal of MZM2 seen in Fig. 5.6 is described.

5.5.2 Tunable Frequency Generator

In our system, CFBG is used for adjusting the time-delay imposed on the optical carriers,

which can then be exploited for beamsteering [69]. This requires multiple wavelengths

carrying the same signal and hence we utilise a MZM to create the multi-wavelength

signal mentioned in Section 5.5.1. However, for tuning the beamsteering direction and

meet the minimum wavelength spacing requirement of 12.5 GHz to avoid inter-channel

crosstalk in optical transmission [13], a tunable microwave generator is required for the

MZM’s drive signal. Thus, we created the low-complexity tunable frequency generator

of Fig. 5.6 relying on another MZM modulator. Similar to the analysis in Section 5.5.1,

the higher-order side-bands resulting from the MZM’s non-linearity combined with a

voltage-controllable drive signal will create a drive-voltage-dependent optical signal.

As depicted in Fig. 5.6, a four-side-band signal is generated by MZM1, where the

optically modulated output signal is filtered by a notch filter (optical band stop signal)

to retain merely the leftmost and rightmost side-bands, denoted here by f1 and f4.

Thus, after photo detection, the frequency of the demodulated RF signal will be twice

that of the left/right-most side-band. In the example of Fig. 5.6, (f4− f1) is the output

used for the drive signal of MZM2, which depends on the drive signal of MZM1 and

on the number of the side-bands generated. Explicitly, the edge side-bands rely on

the amplitude variation of the drive voltage, which will then control the frequencies

generated by photo detection. A tunable lower frequency generator can be used for

generating microwave frequency. Thus, compared to commercially available microwave

generators, this is a more cost-efficient solution for providing tunable frequencies.
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5.5.3 MDM Based Multi-user Design

POF is referred to as a multi-mode fiber [24] and can be used for the currently fast

developing fiber technique of MDM [147]. MDM is a technique coupling different signals

into different modes of multi-mode fiber. Here, we use POF as a mode division multiple

access channel. As shown in Fig. 5.7, each user’s data feeds one of the modes of POF and

shares the same receiver design, while each user can tune its own angle independently.

Thus, the beam pattern can be adjusted and avoid interference while supporting multiple

users thanks to our system’s flexibility of independent tuning processes for different users.

To verify our proposed system, we consider twin-antenna based STBC modulation

and each of the two STBC antenna arrays is equipped with four beamforming elements,

as seen in Figure 5.6 and detailed in the following section.
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Figure 5.8: MZM aided multi-wavelength generation.

5.5.4 Simulation Results

In this section, we consider a system to support the Wi-Fi spectrum of 2.4 GHz, where

each user is supported by MF-MIMO transmission intrinsically combining twin-antenna

STBC and beamforming. We consider beamforming using four antenna elements per
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Parameter Value

RF signal 2.4 GHz

LD center wavelength 1550 nm

Drive frequency (MZM) 12.5 GHz

MZM mode Push-pull mode

Fiber type POF

Fiber length 40 m

Channel model Power flow equation

CFBG length 22cm

Diversity employed STBC

Modulation type DBPSK

Simulation environment MATLAB

Table 5.2: Simulation parameter.

antenna array. Table 5.2 shows the simulation parameters, where after STBC encoding

[2], the differential binary phase shift keying (DBPSK) STBC signal is direct-modulated

by two separate LDs. The MZM is based on the quadrature point and operates in the

push-pull mode [15]. Furthermore, πVdr
2Vπ

is set to 0.13, where the third side-band can be

ignored, due to the low power level, as shown in Fig. 5.8.

In Fig. 5.8, we opted for 40 GHz (1550 nm) as the center frequency for the simulations

and a wavelength spacing of 12.5 GHz is used. It is shown in Fig. 5.8 that the same pair

of STBC signal is modulated to the ODSBs carried by different wavelengths. A short
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Figure 5.10: Beamforming pattern.

POF of 40 m is simulated based on Mateo’s power flow equation detailed in [179] and

discussed in Section 5.3, which is suitable for MDM, where the multi-wavelength signal

is coupled into one of the mode in the POF. A 22 cm CFBG is used for introducing

the delay required at the different wavelengths in order to impose the specific time

delay required for beamsteering. The time delay imposed on the different wavelengths

is simulated by using the OPTIGRATING software [181] as shown in Figure 5.9, where

the delay is a linear function of the wavelengths ranging from 1549 to 1551 nm.

Arranging for a constant wavelength-spacing guarantees the required equal time delay

difference of neighbouring wavelengths due to the linear time delay of the CFBG, as

shown in Fig. 5.9. This introduces a linearly increasing time delay between the adjacent

elements of each antenna, hence resulting in beamsteering in the wireless transmitter.

Here, according to the gradient of the linear part shown in Fig. 5.9, we can readily

obtain the time delay for the wavelength spacing of 0.1 nm (12.5 GHz) as 78 ps.

To control the beamsteering direction, the tunable range of frequencies in Fig. 5.6

spans from 12.5 GHz to 31.5 GHz with a step size of 1 GHz. This correponds to a time

delay difference ranging from of 78 ps to 200 ps, with a step size of approximately 6 ps.

This allows us to tune the beamforming pattern of a four-element antenna, as shown in
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Figure 5.11: A multi-user system beampattern (N=4 antenna elements).

Fig. 5.10, where the beamforming pattern of each step changes from the right to left in

a very small step. It is clearly shown in Fig. 5.10 that the beamsteering angular range

is upto 150◦, which is suitable for indoor transmissions.

The system is scalable, where by carefully tuning the drive signal voltage of MZM2,

the number of wavelengths will be changing, adapting itself to different antenna sizes.

For example, more than two side-bands can be obtained by the MZM-aided multi-

wavelength generation mentioned in Section 5.5, narrowing the beams and thus increas-

ing the propagation range.

Additionally, MDM introduced by POF is capable of supporting multiple user trans-

missions, as shown in Fig. 5.7, where user 1, 2 and 3 share the same architecture before

the POF of Fig. 5.6. User 1, 2 and 3 encode different sets of STBC signals with the

aid of the same architecture and these signals are transmitted in different modes of the

POF through MDM. At the receiver side of POF, the demodulation is the same as that

of the single-user system of Fig. 5.6. In order to show how the different users’ signals

can be tuned using the proposed architecture, Figs. 5.11 and 5.12 show different beams

for three users. In the example of Figs. 5.11 and 5.12, three users are located at angles

of 110◦, 70◦ and 140◦, which correspond to time delay differences of 78 ps, -78 ps and
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Figure 5.12: A multi-user system beampattern (N=7 antenna elements).

162 ps. Fig. 5.11 shows the beams, when N=4 antenna elements are used, while Fig.

5.12 shows the beams, when N=7 antenna elements are employed.

5.6 Conclusions

In this chapter, we focused on our attention on the RoPOF aided MF-MIMO assisted

indoor environment. In Section 5.1, we introduced the low-cost POF in the context of

short-distance indoor communications. Then, in Section 5.2, we briefly reviewed the re-

cently developed POF based indoor communication systems, including their modulation

format and concluded that DMT is suitable for communication in the limited band-

width of the large-core POF. Furthermore, in Sections 5.4 and 5.5, a novel all-optical

processing aided multi-functional wireless MIMO system was designed by exploiting the

MZM’s non-linearity and CFBG, where a POF was used for supporting a multi-user

system. Furthermore, the ODSB-encoded STBC signal was realised by using a combi-

nation of two LDs and two BPFs, where the associated multi-wavelength generation is

based on the MZM’s non-linearity. Our design achieved a beamforming angular range

of upto 150◦ with a small time delay step of 6 ps, which may be deemed suitable for

indoor communications.





Chapter 6
Conclusions and Future Research

I
n this thesis, we have designed a range of cost-efficient high-performance com-

munication systems, where we combined the benefits of analogue radio over

fiber (A-RoF) and the popular multiple-input-multiple-output (MIMO) concept

for conceiving centralised system designs. More explicitly, we proposed several

MIMO aided A-RoF designs. In Table 6.1, we characterised each system by its MIMO

type, fiber type and length as well as the application scenarios.

MIMO type Fiber type and length Applications

Chapter 2 Analogue beamforming Glass SMF (10km) C-RAN

Chapter 3 SM Glass SMF (20km) C-RAN

Chapter 4 MF-MIMO (BF, Diversity, SM) Glass SMF (10km) C-RAN

Chapter 5 MF-MIMO (BF, Diverisity, SDM) POF (40m) Indoor DAS

Table 6.1: The outline of system design each chapter. SM: Spatial Modulation,
MF-MIMO: Multi-functional MIMO, BF: Beamforming, SDM: Space Division
Multiplexing, SMF: Single-Mode Fiber, POF: Plastic Optical Fiber, C-RAN:
Cloud/Centralised Radio Access Networks, DAS: Distributed Antenna System.

In this chapter, we will summarise each chapter in Section 6.1, followed by our po-

tential future work ideas regarding this area in Section 6.2.

6.1 Thesis Summary

In this section we summarise this thesis chapter by chapter.
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• Chapter 1: This chapter reflected in the fundamental questions: ”What motivates

our research?” in Section 1.1, where A-RoF were designed for cost-saving and

MIMO techniques were harnessed for performance-improvement. In Section 1.2,

for the sake of presenting our proposed system in the following chapters, some

background knowledge was provided. Explicitly, the RoF concept was described

and categorised as digitised and analogue RoF, namely D-RoF and A-RoF, where

we opted for A-RoF. Then, the family of MIMO schemes including beamforming,

diversity and multiplexing arrangements were introduced, leading to the combined

concept of multi-functional-MIMO (MF-MIMO) schemes. In Section 1.2.3, we

briefly reviewed the A-RoF based centralised networks, where the concepts of A-

ROF-assisted low-cost cloud/centralised radio access network (C-RAN) and multi-

mode fiber based indoor system were highlighted. Furthermore in Section 1.3,

the novel contributions of this thesis were listed for each chapter linked to each

publication.
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Figure 6.1: Left Figure: beam pattern of the 10 Gbps system, Right Figure:
attainable phase shifts with HNLFs fiber length of 2 km (Section 2.4).

• Chapter 2: The system designed in this chapter invokes A-RoF for optical pro-

cessing aided beamforming. In Section 2.1, we addressed the question of ”Why

do we need the optical processing aided beamforming?”, demonstrating the fact

that it is capable of dispensing with the electronic phase shifter required for con-

ventional analogue beamforming. Then, in Section 2.2, the phased array aided

beamforming basics were reviewed. Subsequently, in Section 2.3, a comprehensive

review of A-RoF aided beamforming was provided. Then, in Section 2.4, we pro-

posed a wireless beamforming system design beneficially exploiting the potentially
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hostile fiber-non-linearity, replacing the power-thirsty electronic phase-shifters and

realising convenient cellular sectorization, as shown in the left graph of Fig 6.1.

Furthermore, an adaptive C-RAN system appropriately selecting the number of

connected remote radio heads (RRHs) and relying on the proposed A-RoF aided

beamforming scheme was proposed, which is characterised in the right graph of

Fig. 6.1. Finally, we concluded the whole chapter in Section 2.5.
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Figure 6.2: Experimental verification of the BER of proposed A-RoF-aided
twin-antenna SM BER performance (Section 3.4).

• Chapter 3: In contrast to the beamforming aided A-RoF system of Chapter 2, this

chapter aims for conceiving the spatial modulation (SM) aided A-RoF techniques

for enhancing the attainable system throughput. In Section 3.1, the relevant back-

ground of A-RoF based centralised networks and the benefits of wireless SM were

discussed for imposing both the spectral efficiency and energy efficiency. Then,

in Section 3.2, the development of SM in wireless communications was briefly re-

viewed. In Section 3.3, we highlighted our contributions based on amalgamating
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Figure 6.3: BER performance for an eight transmit antennas and two receive
antennas system (Section 3.5).

SM with A-RoF for a low-cost high-efficiency C-RAN system. In Section 3.4, a fea-

sibility study of using Mach-Zehnder modulator (MZM) side-band selection for the

SM scheme’s antenna mapping was demonstrated experimentally. However, only a

two-antenna transmitter was considered. The experimental results demonstrated

that the 2 Gbps system conceived only imposed as little as 1 dB signal-to-noise

ratio (SNR) degradation at the BER of 10−4 compared to its counterpart operat-

ing without the A-RoF link, while benefiting from centralised SM encoding and

requiring no RRH switches. Again, we show the bit error ratio (BER) performance

attained in Fig. 6.2. Furthermore, the system proposed in Section 3.5 was inspired

by the above experimental study, where any arbitrary number of antennas were

employable by our SM design. This scheme was also amalgamated by Alamouti’s

space-time block coding (STBC) arrangement in an A-RoF aided adaptive C-RAN

system, which was capable of flexibly adapting both the modulation format and

the number of RRHs connected. We showed the corresponding BER performance
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Figure 6.4: Data rate comparison (Section 3.5).

in Fig. 6.3, where the systems with A-RoF and without A-RoF were characterised,

showing less than 1 dB disparity. Furthermore, in the context of the proposed C-

RAN system detailed in Section 3.5, a learning assisted transceiver adaptation

regime was introduced for increasing the channel capacity, which we characterised

in Fig. 6.4. Section 3.6 concluded the chapter.

• Chapter 4: This chapter employed the MF-MIMO concepts in the A-RoF aided

centralised system for the sake of achieving MIMO gains. In this chapter, combined

beamforming, diversity and SM gains were achieved by the A-RoF aided C-RAN

system equipped with only a single optical transceiver. In Section 4.1, we presented

the relevant background both on the A-ROF and on the optical mmWave upcon-

version, while a brief review of wireless MF-MIMO system was provided in Section

4.2. Then, a pair of novel A-RoF aided MF-MIMO designs were proposed for both

SM-BF and SM-MS-STSK in Sections 4.4 and 4.5, respectively, where most of the

signal processing was carried out by a CU, while beamforming, diversity-oriented



168 Chapter 6 Conclusions and Future Research

transmission and reception as well as SM were simultaneously and centrally pro-

cessed by our proposed A-RoF system. The structure of the systems proposed in

Sections 4.4 and 4.5 are similar. The simulation results given by Figs. 4.11, 4.14

and 4.15 compare the A-RoF system to that employing SM-BF and MS-STSK

that dispensing with A-RoF transmissions, where we see only a negligible BER

degradation imposed by the A-RoF link. Finally, the conclusions of this chapter

were provided in Section 4.6.

• Chapter 5: Whilst the above chapters were focused on outdoor communica-

tion design, this chapter conceived an indoor distributed antenna system (DAS)

scenario, where we invoked a radio over plastic optical fiber (RoPOF) aided MF-

MIMO design for data transmission. In Section 5.1, the background of POF aided

indoor communications was reviewed briefly. In Section 5.2, we reviewed the state-

of-the-art RoPOF aided indoor communication systems from the perspective of

modulation formats, where we showed that multitone modulation (DMT) per-

formed the best, when considering the bitrate-length product. Then in Section

5.3, we briefly touched upon the POF channel. Then, in Section 5.5, we proposed

an A-RoPoF aided MF-MIMO system for the indoor DAS, where amalgamated

beamforming, diversity and space division multiplexing (SDM) schemes were im-

plemented using optical processing. The proposed system was further shown to be

able to support multi-user communications, thanks to its beamforming function.

Finally, Section 5.6 concluded this chapter.

6.2 Future Research

In this section, we propose some future research ideas:

1. Digitised RoF (D-RoF) aided SM: The system proposed in Chapter 3 is sus-

ceptible to optical impairments which introduces a BER error floor unless channel

coding is invoked. With the advent of D-RoF [18], we expect an improved perfor-

mance.

2. Optical processing aided beamforming by exploiting the different de-

lays of MMF modes: Explicitly, the MMF introduces different delays for each
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mode and the resultant phase shifts can be exploited for generating beamform-

ing patterns. However, the effects of mode coupling and fiber bending should

be considered. More specifically, an accurate multi-mode channel model has to

be conceived for the sake of characterising the associated delay and coupling be-

haviour. Furthermore, the feasibility of flexibly controlling the multi-mode fiber’s

differential delay has to be explored.

3. OFDM-aided A-RoMMF: It is worth investigating whether the OFDM is

capable of reducing the modal dispersion of MMF for the sake of improving the

channel capacity attained.

4. Mode division multiplexing (MDM) based MIMO-aided A-RoMMF:

MDM designed for multi-mode fiber is said to be the next revolutionary technique

following the conception of laser, low-loss silica fiber, optical amplifiers and WDM

in the optical communication history. How to mitigate the impact of mode coupling

and of mode delay are only some of the issues which have to be considered in our

future research, especially when considering wireless MIMO signal processing.

5. A-RoF aided hybrid beamforming system with mmWave up-conversion:

Eliminating the analogue phase-shifter, as in the A-RoF aided beamformer of

Chapter 2, the A-RoF assisted analogue beamforming can also be combined with

digital beamforming. Furthermore, using cost-efficient mmWave optical upcon-

version techniques, an A-RoF aided hybrid beamformer conceived for mmWave

communications may be expected to outperform its wireless DSP counterparts in

terms of both energy-efficiency and cost-reduction.

6. Indoor POF vs indoor power line communications (PLC) and copper-

based communications: A comparison among these techniques is essential for

the future indoor communications. POF may also be manufactured as the elec-

tronic insulation of the mains power line and they could be combined for attaining

a beneficial diversity gain.
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3G 3rd Generation

4QAM 4 Quadrature Amplitude Modulation

5G 5th Generation

16QAM 16 Quadrature Amplitude Modulation

A-RoF Analogue Radio over Fiber

ABF Analogue Beamforming

AC Antenna Combination

ADC Analogue-to-digital Conversion

AI Artificial Intelligence

AoD Angle of Departure

ASK Amplitude Shift Keying

ASI Antenna Selection Information

AWG Arbitrary Waveform Generator

AWGN Additive White Gaussian Noise

BBU Baseband Unit

BER Bit Error Ratio

BF Beamforming

BLAST Bell Lab’s Layer Space-time

BPSK Binary Phase Shift Keying

BS Base-station

BSL Bit Splitter

CATV Cable Television

CAPEX Capital Expenditure

CCI Co-channel Interference
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CDMA Code Division Multiple Access

C-RAN Cloud/Centralised Radio Access Network

CFBG Chirped Fiber Bragg Grating

CIR Channel Impulse Response

CM Carrier Modulation

CoMP Coordinated Multi-point

CP Cyclic Prefix

CU Central Unit

DAC Digital-to-analogue

DAA Demodulation and Antenna Arrangement

DAS Distributed Antenna System

DBPSK Differential Phase Shift Keying

DCF Dispersion-compensation Fiber

DD-MZM Dual-drive Mach-Zehnder Modulator

D-RoF Digitised Radio over Fiber

Demux Demultiplexer

DFE Decision Feedback Equaliser

DSF Dispersion-shifted Fiber

DSM Differential Spatial Modulation

DSP Digital Signal Processing

DMT Discrete Multitone

EA Electronic Amplifier

EBPF Electronic Bandpass Filter

EE Energy Efficiency

EFDM Explicit Finite-difference Method

EDFA Erbium-doped Fiber Amplifier

EMD Equilibrium Mode Distribution

EOM Eletrooptic Modulator

E/O Electro-to-optic

EVM Error Vector Magnitude

FBG Fiber Bragg Grating

FCC Federal Communication Commission



FEC Forward Error Correction

FFT Fast Fourier Transform

FITH Fiber In the Home

FWM Four Wave Mixing

GI-POF Graded-index Plastic Optical Fiber

GOF Glass Optical Fiber

HBF Hybrid Beamforming

HNLF Highly Non-linear Fiber

ICI Inter-channel Interference

IFDM Implicit Finite-difference Method

IFFT Inverse Fast Fourier Transform

IoT Internet of Things

KNN K-nearest Neighbourhood

LAN Local Area Networks

LD Laser Diode

LDC Linear Dispersion Code

LSSTC Layered Steered Space-time Codes

LSSTS Layered Space-time Spreading

MEMS Micro Electro Mechanical Systems

MF-MIMO Multi-functional Multiple-input-multiple-output

MI Modulation Index

MIMO Multiple-Input-multiple-output

MITP Minimum Transmission Point

ML Maximum Likelihood

MLSE Maximum Likelihood Sequence Estimation

mmWave Millimeter Wave

MS-STSK Multi-set Space-time Shift Keying

MZM Mach-Zehnder Modulator

MDM Mode Division Multiplexing

NRZ None-return-to-zero

OBPF Optical Bandpass Filter

OC Optical Circulator



OCS Optical Carrier Suppression

ODSB Optical Double side-Band

OFDM Orthogonal Frequency Division Multiplexing

O/E Optic-to-electro

OIL Optical Interleaver

OOK On-off Keying

OPEX Operational Expenditure

OSSB Optical Single Side-band

OSTBC Orthogonal Space-time Block Coding

PAA Phased Array Antenna

PAM Pulse Amplitude Modulation

PAL-SLM Parallel Spatial Light Modulator

PAPR Peak-to-average-ratio

PCF Photonic Crystal Fiber

PD Photo Detection

PLC Power Line Communications

POF Plastic Optical Fiber

PRBS Pseudorandom Binary Sequence

PS Phase Shifter

PSD Power Spectral Density

PSE Phase Shift Error

PTTD Photonic True Time Delay

QAM/PSK Quadrature Amplitude Modulation/

Phase Shift Keying

QPSK Quadrature Phase Shift Keying

RF Radio Frequency

RG Residential Gateway

RoF Radio over Fiber

RoPOF Radio over Plastic Optical Fiber

RRH Remote Radio Head

Rx Receiver

SBS Stimulated Brillouin Scattering



SDM Space Division Multiplexing

SDMA Space Division Multiple Access

SE Spectral Efficiency

SINR Signal-to-interference-plus-noise Ratio

SI-POF Step-index Plastic Optical Fiber

SLM Spatial Light Modulator

SM Spatial Modulation

SMF Single-mode Fiber

SMX Spatial Multiplexing

SNR Signal-to-noise Ratio

SNIR Signal-to-noise-plus-interference Ratio

SPM Self-phase Modulation

SSK Space Shift Keying

SSD Steady State Mode Distribution

SSFM Symmetric Split-step Fourier Method

STBC Space-time Block Coding

STC Space-time Code

STSK Space-time Shift Keying

TA Transmitter Antenna

TAA Transmitter Antenna Arrays

TFG Tunable Frequency Generator

TO Thermo-optic

TTD True Time Delay

Tx/TX Transmitter

UWB Ultra-wideband

V-BLAST Vertical-Bell Laboratories Layered Space-time

WDM Wavelength Division Multiplexing

XPM Cross-phase Modulation
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