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Preface

The work presented in this thesis treats optical and radio integrated network utilizing
radio-over-fiber (RoF) transmission technique based on the researches that were carried
out during the author’s Ph.D. studies in the Department of Electrical and Electronic
Engineering, Graduate School of Engineering, Tokyo Institute of Technology. The
dissertation is organized as follows.

Chapter 1 is the introduction of the thesis where the background and purpose of this
study are presented. The organization of the thesis is also described with the main
topics of each chapter.

Chapter 2 describes the overview of RoF transmission technique. The
advantageous points of RoF transmission compared to other transmission techniques are
summarized and a technical problem for practically designing optical and radio
integrated network is discussed.

Chapter 3 studies RoF-based seamless optical and radio communication systems
with the capability of rapid disaster recovery, and proposes an autonomous self-healing
technique for optical fiber failures utilizing a self-injection-locked Fabry-Perot laser. It
is experimentally confirmed that the switching operation from a failed fiber link to a
backup radio link can be completed within the required restoration time for network
lifelines. In addition, the degradation of signal quality due to the switching operation
is quantitatively evaluated by RoF transmission experiments employing the proposed
technique. Finally, the required parameters for designing the RoF-based seamless
optical and radio communication system with plural backup radio links are discussed.

Chapter 4 studies beam forming of phased array-antennas using RoF transmission
technique, and proposes a simple and practical scheme to decide the direction of

antenna beam. The feasibility of the proposed scheme is confirmed by bidirectional



v

RoF transmission experiments in 2-GHz band. Moreover, two-dimensional beam
forming in 37-GHz band is experimentally demonstrated for targeting future high-speed
radio communication systems. The required system parameters for practical use are
finally provided by investigating the induced transmission penalty.

Chapter 5 studies beam forming of an integrated photonic array-antenna (IPA),
where the photodiodes are integrated with 60-GHz patch array-antenna elements into a
single board, for targeting further simplification of the antenna site. The beam forming
operation for the fabricated IPA is experimentally demonstrated by using a QPSK signal,
and the signal quality during beam forming operation for the IPA is quantitatively
evaluated. The system parameters for practical 60 GHz-band RoF-based array-antenna
system are also discussed.

Chapter 6 summarizes the obtained results of this study.

This thesis summarizes the studies that have been reported by the author in IEICE
Transactions on Communications, IEICE Transactions on Electronics, IEICE
Electronics Express, and IEEE/OSA Journal of Lightwave Technology. The research
presented in Chapter 3 was partially supported by the National Institute of Information

and Communication Technology of Japan (NiCT).

Masayuki OISHI



Contents

PIETACE. ...t b bbbt b e r et r e iii
Chapter 1 INTrOQUCTION ....oceiiiieiecce et sb e e nresreenee e nrs 1
0 R = - Tod (o 011 o 1
1.2 PUrpoSe OF THIiS STUAY .....ccceiieiiiiieie ettt see e 4
1.3 Organization 0f the TRESIS .......cccvviiereie e 7
Chapter 2 Radio-over-Fiber Transmission TEChNIQUE ..........cccooeiiiiiveie e 10
2.1 INEFOTUCTION ... bbbttt bbb e 10
2.2 Overview Of the TEChNIQUE ........ccooiiii e 11
2.3  Effect of Fiber Chromatic Dispersion on ROF TransmisSion ..........ccccceecevvvvvivnieeniennens 14
2.4 CONCIUSION ...tttk b e bbb bbbt b e b et bbb 19
Chapter 3 Seamless Optical and Radio Transmission SYStemM .........cccccevvvivvivvivenesinninsieeneneens 20
3.1 INEFOTUCTION ... bbbttt bbb e 20
3.2  Seamless Optical and Radio Communication SYStem ..........ccceeveveviervnieninsinseereesennns 21
3.3 Autonomous Self-Healing Technique for Optical Fiber Failures...........ccccccoovvevivennnnnn. 23
3.3.1 Self-injection-locking of Fabry-Perot Laser............ceeeeeeieciiiieeeeeeeeiciiieeee e 23
3.3.2 Proposed Technique for Autonomous Self-Healing Operation.............ccccceeeeeennnns 24
3.3.3 Comparison among Related TEChNIQUES ..........uvvviiiieeeeieiiieeeee e e 26

3.4  Seamless Optical and Radio Transmission EXPeriments...........cccccvvvveveveenvrinseeseenennnns 29
34.1 Experiment for Autonomous Self-Healing Operation ...........cccccceeeeeeiiiieeeeeeeeennns 29
3.4.2 Experiment for Seamless Radio-over-Fiber Transmission............ccccevvveeeeeeeeinennns 33

3.5 CONCIUSION ..ttt bbb et sb e bt b e b et sbe b 39
Chapter 4 Optical Beam Forming Scheme for Phased Array-Antenna..........cccocovevenivenennnns 41
4.1 INEFOTUCTION ... bbbt b e bbbt sb e b 41
4.2  Fundamental Architecture of Proposed SChemMe .........ccccevevivivcieii s 42
421 Phased Array-ANTENNA .........cceeiieiiieieeeeeeeecctreeee e e e e e e eetbreeeeeeeeesseaarraeeeaaeessnnnnns 42

422 Antenna Beam Forming by Radio-over-Fiber ..........cccccvviviiiiiiniiiieiiieeceiee, 44



vi

4.2.3 Proposed Scheme to Detect the Mobile Terminal Direction ............cccccvveeeeeeeennns 46

4.3  Experiments for Proposed Detection SCheme...........ccocvvveviiiiiiniieiie s 48
4.3.1 Experiment for Antenna Beam FOrming ........cccuvveveeeeeeiiciiiieiee e eeiieeeee e e 49
4.3.2 Experiment for Detecting the Direction of Mabile Terminals............ccccccveeeerenenns 52

4.4 Millimeter-Wave-Band OpPeration..........ccccocvveiieienene e e 55
45  System Parameters for the Millimeter-Wave Band ..............ccoovveviiininein e 60
4.6 CONCIUSION ...ttt bbb bbbt b et sb e nre s 63
Chapter 5 Integrated Photonic Array-Antenna Beam FOrming ........ccocoocvvivvieeneiinnnsieenennnns 64
5.1 INEFOTUCTION ... bbbttt bbb e 64
5.2 Integrated Photonic Array-ANTENNE .........cccocviieeeriie e 65
5.3  Transmission Experiments with Beam Forming of IPA .........cccccoovii e, 71
5.3.1 EXPEriMENTal SELUD ....vvvviiieee ettt ettt e e e et e e e e e e eerrr e e e e e e e e e ennens 71
5.3.2 RESUIS aNd DISCUSSION ....ueiiieeeiiieeeeiitee ettt e ettt e e et e e et e e e st e e e s 74
5.3.3 Design of System Parameters for 60 GHz-Band IPA ..........ccooooieeiiiieeee e, 78

B4 CONCIUSION ..ottt bbbt b e b bbbt b et sbe b 83

(O gF-T o1 (=] gl ST @0 Tod 1113 (o] o OSSN 84
=T o Tl 1= o] 0| PR 88
F o] (0] 01/ 0 0 OO STOTTRTR 97
ACKNOWIBAGEIMENT ...ttt sttt te e s et e s testeeseesbesaesneeaestenreeneeneenrens 100

List of Publications DY the AULNOT ...........cooiii i 102



Chapter 1

Introduction

1.1 Background

The emergence of intelligent and high-speed mobile terminals, such as smart phones
and tablet PCs, has been accelerating the rapid growth of mobile data traffic. The
dissemination ratio of the smart phone in Japan becomes more than 54.7% in 2014, and
it is predicted that the amount of mobile data traffic beyond 2020 will become 1,000
times larger than today’s data traffic [1]. To handle the explosively increasing mobile
data traffic, it is required to build mobile base stations (BSs) more rapidly than ever,
such as pico/femto-cells covering the area of 50 to 100 m in diameter, especially in
urban and densely populated areas. In those areas, however, the room and space for
installing BSs such as rooftops of buildings and telephone poles are strictly limited, and
as a result, downsizing and simplification of BS equipment are strongly demanded from

a telecom carriers’ viewpoint. In addition, future BSs will require more advanced
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functionalities, such as beam forming to alleviate the inter-cell interference (ICI) among
densely distributed plural BSs [2], [3]. Therefore, a new access network architecture
for accommodating a lot of BSs should be adopted in order to simplify the configuration
of BSs with upgrading the functionalities of them.

Figure 1-1 shows the schematic illustration of the access network architecture for
accommodating mobile BSs.  The conventional BS architecture, which is known as the
distributed radio access network (D-RAN) architecture, is shown in Fig. 1-1(a) where
the BS consists of a set of the baseband unit (BBU) and the remote radio head (RRH),
and each BS is accommodated in the central office (CO) via each Ethernet-based optical
access link. The BBU plays the role of signal processing of digital baseband signals as
well as operating and controlling the whole BS. The RRH is the transceiver equipment
that converts the digital baseband signal to the radio-wave signal. In the conventional
BS architecture, both BBU and RRH are located in the antenna site, and as a
consequence, the size of BSs becomes large and the configuration of them becomes
complicated.

In order to simplify the BS configuration and to realize the central control of
distributed BSs, the centralized RAN (C-RAN) architecture has been proposed as
depicted in Fig. 1-1(b) [4], [5]. In the C-RAN architecture, the BBU, which is
required for each BS in the conventional BS architecture, is centralized in the CO, and
thus the BS architecture can be simplified. Moreover, the C-RAN has a capability of
central control among plural RRHs, which is utilized for the alleviation of ICI for
example. The common public radio interface (CPRI)-based optical access link is
utilized between the one BBU and plural RRHs in C-RAN architecture [6]. On the
other hand, the optical access link in C-RAN needs the 16-fold larger transmission
capacity than the D-RAN because the waveform of in-phase and quadrature-phase (1/Q)
data signal is directly converted to the digital baseband signal. Considering the future

multi-band BS systems, the required transmission capacity in the optical access link will
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Fig. 1-1. Schematic illustration of access network architecture for mobile BSs;

(a) conventional D-RAN, (b) C-RAN, and (c) RoF-based new architecture.

become several-ten Gbit/s. In addition, for the centralized control among plural BSs in

C-RAN, the low-latency performance less than 100 us (not including optical
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propagation delay) is required for the optical transmission equipment, which may result
in total cost increase of radio access network [7].

Radio-over-fiber (RoF) transmission, which is utilized for television signal
broadcasting in practical use or in-building radio networks, has been considered as a
candidate technique for simplification of the BS equipment, because it has capabilities
of remote radio frequency (RF) signal feeding through optical fiber to antennas,
seamless optical and radio transmission without changing the signal format, and
centralized control of plural BSs at the CO [8]-[12]. Figure 1-1(c) shows the proposed
architecture of the BS access network utilizing RoF transmission technique. As the
RoF-based access link can convey RF-modulated optical signal, both BBU and RRH
can be centralized in the CO, and therefore the BS needs only antenna as shown in Fig.
1-1(c) which enables us to drastically simplify the BS architecture [13]-[15]. Thus,
the RoF transmission has a capability of seamless integration between optical and radio
links. Form this feature, the RoF transmission is expected to be utilized for various

systems and applications.

1.2 Purpose of This Study

The purpose of this study is to realize “optical and radio integrated network™ utilizing
the advantageous features of RoF transmission technique as schematically illustrated in
Fig. 1-2.  Chapter 3 studies a new application of the RoF transmission to rapid
disaster recovery. Chapters 4 and 5 study a RoF-based remote beam forming scheme
for phased array-antenna. The more detailed purpose of this study is described below.
As optical fiber transmission systems convey large capacity data for providing
broadband applications and services, optical fiber failures caused by disasters have a

significant impact on social telecommunication networks [16]. While a technique for
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Chapter 3 Chapter 4
1. Autonomous self-healing for fiber failures RoF-based remote beam forming scheme
2. Seamless optical and radio transmission for phased array-antenna
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Chapter 5
Beam forming of the integrated photonic
array-antenna

Fig. 1-2. Schematic illustration of optical and radio integrated network based on

RoF transmission technique.

recovering failed links by redundant fibers has been reported [17], [18], there is a
possibility that the redundant links are simultaneously damaged in the case of
large-scale disasters. Optical fiber failures are likely to occur at specific sections such
as paths along bridges, embankments and cliffs, and therefore, backup radio links
preliminarily installed at the specific sections can rapidly recover the failed links. RoF
transmission is one of the promising technologies owing to its capability of seamless
integration of optical and radio links [19], [20]. From this perspective, RoF-based
optical and radio communication system with rapid recovery capability against disasters
is studied in this thesis. In this system, a self-healing functionality is required for
detecting optical fiber failures and autonomously switching to the backup links. In
addition, optical and radio switching nodes, which are pre-installed at hazardous

sections, are needed to be as simple as possible for ensuring high reliability. This
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thesis proposes an autonomous self-healing technique for optical fiber failures, and the
feasibility of seamless optical and radio communication system employing the proposed
technique is confirmed by the RoF transmission experiment. The system parameters
considering the signal quality degradation caused by the switching operation is also
designed. These proposal and experimental demonstration are described in Chapter 3.

RoF transmission technique also has a capability of remote power feeding to
antenna and remote control of antenna beam. Therefore, several schemes for optically
controlling the antenna beam have been reported [21]-[25]. The basic concept of the
optically beam-controlled array-antenna was proposed by Frankel et al., where the
tunable laser sources (TLSs) and the effect of fiber chromatic dispersion (CD) were
used for generating an RF phase shift [21], and this concept was experimentally
demonstrated in Refs. [26], [27]. However, the scheme to detect mobile terminals and
decide the direction of the antenna beam has not been reported yet, whereas this
functionality is indispensable for practical systems using phased array-antenna. By
establishing entire techniques from the detection of the targets to the antenna beam
forming, a significant advance should be achieved for enhancing the practicality of the
RoF-based BS systems. The techniques are primarily of importance from an industrial
viewpoint, because capital and operating expenditures of the systems would be
drastically reduced. This thesis proposes a new scheme to detect the direction of
mobile terminals that are expected to be employable in a practical system, and
experimentally demonstrates the fundamental operation. In addition, a
two-dimensional beam forming in the millimeter-wave band is demonstrated for
targeting a future high-speed radio communication. The required system parameters
for the practical beam forming system based on RoF technique is also provided. These
proposal and experimental demonstration are described in Chapter 4.

The beam forming operation has been experimentally demonstrated in previous

studies, while the array-antenna elements and photodiodes (PDs) were separated
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discretely in these demonstrations. The recent progress in photonic integration
technologies on tunable lasers and high-power and/or high-speed PDs [28], [29], such
as uni-travelling carrier PDs (UTC-PDs) [30], will accelerate the development of more
compact, light-weight, and cost-effective antennas than ever. For further
simplification of BS equipment and flexibly increasing the number of array-antenna
elements, an integrated photonic array-antenna (IPA), where 60 GHz-band
array-antennas and UTC-PDs were fully integrated into a single board, was proposed
and fabricated [31]. While the beam forming operation for the IPA has been
experimentally demonstrated by using an RF tone without any signal modulation, the
data signal assuming real mobile traffic should be used for the demonstration in actual
situations. The signal quality during the RoF-based beam forming operation for
60-GHz array-antennas has not been clarified yet, whereas it would be one of the
indispensable points from a practical point of view. This thesis studies the
performance of RoF signal transmission with beam forming of the IPA. The beam
forming operation for the IPA is experimentally demonstrated by using a 3.5-Gbit/s
quadrature phase shift keying (QPSK) signal assuming real mobile data traffic, and the
quality of the QPSK signal during beam forming operation is quantitatively evaluated.
In addition, the required parameters for practical use are provided by investigating the
induced transmission penalty. These experimental study and the numerical analysis

are described in Chapter 5.

1.3 Organization of the Thesis

Figure 1-3 shows the organization of this thesis. Following the introduction of RoF
transmission technique in this chapter, the RoF-based seamless optical and radio

communication system with the autonomous self-healing functionality for optical fiber
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Fig. 1-3. Organization of the thesis.

failures is described in Chapter 3. The RoF-based beam forming scheme for phased
array-antennas and the beam forming operation for the IPA are described in Chapters 4
and 5, respectively. The contents of each chapter are summarized as follows.

Chapter 2 describes the details of RoF transmission technique. The advantageous
point of RoF technique compared to the digital baseband transmission is explained. In
addition, a technical problem for practically designing optical and radio integrated
network is discussed by investigating the transmission penalty.

Chapter 3 proposes an autonomous self-healing technique for optical fiber failures
in the case of disasters. The proposed technique utilizes a self-injection-locked

Fabry-Perot laser, which is feasible to be adopted in practical system because of its high
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reliability and simple configuration. It is experimentally confirmed that the switching
operation from a failed fiber link to a backup radio link can be completed within the
required restoration time for network lifelines. The degradation of signal quality
caused by switching operation is evaluated by RoF transmission experiments employing
the proposed technique. The required parameters for designing the RoF-based
seamless optical and radio communication system with plural backup radio links are
also shown. The results described in Chapter 3 have been published in I-2, II-1, V-6,
IV-9, and V-5 that are shown in the list of publications by the author.

Chapter 4 proposes a simple and practical scheme to decide the direction of antenna
beam. The feasibility of the proposed scheme is confirmed by bidirectional RoF
transmission experiments in 2-GHz band. Moreover, two-dimensional beam forming
in 37-GHz band is experimentally demonstrated for targeting future high-speed radio
communication systems. The required system parameters for practical use are also
provided by investigating the induced transmission penalty. The results described in
Chapter 4 have been published in I-1, I11-5, 111-7, IV-5, IV-7, and IV-8 that are shown in
the list of publications by the author.

Chapter 5 experimentally studies the beam forming operation for the fabricated IPA
by using a QPSK signal assuming the real mobile data traffic, and the QPSK signal
quality during beam forming for the IPA is quantitatively evaluated. The expandability
for more advanced quadrature amplitude modulation (QAM) formats is also studied.
Finally, the system parameters for practical 60 GHz-band RoF-based array-antenna
system are discussed. The results described in Chapter 5 have been published in I-3
that is shown in the list of publications by the author.

Chapter 6 concludes the thesis with a summary of the whole results.
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Chapter 2

Radio-over-Fiber Transmission Technique

2.1 Introduction

In this chapter, the transmission technologies for optical access links used in the mobile
BS architecture are introduced, and the advantageous point of RoF transmission
technique compared to the other techniques is explained. In addition, the technical
problem for designing RoF-based optical and radio integrated network is discussed

considering transmission penalty induced by the nonlinear optical fiber effects.
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2.2 Qverview of the Technique

Figures 2-1(a) and (b) show schematic diagrams for digital baseband transmission and
RoF transmission, respectively. In the digital baseband transmission as depicted in Fig.
2-1(a), the digital data signal is transmitted from an electrical-to-optical converter (E/O)
as a baseband signal, and the baseband signal propagating an optical fiber link is
received by an optical-to-electrical converter (O/E). After passing through the O/E,
the baseband signal is converted to a radio-wave signal in the RF signal converter and
then radiated from an antenna. The digital baseband transmission technique is
conventionally utilized for D-RAN and C-RAN architectures.

In the RoF transmission as shown in Fig. 2-1(b), the digital data signal is firstly
converted to an RF signal in the CO, and the RF signal is converted to an optical RF
signal (RoF signal) in the E/O. The RoF signal, of which signal format is same as the
original RF signal, propagates an optical fiber link and can be directly converted to a
radio-wave signal in the O/E without any modification of the signal format. As the
RoF transmission can create RF signals by just receiving the RoF signal in the O/E, it is
not required to implement complicated signal processing functions for converting the
optical signal to radio-wave signal. Therefore, the RoF transmission technique can
simplify the configuration of the BS, and it will be effective especially in high
frequency such as millimeter-wave because the RF components in the millimeter-wave
band are much more expensive than microwave band in general.

Table 2-1 summarizes the pros. and cons. among three network architectures for
BSs that are introduced in Chapter 1. The conventional D-RAN architecture based on
the digital baseband transmission has a problem on the footprint of BSs because both
BBU and RRH are required at the antenna site. The C-RAN architecture has an

advantage for centralized control of plural BSs in the CO, while there is a technical
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Fig. 2-1. Schematic diagrams for (a) digital baseband transmission and (b) RoF

transmission.

Table 2-1.  Pros. and cons. among three network architectures for base stations.

D-RAN C-RAN Proposed
Transmission scheme Digital baseband | Digital baseband RoF
BS footprint Bad Good Very good
Central control of BSs Bad Very good Good
Gbit/s RF transmission Good Good Very good
Latency Good Bad Good
Signal quality Good Good Bad

issue on Ghit/s-class RF transmission because the digital 1/Q waveform must be directly
transmitted as a baseband signal, and the strict requirement for the latency between the

BBU and RRH is also a critical issue. The issue on Gbit/s-class RF transmission can
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be resolved by using some 1/Q data compression techniques as reported in Refs. [32],
[33]. The proposed architecture based on RoF transmission will resolve these issues in
the C-RAN architecture. The RoF-based architecture can simply support Gbit/s-class
RF transmission because the transmission speed of RF signal is independent of the
transmission technique itself. The RoF transmission also has an advantage in terms of
the latency owing to its seamless signal conversion capability without changing signal
format [13]. Figures 2-2(a) and (b) show the schematic diagrams of RF signal
conversion with plural radio sections in digital baseband transmission and RoF
transmission, respectively. In the digital baseband transmission, the RF converters are
required in both radio transmitter and receiver sides of each radio section, which would
complicate the whole optical and radio transmission system. In the RoF transmission,
the RF converter is necessary just at the first RoF transmitter side and the other sections
for RF transmission does not require any RF converters, which enables us to seamlessly
connect plural optical and radio sections [34]. From this feature, the RoF transmission
will be utilized for new applications, such as backup radio links in the case of optical
fiber failures at the plural sections, or for rapid installation of communication links
where it is difficult to newly establish optical fiber links. The technical issues to be
solved for the application of rapid recovery in the case of disasters are investigated in
Chapter 3.

On the other hand, the RoF transmission technique has a technical issue on signal
quality that is induced by nonlinear optical fiber effects. The analog signal
transmission through fiber such as RoF technique is generally susceptible to these
effects, for example, the fiber chromatic dispersion (CD) effect that will be one of the
critical issues to design the parameters of practical systems. In the next section, an

undesired effect of the CD on RoF transmission is numerically investigated in detail.



14 Chapter 2

RF
Antenna signal

Optical fiber Y — Y

f

Data @ 5] 5] @ o]
o Wi & T iRe) Wi 5
w o|x 2 X 2w o|x 2
o o o
o o (&}
(a)
—_ _
= [0 0
-1 e) w o w
@ 2|l W o) m o
o
o
)

Fig. 2-2. Schematic diagrams of RF signal conversion with plural radio sections in

(a) digital baseband transmission and (b) RoF transmission.

2.3 Effect of Fiber Chromatic Dispersion on RoF

Transmission

In the typical RoF transmission scheme, an optical carrier is amplitude-modulated by an
RF signal, which is known as the sub-carrier multiplexing (SCM) technique [35]. At
the E/O side, the optical carrier is modulated by an RF signal in the optical intensity
modulator (IM). After propagating an optical fiber link, the amplitude-modulated
optical signal is directly detected by a PD at the O/E side, and thus the RF signal

waveform can be reproduced. The phase term of the amplitude-modulated optical
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signal can be expressed as the following equation;

cos(27f,t L+ m-cos(2af . t)} =

2.1
cos(27zfot)+%m-cos{27z( fo+ fre )t}+%m-cos{27z(f0 — foe )t} -

where fo is an optical carrier frequency, m is an optical modulation index (OMI) that
means the depth of the amplitude modulation, and frr is an RF carrier frequency. The
first term of Eq. (2.1) indicates the optical carrier component, and the second and third
terms of Eq. (2.1) indicate the upper and lower sideband components generated by
amplitude-modulation of the optical carrier. Thus, the amplitude-modulated optical
signal consists of the optical carrier and the double sidebands (DSB) that are separated
by fre from the optical carrier frequency of fo.

Figure 2-3 shows the mechanism of dispersion-induced RF transmission penalty in
RoF link.  As shown in Fig. 2-3, the RF signal waveform output from the O/E can be
expressed as the summation of the beat signals among the optical carrier and the DSB.
The CD during optical fiber propagation is inevitable, and the relative phase among the
optical carrier and the DSB is shifted due to the effect of CD. Therefore, the CD
induces the relative phase shift between the DSB, which may result in decrease of the
amplitude-modulation index [36]-[38]. The RF output power Prr considering the
relative phase shift between DSB is given by the following equation [36];

(2.2)

2 2
SN A

C
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Fig. 2-3. Mechanism of dispersion-induced RF transmission penalty in a RoF link.

where A is a constant number, L is a length of transmission fiber, D is a dispersion
parameter of the transmission fiber, which is typically in the range of 16-18 ps/nm/km,
Arr IS a wavelength of the RF signal, and c is the light velocity in optical fiber. The
RF modulation components are canceled out when the phase shift, which is the phase
term of cos? in Eq. (2.2), reaches .

Figure 2-4 shows the RF output power as a function of the transmission fiber length,
which was calculated by using Eqg. (2.2). In this calculation, the dispersion parameter
was set as 17 ps/nm/km, and the RF carrier frequency frr was changed to be 10, 20, and
60 GHz. When the frr is 10 GHz, the RF transmission penalty is within 3 dB even

after 15 km-long fiber transmission. When the frr is 20 GHz, however, the effect of
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Fig. 2-4. RF output power as a function of transmission fiber length.

CD becomes large and the RF output power is canceled out after about 9-km fiber
transmission. In the case of fre = 60 GHz, the CD has a significant impact on the RF
output power. The RF output power periodically changes depending on the fiber
length, and therefore, it may seem to be strict to transmit 60-GHz RoF signal over
several km-long fiber. To overcome this issue, the dispersion compensation (DC) fiber
or module equipped in the CO will be one of the solutions. The use of low or zero
dispersion wavelength for the light source of RoF signal and of low or zero dispersion
fiber can also avoid the problem of RF transmission penalty.

Figure 2-5 shows the relationship between RF carrier frequency and fiber length
considering the CD-induced RF transmission penalty, where the penalty was calculated
from Eqg. (2.2). The gray-highlighted areas indicate that the penalty becomes more
than 3 dB, and these areas periodically appear depending on the RF carrier frequency
and the fiber length as explained above in Fig. 2-4. As shown in Fig. 2-5, the
transmission fiber length in 60 GHz seems to be restricted within 0.5 km in order to

keep the transmission penalty less than 3 dB. As the RF output power periodically
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Fig. 2-5. Relationship between RF carrier frequency and fiber length considering

the CD-induced RF transmission penalty.

changes, the fiber length can be extended even in the 60 GHz. However, it will be
preferable that the fiber length is within the range below the first roll of Prg, because the
selection of higher-order roll of Prr induces the gradual deviation of data symbols and it
may result in the degradation of signal quality. As a consequence, if the required fiber
length is longer than the penalty limit, the adoption of DC fibers or modules should be
considered. Thus, the RF transmission penalty is one of the most important issues for
designing the parameters in practical RoF transmission system, which is experimentally

investigated in detail in Chapters 4 and 5.



2.4 Conclusion 19

2.4 Conclusion

This chapter introduced the overview of RoF transmission technique. It was explained
that the RoF transmission was promising for accommodating mobile BSs because of its
seamless optical and radio signal conversion feature. The RoF technique can be also
expected to be applied to new applications, such as rapid disaster recovery, quick
installation of communication links, and so on.

In addition, the CD-induced RF transmission penalty was introduced as one of the
undesired effects on the RoF transmission. The numerical analysis confirmed that the
RF transmission penalty became significant especially in millimeter-wave band such as
60 GHz. When the required fiber length is longer than the penalty limit, the adoption
of DC fibers or modules equipped in the CO will resolve the restriction of fiber length.
The RF transmission penalty due to the effect of CD must be considered when we

design the parameters of RoF transmission system.
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Chapter 3

Seamless Optical and Radio Transmission
System

3.1 Introduction

RoF-based seamless optical and radio communication system is effective for rapid
disaster recovery, where failed optical fiber links are switched to backup radio links.
In this chapter, an autonomous self-healing technique utilizing a self-injection-locked
Fabry-Perot laser (FP-LD) is proposed. It is experimentally confirmed that the
switching operation can be completed within the required restoration time for network
lifelines. In addition, the signal quality degradation caused by switching operation is

quantitatively evaluated by RoF transmission experiments with the proposed technique.
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3.2 Seamless Optical and Radio Communication

System

A conceptual diagram of the seamless optical and radio communication systems is
shown in Fig. 3-1, where backup radio links are preliminarily installed at plural sections
in an optical fiber transmission line between the COs-1 and 2. The optical
transmission bit-rate and the total distance between the COs-1 and 2 are assumed to be
100 Gbit/s or more and several tens of kilometers, respectively. When optical fiber
failures occur, the bit-rate should be decreased due to the restriction of RoF
transmission capacity in radio sections, and thus, it is assumed that the bit-rate in the
case of fiber failures is decreased to 10 Gbit/s or more. The distance of backup radio
links is assumed to be 1 km or less, corresponding to the distance of optical fiber links
between the nodes-1 and 2. When optical fiber failures are caused by a disaster at the
sections-1 and 2 as shown in Fig. 3-1, the failed links are switched to backup radio links.
It is preferable that the switching can be completed as soon as possible, within the order
of seconds for example, in order to recover lifeline utilities provided on the network
such as safety confirmation systems, emergency calls, and so on. For switching to

backup radio links reliably and rapidly, the following operations are required,;

(i) All the switching process including the failure detection should be
completed only in physical layer to reduce the complexity of the
configuration and the latency caused by signaling.

(i) The switching should be autonomously operated to save the time that

network operators go to the failed sections.
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Fig. 3-1. Seamless optical and radio communication system.

(iii) The switching should be independently operated in each section to avoid
the isolation from the COs. For example, in the case that link failures
occur in sections-1 and 2 as shown in Fig. 3-1, the section between the
node-2 in section-1 and the node-1 in section-2 is isolated and these nodes

cannot communicate with the COs.

As for the failure detection technique in physical layer described in the requirement
(i), an optical time domain reflectometer (OTDR) is a promising candidate [39].
However, it cannot satisfy the requirements (ii) and (iii) because it detects only the first
failure point closest to the COs. While there is another type of detection technique
monitoring the change of states-of-polarization (SOP) [40], the configuration is too
complicated to fulfill the requirement (i), because it needs monitoring the temporal
variation of SOP precisely. From these reasons, a new technique that can meet all the
requirements (i) to (iii) is proposed, and the details of the proposed technique are

explained in the next section.
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Fig. 3-2.  Schematic illustration of a self-injection-locked FP-LD.

3.3 Autonomous Self-Healing Technique for Optical

Fiber Failures

As a technigue to autonomously backup plural optical fiber failures with high reliability,

a novel self-healing technique utilizing a self-injection-locked FP-LD is proposed.

3.3.1 Self-injection-locking of Fabry-Perot Laser

In general, an FP-LD emits light with plural longitudinal modes in a wavelength range.

When a light injects into the FP-LD, the physical phenomenon of “injection-locking” is

occurred, where the FP-LD emits light with being locked in the wavelength of the
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injection light [41], [42]. A schematic diagram of the self-injection-locked FP-LD is
shown in Fig. 3-2.  An FP-LD and an optical reflector (OR) are connected to the both
terminals of a single-mode fiber (SMF), and an optical band-pass filter (OBPF) is
inserted between the FP-LD and the OR. The light output from the FP-LD is
spectrum-sliced by the OBPF and injected into the FP-LD itself after being reflected by

the OR, and thus, the self-injection-locking state of the FP-LD can be created.

3.3.2 Proposed Technique for Autonomous Self-Healing Operation

The proposed autonomous self-healing technique is based on the detection of the state
change of an injection-locked FP-LD. The self-healing operation is simple because it
does not require complicated signal processing, and thus, the high reliability of
self-healing operation can be ensured.

Figure 3-3 shows a schematic diagram of the proposed autonomous self-healing
technique utilizing a self-injection-locked FP-LD. In this technique, the FP-LD is not
utilized for data transmission but just for monitoring the state of fiber link between two
switching nodes. When the optical fiber between nodes-1 and 2 is cut off, the failed
link is switched to a backup radio link. An optical and radio switching node consists
of an FP-LD for monitoring the state of the fiber link, an optical coupler (CPL) for
dividing the light emitted from the FP-LD, a wavelength division multiplexing (WDM)
coupler for combining an optical data signal and the light emitted from the FP-LD, an
OR for inducing the self-injection-locking state of the FP-LD, an optical notch filter and
a PD for monitoring the locking state of the FP-LD, and an optical switch (SW) for
switching the path according to the monitored result. The FP-LD in the node-1 emits
light around the wavelength of A1, which are different from the optical data signal
wavelength of Ao, at the free-running state. The light at A1 is then spectrum-sliced by

the WDM coupler that operates as the OBPF explained in Fig. 3-2, and is reflected by
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Fig. 3-3. Schematic diagram of the proposed autonomous self-healing technique.

the OR in the node-2. The reflected light is returned to the FP-LD in the node-1, and
thus, the self-injection-locking state of the FP-LD is created.

The optical spectra of the injection-locked or unlocked FP-LD monitored at the
points (i) and (ii) designated in Fig. 3-3 are shown in Figs. 3-4(a) to (d), respectively.
In the injection-locking state, the FP-LD emits light with a narrow spectrum at 1550 nm
(Fig. 3-4(a)), and the optical power passing through the notch filter is too low to be
detected by the PD (Fig. 3-4(b)). On the other hand, when an optical fiber failure
occurs, the FP-LD is turned to the unlocking state (Fig. 3-4(c)), and the light passing
through the notch filter is injected into the PD (Fig. 3-4(d)). A trigger signal, which is
generated by a simple analog circuit for the adjustment of the output from the PD,
drives the SW to change the connection path from the fiber link to the backup radio link.
Hence, the self-healing operation can be autonomously completed.

The proposed technique has high reliability for failure detection because it detects
the light emitted from the FP-LD only in the case that optical fiber failures occur. The

self-healing operation employing the proposed technique can be completed only in the
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Fig. 3-4. Optical spectra measured at the points (i) and (ii) before and after optical

fiber failure.

physical layer. In higher layers, a function of monitoring the switching node status in
control plane will be necessary in the COs for changing the bit-rate. Thus, the total
time to complete the switching of the whole system would be long, compared to the

switching time in the physical layer.

3.3.3 Comparison among Related Techniques

Figures 3-5(a) and (b) show the alternative self-healing techniques based on the
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Fig. 3-5. Alternative configurations of self-healing techniques;
(@) DFB-LDs, (b) Mutual-injection-locked FP-LDs.

distributed feedback lasers (DFB-LDs) and on the mutual-injection-locked FP-LDs,
respectively. In the configuration (a), the DFB-LDs-1 and 2 in the nodes-1 and 2 emits

light toward the nodes-2 and 1, respectively, and the optical fiber failure can be detected
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by monitoring optical received power at the PDs-2 and 1. In the configuration (b), the
FP-LDs-1 and 2 in the nodes-1 and 2 are mutually injection-locked with each other, and
the optical fiber failure can be detected by monitoring the change of the locking state of
FP-LDs [44].

The result of comparison among three techniques in terms of the reliability for
self-healing operation is summarized in Table 3-1. It is desired for the autonomous
switching to operate only when optical fiber failures occur. In the DFB-LD-based
technique, however, the switch is falsely operated in the cases of the DFB-LD and/or
PD failures. As for the mutual-injection-locked FP-LDs, the false operation is caused
in the case of the laser failure, and consequently, the self-healing operations based on
these two techniques are not sufficiently reliable against disasters.  For the
mutual-injection-locking scheme, the temperature of the two FP-LDs must be
adaptively controlled to keep the locking state. When the difference of the temperature

between the two FP-LDs becomes large, the state is falsely changed to be unlocked.

Table 3-1. Comparison among three self-healing techniques.

) Switching operation in the case of each failure
Techniques 5 . . :
Fiber failure LD failure PD failure
DFB-LDs Switch Switch Switch
Mutual-injection-locked FP-LDs Switch Switch Hold
Self-injection-locked FP-LD Switch Hold Hold
Desired operation Switch Hold Hold

On the other hand, even in the cases of the optical component failures such as the
FP-LD and PD, the self-injection-locked scheme can properly operate because it uses a
loop-back configuration. In addition, it does not require the temperature control of the

FP-LD since it can be injection-locked by the light emitted from itself. Hence,
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compared to the other two techniques, the self-healing technique based on the
self-injection-locked FP-LD is the most promising because of its high reliability and

simple configuration.

3.4 Seamless Optical and Radio Transmission

Experiments

In this section, the proof-of-concept experiments of the proposed autonomous
self-healing technique is conducted. In addition, the signal degradation caused by the
switching operation from optical to radio links is quantitatively evaluated though the
seamless optical and radio transmission experiments employing the proposed

self-healing technique.

3.4.1 Experiment for Autonomous Self-Healing Operation

The proof-of-concept experiments of autonomous self-healing operations employing the
detection technique utilizing a self-injection-locked FP-LD were conducted. Figure
3-6 shows the experimental setup. An FP-LD at the central wavelength of 1550 nm
was located in the node-1 for monitoring the state of 1 km-long SMF. The DFB-LD
emitted light at the wavelength of 1535 nm as a light source emulating an optical data
signal. The light emitted from the FP-LD looped back to the node-1 after being
reflected by the OR in the node-2, and the FP-LD was self-injection-locked. The

pass-bands of the WDM couplers for slicing the spectrum of the light emitted from the
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FP-LD were 1550 £ 1.5 nm, and the rejection bandwidth of the optical notch filter was 3
nm. The PDs-1, 2, 3, and 4 monitored the optical powers of the injection light into the
FP-LD, that after the optical notch filter, that output from the 1 x 2 SW to the SMF, and
that output from the 1 x 2 SW to the backup radio link, respectively. The failure of the
SMF was emulated by switching a 1 x 1 SW placed between the nodes-1 and 2, and the
evolution of optical powers monitored by the PDs-1 to 4 were measured.

The optical power received by the PD-2 as a function of the optical injection power
into the FP-LD is shown in Fig. 3-7. The horizontal and vertical axes are “the
injection power into the FP-LD” and “the optical power measured by the PD-2
designated in Fig. 3-6,” respectively. The injection power into the FP-LD was changed
by adjusting the variable optical attenuator (VOA) inserted between the node-1 and 1 x1

SW in the experiment. It is shown that the state of the FP-LD gradually varies from
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the injection-locking state to the unlocking state when the injection power becomes less
than about —10 dBm. As the optical output power from the FP-LD used in the
experiment was +8 dBm, the round-trip optical transmission loss can be allowed up to
18 dB for keeping the injection-locking state, and thus, the power budget between the
nodes-1 and 2 corresponds to a half of 18 dB. The polarization dependence of the
reflected light for the injection-locking was measured to be 0.9 dB, which is a relatively
small value although the FP-LD is not specially designed nor optimized. Therefore,
the self-healing technique can be applied to the systems with an optical power budget of
8 dB after subtracting 1-dB polarization dependence. As the polarization dependence

loss (PDL) of the FP-LD may be larger than 1 dB in the actual situation, it is preferabe
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to adopt the FP-LD with low-PDL characteristic in a practical use.

As the optical injection power required for creating the injection-locking state of
the FP-LD is high (more than —10 dBm in this experiment), the proposed technique is
unlikely to falsely operate by some unintended lights reflected at fiber connection points.
In addition, while each FP-LD has the individual characteristics on the injection-locking
operation, there is no technical problems in a practical use once the system operators
measure the required parameters of each FP-LD as references and configure them
remotely for the equipment in the switching nodes. In order to suppress operating and
testing expenditure, some techniques that enables us to automatically measure the
parameters of FP-LDs will be needed.

Figure 3-8 shows the optical powers received by the PDs-1 to 4 as a function of
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elapsed time. These results indicate that the FP-LD turned to the unlocking state by
the optical fiber failure, subsequently the received power at the PD-2 increased, and
finally, the 1 x 2 SW was correctly switched from the failed optical fiber link to the
backup radio link. As the 1 x 2 SW used in the experiment mechanically switches the
optical paths, a chattering of the received optical power at the PD-4 was observed when
the optical path was switched. The optical fiber failure detection time was as small as
0.13 ms, and the total self-healing time including the stabilization of the 1 x 2 SW was
2.4 ms. The switching speed would be sufficiently rapid to be adopted in seamless
optical and radio communication systems. Thus, it was confirmed that the proposed
technique can rapidly recover the failed optical fiber links with high reliability and
simple configuration. The optical fiber failure detection time of 0.13 ms results from
the injection-locking state change of the FP-LD, and it may be difficult to be shortened
due to the restriction on physical phenomena. However, by using the switching
devices quicker than the SW used in the experiment, the total self-healing time of 2.4
ms will be able to be shortened.

The application of the proposed technique is not necessarily limited to seamless
optical and radio communication systems. For example, in future passive optical
networks (PONSs) that provide broadband services to hundreds of subscribers via an
optical fiber [45]-[47], failure at a single point should have a significant impact. In
such a case, the fiber failure can be promptly recovered by deploying the self-healing
nodes at critical points along the optical fiber line, while the redundant links are not

necessarily limited to radio links.

3.4.2 Experiment for Seamless Radio-over-Fiber Transmission

In order to design parameters such as the number of backup radio links and optical fiber

transmission length in the seamless optical and radio communication system, it is
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Fig. 3-9. Experimental setup for seamless RoF transmission.

necessary to quantitatively analyze the degradation of signal quality when the optical
fiber links are switched to the backup radio links. Therefore, seamless RoF
transmission experiments including the proposed self-healing technique were
conducted.

The experimental setup for seamless RoF transmission is shown in Fig. 3-9. The
switching nodes-1 and 2 based on the proposed self-healing technique were inserted
between the optical transmitter and receiver. The optical transmitter and receiver were
connected to the switching node-1 and 2 by 20 km-long SMFs, respectively. When the
1-km SMF between the switching nodes-1 and 2 is cut-off, the two switching nodes will

autonomously switch the failed fiber link to the backup link. In order to quantitatively
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measure the transmission penalty caused by the switching operation for the 1-km SMF
failure, the backup radio link was emulated by a coaxial cable between the PD and the
IM. Therefore, the undesired effect of the level fluctuation in the radio transmission
sections was not considered in this experiment.

In the optical transmitter, a 5-Gbaud pseudo random bit sequence with the length of
21° (PRBS-15) was converted to a 10-Gbit/s QPSK signal with 13.75-GHz intermediate
frequency by using an I/Q mixer. The 10-Gbit/s QPSK signal was injected to the IM
and then converted to a RoF signal of which central wavelength was 1535 nm. The
OMI of the RoF signal was about 25%. After being amplified by an erbium-doped
fiber amplifier (EDFA), the RoF signal was injected into the switching node-1 via the
20-km SMF.  For compensating the RF transmission penalty caused by fiber chromatic
dispersion [36], a dispersion compensation fiber modules (DCMs) of —340 ps/km,
which corresponded to the chromatic dispersion of 20-km SMF, were inserted in the
switching node-1 and optical receiver.

When the 1-km SMF was not failed, the RoF signal reached the switching node-2
via the 1-km SMF, and the RoF signal was injected into the optical receiver via 20-km
SMF.  When the 1-km SMF is cut off, the switching nodes-1 and 2 autonomously
switched the failed SMF link to the backup link. The 10-Gbit/s QPSK signal received
by the PD in the switching node-1 was re-converted to the 1535-nm RoF signal by the
IM in the switching node-2, and the RoF signal arrived at the optical receiver via the 20
km-long SMF. In the optical receiver, the RoF signal was directly detected as a
10-Gbit/s QPSK signal after compensating the effect of the fiber chromatic dispersion
by the DCM, and the 10-Gbit/s QPSK signal was converted to the two 5-Gbaud
baseband signals by being mixed with a 13.75-GHz RF tone in the I/Q mixer. After an
off-line signal processing in the oscilloscope, the signal-to-noise ratio (SNR) of the

received baseband signals was measured.



36 Chapter 3

—e— (i) Without fiber failure

24 —=%==(ii) With Fiber failure
. * e = e o ®
- LA . o L s »
- (A)213 (B)21.1 (€211 (D) 20.9
' —h~ o
) : L Tseo ; —e
g ‘ ~~a | 1108
20| i T SYecacaaaa ¥
z
7]
(C) 20.0 (D) 19.8
18 s = e =
A . w - o
20kmSMF | 1kmSMF | 20kmSMF |
(i) Without fiber failure | IM (0 f 0 f (0] PD
. 20kmSMF | § 20kmSMF |
(i) With Fiber failure [ v | (0 {0 ™M = 0 o

) ®) © (D)

Fig. 3-10. SNR diagram and constellations with and without fiber failure.

In order to analyze the degradation of the signal quality by the switching operation,
the SNR values with and without fiber failure were measured at four representative
points as shown in Fig. 3-9; (A) just after the EDFA in the optical transmitter, (B) just
after the DCM in the switching node-1, (C) just after the EDFA in the switching node-2,
and (D) just after the DCM in the optical receiver, respectively. Figure 3-10 shows the
SNR diagram and the corresponding constellations with and without fiber failure. In
the section from (A) to (B) that corresponded to the 20-km SMF transmission span from
the optical transmitter to the switching node-1, it can be confirmed that the SNR was
degraded from 21.3 to 21.1 dB (0.2-dB SNR degradation). It can be assumed that this
SNR degradation was caused by the disproportion of dispersion compensation of the
DCM. In the section from (B) to (C), there was no SNR degradation when the fiber

failure did not occur. On the other hand, the SNR was degraded from 21.1 to 20.0 dB
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(1.1-dB SNR degradation), which may be caused by the re-modulation from the RF
signal to the RoF signal, in the case of fiber failure. Finally, in the section from (C) to
(D) which corresponded to the 20-km SMF transmission span from the switching
node-2 to the optical receiver, the SNR degradation was 0.2 dB in both cases with and
without fiber failure.

From the above-described results, the SNR degradation of 10-Gbit/s QPSK signal
transmission can be estimated to be only 0.1 dB per 10-km SMF, and therefore, it has no
large impact on the total system of seamless optical and radio communication. While
the SNR degradation caused by the switching operation was 1.1 dB, the effect on the
total system is not so large because sufficient SNR margin can be ensured in
considering the forward error correction (FEC) limit of SNR = 8.5 dB with 7%
overhead (the corresponding bit error rate is 3.8 x 10°%) [48].

This experiment was conducted in terms of unidirectional communication from
CO-1 to 2, and the SNR degradation was not observed even when the monitoring light
emitted from the FP-LD was multiplexed with the RoF signal. When we consider the
real system of bidirectional communication, it is necessary to carefully consider the
nonlinear optical effects in the SMF transmission [49]. In this experiment, the
wavelengths for the monitoring light and data signal light were set as 1550 and 1535 nm,
respectively, due to the restriction of experimental apparatus, while the wavelength for
monitoring light should be within 1.3-um band and that of data signal light should be
1.5-um band, from a practical point of view. By adopting such a wavelength
allocation, we can ensure enough wavelength spacing of more than 120 nm to avoid the
stimulated Raman scattering (SRS) [50] that is one of the nonlinear optical fiber effects.

Figure 3-11 shows the relationship between the SNR and the number of backup
radio links. The solid and dotted lines show the measurement result in the experiment
and the calculation result estimated from the experimental results, respectively. As the

SNR just after the optical transmitter was 21.3 dB and the SNR degradation caused by
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Fig. 3-11. Relationship between SNR and the number of backup radio links.

the switching operation was 1.1 dB, the SNR will be 20.2 dB when one failed fiber link
is switched to the backup radio link. When the signal degradation due to SMF
transmission is not taken into account, it can be estimated that the number of backup
radio links will be up to 11 because the FEC limit is 8.5 dB (the SNR after recovering
11 sections is 9.2 dB). In this calculation, it was assumed that there is no noise source
in each radio section and the noises caused by optical re-modulation in each backup link
were completely based on the white Gaussian noise distribution [51]. Therefore, the
SNR degradation in each backup section becomes 1.1 dB without any deviations. In
the practical system where the total transmission fiber length from the CO-1 to the

CO-2 is 100 km at the longest, the transmission penalty should be considered. From
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the experimental results shown in Fig. 3-10, the SNR degradation caused by the 100-km
SMF transmission can be estimated to be about 1 dB. Therefore, when the
transmission penalty is also taken into account, the number of backup radio links will be
up to ten (the SNR after 100-km SMF transmission and recovering ten sections is 9.3
dB). As the performance of each optical and RF component used in this experiment
were optimized as much as possible, it may be difficult to drastically improve the SNR
values and increase the number of backup radio links.

In actual backup radio links, there is a concern about RF power fluctuation during
the radio transmission, which may depend on the radio propagation characteristics in
each frequency range used in the system. As there is no large noise component in each
radio transmission section, the SNR degradation in radio sections will not be so large.
For example, when we assume the SNR degradation in one radio section is 0.5 dB at the
maximum, it can be calculated that the number of backup radio links will decrease to
seven links. From these experimental results, the required parameters for designing

the seamless optical and radio communication system can be clarified.

3.5 Conclusion

In this chapter, an autonomous self-healing technique utilizing a self-injection-locked
FP-LD was proposed for seamless optical and radio communication systems.
Compared to the other techniques with a similar configuration, the proposed technique
is the most promising for the self-healing operation because of its high-reliability and
simple configuration. The failure detection time of 0.13 ms and the total self-healing

operation of 2.4 ms were experimentally confirmed, which are rapid enough to be
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adopted in the practical systems.

In addition, the signal quality degradation caused by switching operation was
quantitatively evaluated throughout the 10-Gbit/s RoF transmission experiment
employing the proposed self-healing technique. It was experimentally confirmed that
more than ten backup radio links including 100-km fiber transmission was achievable.
The obtained results in this chapter enable us to design seamless optical and radio

communication systems with plural backup radio links.
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Chapter 4

Optical Beam Forming Scheme for Phased
Array-Antenna

4.1 Introduction

In this chapter, a simple and practical technique for beam forming of the phased
array-antennas by RoF transmission technique is studied. A new scheme to detect the
direction of mobile terminals is proposed, which is expected to be employable in a
practical system, and the feasibility of the proposed detection technique is confirmed by
bidirectional RoF transmission experiments. In addition, a two-dimensional beam
forming in the millimeter-wave band is experimentally demonstrated for targeting a
future high-speed radio communication system. The system parameters required for a
practical system in the microwave and millimeter-wave bands are also designed by

investigating the effect of CD on RoF transmission.
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4.2 Fundamental Architecture of Proposed Scheme

In this section, the fundamental mechanism of beam forming for phased array antennas
based on RoF transmission is introduced, and a scheme for detecting the direction of

mobile terminals is proposed.

4.2.1 Phased Array-Antenna

A conventional phased array-antenna is schematically illustrated in Fig. 4-1. It
consists of N pairs of an RF phase shifter and an antenna element. An RF signal input
to the array-antenna is divided and fed to each RF phase shifter for arbitrarily shifting
the RF phase, and the RF signal injected into each antenna element forms a beam
defined by the relative RF phases.

When the RF signals injected into each antenna element are totally in-phase, the
array-antenna radiates a straightforward beam toward the observation angle of O degree.
In contrast, when the relative RF phases are changed, the beam radiated from the
array-antenna is steered as shown in Fig. 4-1. The array factor (AF), which indicates

the total directivity of the array-antenna, is expressed as;

AF(@):ZN:exp{— j(z—ﬂdksin9+ﬂkj}, (4.1)
k=1

ﬂ’RF

where Arr is the wavelength of RF carrier, dk is the distance of each antenna element, 6
is the observation angle, and S is the phase shift among input RF signals to the

array-antenna [51]. A numerically calculated result of the AF in the case of two
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Fig. 4-1. Schematic illustration of the phased array-antenna with N elements.

antenna elements is shown in Fig. 4-2. In the calculation, the phase shift of antenna
element #1 was fixed at 0, while that of antenna element #2 (/) was changed as 0, m/2
and m. The distance between two elements was set as d = 0.7 Arr. As formerly
described, when £ equals to O, the phases of the RF signals fed to two antennas are
synchronized and the peak of the AF appears at the observation angle of 0 degree. In
the case of £ = /2, the peak point shifts at around —15 degree. In the case of ==, a
null point of the AF appears at 0 degree and the peak point shifts at around +30 degrees.
Thus, beam forming of the array-antenna will be achieved by changing the relative RF

phase.
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Fig. 4-2. Numerically calculated result of the array-factor with RF phase shift.

4.2.2 Antenna Beam Forming by Radio-over-Fiber

A beam forming technique by RoF transmission is one of the promising candidates for
the simplification of the phased array-antenna architecture. In the beam forming
scheme by RoF, the relative RF phases can be generated by precisely controlling the
wavelengths of light sources. Figures 4-3(a) and (b) show a schematic illustration how
the antenna beam is steered by RoF transmission, in which two RoF signals at the
wavelengths of A1 and A» are transmitted from the E/O at the CO and received by the

O/E in the antenna site, and finally fed to respective antenna elements #1 and #2. At
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Fig. 4-3. Schematic illustration of antenna beam forming by RoF;

(a) RF signals are in-phase, (b) RF phase is relatively shifted.

the initial condition where the phases of the RF signals fed to two antenna elements are
synchronized, the array-antenna radiates a straightforward beam as shown in Fig. 4-3(a).
The initial phase offset due to the different wavelengths between A: and A can be
compensated by, for example, optical delay lines in the central office, which are utilized
for the experiments described in the following sections. In contrast, when the
wavelength A2 is changed to A2, the phase of the RoF signal at A’ is shifted because of
the CD, and it results in steering of the RF beam radiated from the array-antenna as
shown in Fig. 4-3(b). By controlling the wavelengths in the CO according to the
predetermined CD of the SMF, which has a typical dispersion parameter of D = 16-18
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ps/nm/km in the wavelength range of 1.5 um [53], the antenna beam can be remotely
steered. The required wavelength shift (44) in order to attain = phase shift of the RF

signal is given by the following equation;

AL = %ZLDfRF ) (4.2)

where L is the length of the SMF and frr is the RF carrier frequency [22]. This scheme
can simplify the phased array-antenna architecture by eliminating the RF phase shifters
at the antenna site. In this scheme, the controllable parameter is only the wavelength
of lasers because the fiber length, dispersion parameter, and RF carrier frequency are

uniquely determined.

4.2.3 Proposed Scheme to Detect the Mobile Terminal Direction

While the RoF-based beam forming of the array-antenna can be achieved as described
in Sect. 4.2.2, the method to detect the direction of mobile terminals is indispensable in
practical radio access systems. For detecting the direction of mobile terminals, a novel
scheme to transmit RoF uplink signals received from the antenna is proposed.

When considering the laser diodes (LDs) are used for array-antennas as uplink light
sources that are located at the antenna site, it is inevitable that the configuration of the
BS becomes greatly complicated due to the required functionalities such as the
wavelength control, the wavelength stabilization, and the output power stabilization.
Therefore, we propose an uplink transmission scheme utilizing reflective-semiconductor
optical amplifiers (RSOAs). Owing to the loop-back architecture with RSOAs [54],
[55], the wavelengths of RoF uplink signals are remotely controllable from the CO, and

the RSOAs can be “colorless” owing to their wide operational range in wavelength. In
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Fig. 4-4. Schematic diagram of the proposed RoF uplink transmission.

addition, the wavelengths of RoF uplink signals are not affected by the outside
environment because of reusing the optical downlink signals that are originally
generated at the CO. When we consider the time division duplex (TDD)-based mobile
systems, however, the reuse of downlink signals may cause a degradation of uplink
signal quality due to the residual modulation tone of the downlink signal [56]. To
avoid the signal quality degradation, an uplink frequency conversion technique is
applied to the proposed scheme [56].

A schematic diagram of the RSOA-based RoF uplink transmission is depicted in
Fig. 4-4. The frequency of RF uplink signals is down-converted by being mixed with
an RF tone from a local oscillator (LO). For further simplification of the antenna site,
the LO should be also located in the CO, where the RF tone from the LO is transmitted
as a RoF signal to the antenna site. RSOAs are re-modulated by down-converted RF
uplink signals. The RF uplink signals transmitted to the CO are then passed through
low-pass filters (LPFs), and thus, the frequency component of the residual modulation

tone can be extracted. By utilizing the frequency down-conversion technique, the
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undesired interference with uplink signal can be avoided.

The procedure for detecting the direction of mobile terminals is described in detail
as follows. The RF phase difference (4¢) is calculated for the angle estimation of an
input RF uplink signal at the CO. The A¢ consists of the RF path difference (A¢1) and
the phase shift caused by the CD (A¢z). The A¢: can be derived from the path
difference of dsing, and the A¢ can be compensated by calculating the phase shift
yielded by the CD, because the optical fiber length and the wavelengths of downlink
signals are preliminarily known at the CO. The arrival angle of the RF uplink signal

() is expressed by the following equation:

9=sin1£c-A¢_DZ%_ﬂz‘], (4.3)

where c is the light velocity in an optical fiber, and d is the distance between two
antenna elements. By calculating the Eq. (4.3), the arrival angle corresponding to the
direction of mobile terminals can be estimated at the CO. Finally, it is possible to
properly control the wavelengths of RoF downlink signals toward the detected direction

of the mobile terminal.

4.3 Experiments for Proposed Detection Scheme

As the proof-of-concept demonstration of the scheme described in Sect. 4.2,
experiments for antenna beam forming in 2-GHz band, which is the frequency band

used for current mobile or Wi-Fi systems [58], are conducted.
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4.3.1 Experiment for Antenna Beam Forming

A beam forming experiment of a 2 GHz-band array-antenna was conducted by using the
experimental setup as shown in Fig. 4-5.  Two wavelengths at A1 = 1550 and A2 = 1530
nm were modulated by a 2.1-GHz continuous wave (CW) RF signal.  After
propagating a 5 km-long SMF, two optical downlink signals were converted to RF
signals in O/Es, and they were fed to two antenna elements. Figure 4-6 shows the
pictures of the array-antenna used in the experiment. The array-antenna consists of
two patch antennas at the central frequency of 2.1 GHz. The two patch antenna
elements are separated by 1.3 Arr, Which is wider than the 0.7-Arr separation used for
the calculation in Sect. 4.2, in order to observe clear null points. At the initial
condition, the phases of the RF signals fed to two antennas were synchronized. For
steering the beam, 4> was changed from 1530 to 1533 nm because the A4 for n RF
phase shift of the 2.1-GHz RF signal was estimated to be approximately 3 nm from Eg.
(4.2). The radio transmission distance was 8 m. It should be noted that the antenna
site in Fig. 4-5 was set up in an anechoic chamber to exclude unintentional interference
of reflected or external signals.

Figures 4-7(a) to (c) show the measured beam patterns for the RF phase shifts of 0,
n/2 and T, respectively, where the 3-nm wavelength change along the 5 km-long SMF
transmission was preliminarily confirmed to yield the relative RF phase shift of =. The
result corresponds to the actual value of the CD parameter of 16.7 ps/nm/km. It is
observable that a null point appears at O degree in the case of © phase shift. The
measured beam patterns almost coincide with the numerical calculation results obtained
from Eq. (4.1). Thus, the feasibility of the RoF-based antenna beam forming scheme

was experimentally confirmed.
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4.3.2 Experiment for Detecting the Direction of Mobile Terminals

An experiment for detecting the direction of mobile terminals based on the proposed
scheme was conducted. The experimental setup is shown in Fig. 4-5, which is the
same as the downlink beam forming experiment. A part of the optical downlink signal
was tapped and injected into the RSOA. The 2.1-GHz RF uplink signal from the RF
transceiver (TRx) was down-converted to 500 MHz by being mixed with a 1.6-GHz RF
tone, and two optical downlink signals were re-modulated by the RSOAs with the
down-converted RF uplink signals. The frequency component of 500 MHz was
extracted by LPFs at the CO. The 2.1-GHz original RF uplink signals were restored
after up-conversion by being mixed with an 1.6-GHz RF tone, and then, the phase
difference (A¢) between two RF uplink signals was measured by changing the angle of
the array-antenna from —60 to 60 degrees.

Figures 4-8(a) and (b) show the RF phase shift generated by the wavelength change
of the downlink and uplink, respectively. The relative RF phase shift was & in the
downlink by changing the wavelength of 22 by 3 nm, while the 3-nm wavelength shift
for the uplink yielded n/4 RF phase shift because of the frequency down-conversion to
500 MHz corresponding to fre/4. Therefore, it is confirmed that the beam control
scheme accurately operates in both directions. Figure 4-9 shows the measured A¢ as a
function of the incident angle of the RF uplink signal.  The numerical calculation result
obtained from Eq. (4.3) is inset in Fig. 4-9. The A¢ was linearly changed according to
the incident angle of the RF uplink signal and the experimental result almost coincides
with the calculation result. The result indicates that the arrival angle of the RF uplink
signal, i.e., the direction of mobile terminals, can be estimated, and that the wavelength
of TLSs for the optical downlink transmission can be properly controlled toward the
detected direction of the mobile terminal. Throughout the experiments in both

downlink and uplink directions, the feasibility of the proposed antenna beam control
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scheme was successfully demonstrated. The scheme will be also applicable to radio

access systems in the millimeter-wave band.
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For TDD-based mobile systems with antenna beam forming, the efficiency of the

time slot allocation for each antenna site should be considered.

In future RoF-based

mobile systems that accommodate many antenna sites in a single CO, the time

allocation efficiency may be degraded due to the difference of transmission fiber

distance among antenna sites.

to efficiently allocate the time slot for each antenna site.

In such a case, a new scheduling algorism will be able

Although the TDD-based

mobile systems were assumed in the experiment, the proposed RoF uplink transmission

and user position estimation scheme can be also used for the frequency division duplex

(FDD)-based mobile systems without changing any operations.
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4.4  Millimeter-Wave-Band Operation

The feasibility of the antenna beam forming scheme in the 2-GHz band was confirmed
in the previous section. For a further progress in the transmission speed, it is
promising to apply the scheme to the millimeter-wave band having a capability of 10
Ghit/s-class radio transmission [59]. To date, several RoF transmission experiments in
the millimeter-wave band have been reported. However, they mainly focused on the
fixed wireless access (FWA) systems [59]-[63], while the millimeter-wave-band RoF
transmission focusing on mobile access systems is not reported to the author's
knowledge. The antenna beam forming in the millimeter-wave band by RoF has not
been investigated in detail, and thus it is important to validate that the beam forming
scheme is also applicable to a higher RF carrier frequency such as the millimeter-wave
band. The fabrication of an antenna using typical RF components is difficult in the
millimeter-wave band because the size of each antenna element is too small for the RF
signals to be directly fed. Therefore, we used SMP connectors for direct feeding of the
RF signals from PDs to the antenna elements [64]. In addition, as a two-dimensional
array operation will be preferable to control the antenna beam more flexibly for future
advanced mobile applications, we fabricate a 2 x 3 millimeter-wave array- antenna. In
this section, a two-dimensional beam forming of the fabricated array- antenna is
experimentally demonstrated.

Figures 4-10(a) and (b) show the picture and schematic illustration of the fabricated
patch array-antenna, respectively. The antenna consists of 2 x 3 patch antenna
elements, and each element is directly connected to a photodiode with an SMP
connector. The RF return loss (S11 parameter) of each antenna element is less than —15
dB in the targeting frequency range around 37 GHz. The square patches are 2.4-mm

(0.3 Arr) wide and each antenna element is separated by 5.7 mm (0.7 Agr). The
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Fig. 4-10. Picture and schematic illustration of the 2 x 3 array-antenna in 37 GHz.

number of antenna elements for the lengthwise and lateral directions is asymmetric
because the beam in the lateral direction should be more flexibly steered than that in the
lengthwise direction.

The experimental setup for two-dimensional beam forming of the 2 x 3
array-antenna is depicted in Fig. 4-11. The wavelengths of three optical signals, 11 =
1560, 4> = 1550, and A3 = 1530 nm, were determined by the pass-bands of the WDM
couplers used in this experiment, and they can be flexibly decided according to
applications in a practical use. The three optical signals were modulated by a 37-GHz
CW RF signal. In order to boost the optical power, an EDFA was inserted just after
wavelength multiplexing. After propagating a 1 km-long SMF, three optical signals
were injected into UTC-PDs at the antenna site. The RF signals output from the

UTC-PDs were directly fed to the array-antenna without using any electrical amplifiers.
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Fig. 4-11. Experimental setup for two-dimensional antenna beam forming
in 37-GHz band.

For beam forming in the lateral direction, the optical signals were fed to the RoF
receiver (A) shown in Fig. 4-11 and injected into the three sets of two UTC-PDs via
optical couplers. The wavelength of A: was fixed at 1560 nm, while the 4> and A3
were respectively changed by 44 and 244 for antenna beam forming. As for the
lengthwise direction by contrast, the A1 optical signal was not used and two optical
signals at 4> and A3 were fed to the RoF receiver (B). The wavelength of 4> was
changed by A4 while the A3 was fixed at 1530 nm. The wavelength variable range 44
for = RF phase shift in the experiment was estimated to be about 0.8 nm from Eq. (4.2).
The beam radiated from the array-antenna was received by the horn antenna located at

the fixed point. The radio transmission distance in the anechoic chamber was 1.5 m.
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Figures 4-12(a) and (b) show the received power radiated from the 37 GHz-band
array-antenna and received at an observation angle of 0 degree in the lateral and
lengthwise directions, respectively. The experimental results almost coincide with the
results numerically calculated from Eq. (4.1). In the lateral direction, it was clearly
seen that the null points of the received power appeared when the 4> was changed by
+0.6 nm corresponding to the RF phase shift g = +27/3. Similarly, in the lengthwise
direction, the null points appeared when the 4> was changed by £0.8 nm, which
corresponds to the RF phase shift § = & as preliminarily estimated. The experimental
results also mean that the more antenna elements are used, the sharper the antenna beam
can be formed, and the more precise pointing to the on-target mobile terminal is
possible.  Thus, a two-dimensional beam forming of the array-antenna in the
millimeter-wave band was experimentally demonstrated. Furthermore, there seems to
be no reason that prevents us from employing the detection technique of mobile
terminal direction using the RoF uplink transmission scheme as described in the
previous section.  Thus, the future high-speed and smart radio access systems using the

millimeter-wave band should be feasible.
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45 System Parameters for the Millimeter-Wave

Band

While the CD is useful for phase shift generation to steer the antenna beam as proved in
the previous sections, an undesired effect induced by the CD has to be taken care of.
In this section, an adverse effect caused by the CD is investigated, and the requirements
for system parameters considering the effect are discussed.

The optical spectrum of the RoF signal amplitude-modulated by an RF signal
consists of an optical carrier at the central wavelength of Ao and two sidebands that are
respectively separated by the RF carrier frequency of frr from Ao. The CD induces the
relative phase shift between the sidebands, which may result in RF transmission penalty
as described in Chapter 2. The decrease of the amplitude-modulation index determines
the RF transmission penalty. Therefore, it is one of the critical issues to determine the
parameters of the beam forming system.

Figure 4-13 shows the fiber length requirement for & RF phase shift as a function of
RF carrier frequency calculated from Eqg. (4.2). The RF transmission penalty
calculated from Eq. (2.2) is also depicted in Fig. 4-13. The two solid circles indicate
the points verified in the experimental demonstrations described in Sects. 4.3 and 4.4.
The solid and dashed lines show the required fiber length for = RF phase shift with a
wavelength change 44 of 0.8 or 3 nm and an RF transmission penalty of 1 or 3 dB,
respectively. As a consequence, the fiber length is sufficiently long to have the A1 as
small as 3 nm or smaller in the microwave frequency up to 10 GHz. In the
millimeter-wave band above 30 GHz, however, the fiber length should be short enough
to avoid the penalty or the wavelength variable range (44) must be larger in order to
precisely operate the beam forming. As for 37-GHz band, the fiber length should be
shorter than 1 km and the 44 should be larger than 1 nm. From Fig. 4-13, the RF
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transmission penalty in the experiment described in Sect. 4.4 is estimated to be a few
dB.

Figure 4-14 shows the measurement result of 37-GHz RF throughput as a function
of transmission optical fiber length L in the range from 0 to 10 km. The numerical
calculation result from Eq. (4.4) considering the RF transmission penalty is also shown
in Fig. 4-14 by the dashed line. The RF throughput periodically changed according to
the fiber length. It was confirmed that the actual measurement value of the
transmission penalty at L = 1 km was about 1.8 dB. When we consider an actual fiber
network, the fiber length may be within the range below the first roll-off point of the RF
throughput. Therefore, in order to keep the penalty small enough, it is necessary to
shorten the L and expand the A4. Thus, by properly selecting the L and the A4, the

beam forming scheme will be applicable to the millimeter-wave radio access systems.
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Fig. 4-14. Measurement result of 37-GHz RF throughput as a function of the
optical fiber length.

In the beam forming scheme presented in this thesis, the round-trip time (RTT)
between the CO and the array-antenna should be taken into account. As the RTT of 20
km-long fiber transmission is 200 us for example, the antenna beam should be
controlled with a ms-order or longer interval so as not to disconnect communications
with user terminals. If the beam forming with higher speed than the current operation
is required in the future, some additional techniques should be studied for overcoming

the restriction on the RTT.
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4.6 Conclusion

In this chapter, a simple and practical scheme to determine the direction of a phased
array-antenna beam in radio access systems utilizing the RoF technique was proposed.
It was experimentally confirmed that the proposed scheme feasibly operated and would
be applicable to practical RoF-based radio access systems in the microwave band such
as 2 GHz.

Moreover, a two-dimensional beam steering operation in 37-GHz band was
experimentally demonstrated for future high-speed and smart radio access systems.
The required system parameters were also provided by evaluating the RF transmission
penalty caused by the CD. It was confirmed that the beam forming scheme including
the detection of the target will be applicable to the millimeter-wave band by properly

designing the fiber length and the wavelength variable range.



64

Chapter 5

Integrated Photonic Array-Antenna Beam
Forming

5.1 Introduction

In this chapter, the performance of 3.5-Gbit/s QPSK signal RoF transmission with beam
forming of the 60 GHz-band integrated photonic array-antenna (IPA) is studied. The
beam forming operation for the IPA is experimentally demonstrated by using a QPSK
signal assuming real mobile data traffic, and the quality of the QPSK signal during the
beam forming operation is quantitatively evaluated. The expandability for more
advanced quadrature amplitude modulation (QAM) formats is also studied. Finally,
the required parameters for practical use in 60-GHz band are provided by investigating

the induced transmission penalty.
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5.2 Integrated Photonic Array-Antenna

The antenna beam forming scheme described in Chapter 4 can simplify the architecture
of the phased array-antenna by eliminating RF phase shifters from the antenna site,
which are required in the conventional array-antennas. When high-power PDs such as
UTC-PDs are adopted in the antenna site, RF amplifiers that are generally required in
the conventional array-antenna can be also eliminated. For further simplification of
the antenna site, an IPA was proposed and fabricated [31]. While some
photonic-integrated techniques have been reported [65]-[67], the integration of PDs and
array-antenna elements such as the IPA has not been investigated. In this section, the
design of the IPA and its fundamental characteristics are explained.

An overall structure of the IPA is shown in Fig. 5-1, and the pictures of the IPA,
which was used for the experiments in the following sections, are also shown in Figs.
5-2(a) and (b). The IPA consists of a PD-integrated patch antenna substrate (Fig.
5-1(a)) and an optical signal feeding substrate (Fig. 5-1(b)). The PD-integrated
antenna substrate has 4 x 2 patch antennas in the front side and UTC-PD chips in the
rear side. The optical signal feeding substrate is used for optically connecting fibers to

the UTC-PDs of the PD-integrated antenna substrate.
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Fig. 5-1. Overall structure of the integrated photonic array-antenna;

(a) PD-integrated antenna substrate, (b) optical signal feeding substrate.
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\
N\

Fig. 5-2. Pictures of the fabricated IPA; (a) front side, (b) rear side.

(b)

The PD-integrated antenna substrate consists of 60 GHz-band patch antenna
elements, an antenna substrate, chip carriers, co-planer lines, bias voltage lines for each
PD, and UTC-PD chips. The size of one patch antenna element is 0.66 x 2.1 mm, and
the separation between each adjacent antenna element is 2.5 mm (0.5 Arr at 60 GHz) in
the direction of four patch antennas and 3.0 mm (0.6 Arr at 60 GHz) in the direction of
two patch antennas, respectively. The UTC-PD chips corresponding to the 4 x 2 patch
antenna elements are mounted on each chip carrier via co-planer lines. The co-planer
lines are electrically connected to the antenna substrate by the method of wire-bonding,
and an antenna feeding point is also electrically connected to each patch antenna
through a via-hole. The optical signal feeding substrate consists of optical fibers,
prisms, and lenses. Optical signals through fibers are focused on the optical receiving
areas of each UTC-PD chip by the prisms and lenses. The coupling efficiency
between each optical input and RF output power is more than 70 %, and therefore it is

high enough to radiate RF beam from the array-antenna.



68 Chapter 5

10 : : : :

. e 0V | | |
E 0la-1v:i - R S PR

| | | nQoo

€  |°?v k]
o =10 H Sy - R a--H-

(€b) \ \ 6 \ \
= | A | ‘A O
220 gkeee
O 20F----- SR e S

= -30 333 : e :
O = S | . e A
L 40| e
[ Noise floor T "cTToeeese-e

-10 -5 0 5 10 15

Optical input power to the IPA (dBm)

Fig. 5-3. Measured RF power output from the IPA as a function of optical input

power to the IPA.

The fabricated IPA can emit sufficient RF power without supplying bias voltages
for each UTC-PD chip, which would be one of the advantageous points of the IPA.
Figure 5-3 shows the measurement result of the RF output power as a function of
optical injection power into the IPA, where the reverse bias voltage for the IPA was
changed to be 0, -1, and -2 V. In this measurement, the RoF signal modulated by a
60-GHz CW RF tone was injected into the IPA, and the IPA emitted the 60-GHz RF
signal to the receiver horn antenna. The RF propagation distance between the IPA and
the horn antenna was fixed to be 0.45 m. The RF power received by the horn antenna
was measured, and the RF power output from the IPA was estimated by compensating

the RF propagation loss. It should be noted that the result shown in Fig. 5-3 was
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measured by using just one set of UTC-PD chip and antenna element in the IPA. As
shown in Fig. 5-3, the IPA can emit sufficient RF power even in the case of the bias
voltage = 0 V. This feature of the IPA enables us to simplify the configuration of the
antenna site because RF amplifiers can be removed from the antenna site. The bias
voltage for the IPA was set to be 0 V in the experimental demonstrations described in
the following sections. In the case of zero bias voltage, the RF output power was
saturated when the optical input power to the IPA was more than +2 dBm due to the
limitation of the IPA responsivity as shown in Fig. 5-3. Therefore, the optical input
power to each UTC-PD chip in the IPA was set to be about 0 dBm so as not to occur the
RF output power saturation in the experiments described in the following sections.
Figure 5-4 shows the beam forming capability of the IPA for 60-GHz RF tone,
where four independent tunable lasers were used in the experimental demonstration.
The four RoF signals with the wavelengths of A1 (1560 nm), A2 (1555 nm), A3 (1550
nm), and A4 (1545 nm) were provided for each 1 x 2 patch antenna element as depicted
in Fig. 5-4, and totally in-phase at the initial condition. The A2, A3, and A4 were then
changed by +0.125, +0.25, and +0.375 nm, which corresponded to +n/2, +=, and +37/2
RF phase shifts, respectively. The solid and dotted lines in Fig. 5-4 are the AF that
indicates the total directivity of the array-antenna, and can be calculated from Eq. (4.1).
The experimental results almost coincided with the calculated results. Hence, the IPA

will create various beam patterns by increasing the number of independent lasers.
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Fig. 5-4. Beam forming capability of the fabricated IPA for 60-GHz RF tone with

four independent lasers.

The fabricated IPA can output sufficient RF power without supplying any bias
voltages, because the UTC-PDs have a bias-free characteristic owing to a build-in field
in the p-n junction [68], and experiments in the following section were conducted
without any bias voltages for all the PDs. In addition, devices and components for
amplifying RF signals are not necessary in the antenna site because RoF signals can be
transmitted from the CO with much lower propagation loss than coaxial cables. These
features enable us to simplify the configuration of the antenna site drastically because

the IPA needs only RoF signals.
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5.3 Transmission Experiments with Beam Forming

of IPA

5.3.1 Experimental Setup

In order to evaluate the signal quality with beam forming operation for the fabricated
IPA, RoF signal transmission experiments were conducted. The experimental setup for
3.5-Ghit/s QPSK signal RoF transmission is shown in Fig. 5-5. In the CO, a
1.76-Gbaud QPSK signal (the corresponding bit-rate is 3.5 Gbit/s), of which
intermediate frequency was 4.0 GHz, was generated from an arbitrary waveform
generator (AWG). The 4.0-GHz QPSK signal was then frequency-converted up to
60.48 GHz, which was the IEEE-standardized central frequency of 60 GHz-band
channel 2 [69], by being mixed with a 56.48-GHz RF tone from an LO. In order to
suppress undesired harmonic noises, a band-pass filter (BPF), of which central
frequency and pass-bandwidth were 60.48 and 1.76 GHz, was inserted just after the
mixer. After passing through the BPF, the 60.48-GHz QPSK RF signal was injected
into an IM. Two light sources output from TLSs with different wavelengths of 1; =
1550 and A2 = 1545 nm were multiplexed by a WDM coupler and simultaneously
modulated by the 60.48-GHz QPSK RF signal, and thus, 60.48-GHz QPSK RoF signals
with two wavelengths were created. The wavelength tuning speed of the TLS used in
the experiment was less than 200 ms, and the wavelength stability of the TLS was
within £100 MHz. After being boosted by an EDFA, the two RoF signals were
transmitted toward the antenna site. The transmission length L and dispersion
parameter D of the SMF between the CO and the antenna site were 2 km and 16.7
ps/nm/km. From these parameters, the required wavelength change A4 for obtaining =

RF phase shift can be estimated to be 0.25 nm from Eq. (4.2). Figure 5-6 shows the
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Fig. 5-5. Experimental setup for RoF transmission with beam forming of the IPA.

optical spectrum measured just after the EDFA in the CO, where two RoF signals with
DSB components separated by 60.48 GHz from the optical carrier can be observed.
The pass-bandwidth of the WDM coupler in the CO is also described in Fig. 5-6. It
can be observed that the bandwidth of the A2 port was wide enough for changing the 4>
by A4 =0.25 nm or more.

In the antenna site, the two RoF signals were de-multiplexed by a WDM coupler
with the same characteristics as the WDM coupler in the CO, and each wavelength RoF
signal was injected into the IPA after being divided into four branches by an optical
splitter (SPL). The RoF signals with the wavelengths of A and 1> were provided for

the left- and right-side 2 x 2 patch antenna elements, respectively. All the optical input
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Fig. 5-6. Optical spectrum measured just after the EDFA.

power to the IPA via eight fibers were adjusted to be +0 dBm by optical attenuators just
before optical input points to the IPA. The IPA converted the RoF signals to
60.48-GHz QPSK RF signals and radiated them from the 4 x 2 patch antenna elements.
It should be noted that the bias voltage was not applied to the IPA, which means that the
antenna site was under a fully-passive condition in this experiment. The propagation
distance between the IPA and a V-band receiver horn antenna was set as 0.3 m, which
meets the requirement for far-field electromagnetic wave [52]. After being received
by the horn antenna with 15-dBi antenna gain and amplified by a low-noise amplifier
(LNA), the RF signals were frequency-converted down to 4.0 GHz, and then provided
for an RF power meter and an oscilloscope. An off-line signal processing was utilized
for the QPSK signal received by the oscilloscope.

The two-tone technique, where two optical tones are extracted by OBPFs from the
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amplitude-modulated RoF signal, is one of the candidate techniques for generating
60-GHz RoF signals [70]. In this technique, the one tone is used as an optical carrier
and another tone is as a data-modulated sideband signal, which enables us to avoid the
CD-induced RF transmission penalty owing to the single-sideband modulation.
However, the configuration of the two-tone-based RoF transmitter in the CO is more
complicated than that of the SCM-based RoF transmitter. When the wavelength of the
RoF transmitter is changed for antenna beam forming, the OBPFs for extracting two
optical tones must be also controlled at the same time, which will complicate the whole
RoF transmission system. Therefore, the simple SCM-based technique was used in
this experiment.

In this experiment, the phases of the two RoF signals were adjusted preliminarily so
as to synchronize RF carrier phases and QPSK-data symbols at the optical input point to
the IPA. The beam of the IPA was then controlled by changing the wavelength of Ao,
while the A1 was fixed at the 1550 nm. The received RF power and the SNR of the
QPSK signal were measured by using the RF power meter and the oscilloscope with

controlling the beam of the IPA.

5.3.2 Results and Discussion

Figure 5-7 shows the measurement results of the received RF power and SNR of the
QPSK signal at the observation angle of 0 degree. In this measurement, the A> was
changed by just £0.5 nm from the initial wavelength of 1545 nm, because the A4 for
obtaining = RF phase shift was theoretically estimated to be 0.25 nm. The SNR values,
error vector magnitude (EVM) values, and constellations [72] for the QPSK signal are
also shown in Fig. 5-7, which were measured at the three representative points of A4 =
(1) 0, (if) 0.2, and (iii) 0.25 nm. It can be confirmed that the received RF power

periodically changed as the A4 was swept from —0.5 to +0.5 nm, which indicates that



5.3 Transmission Experiments with Beam Forming of TPA 75

(i) 42=0nm (i) AA=0.20nm  (iii) 44=0.25 nm
SNR : 15.3dB SNR : 12.2dB SNR : 45dB

EVM : 17 % EVM : 24 % EVM : 59 %

1
=
o

Relative RF amplitude (dB)
&

_15 Z . Z . Z . Z O
-0.5 -0.25 0 0.25 0.5
Wavelength change AA (nm)

Fig. 5-7. Relationship between the received RF power and SNR of the QPSK

signal when the IPA beam is controlled.

beam forming of the IPA was successfully demonstrated. The solid line in Fig. 5-7 is
the AF calculated from Eq. (4.1), and the received RF power almost coincided with the
AF. The difference between the received RF power and the theoretical curve of the AF
was possibly caused by the multipath due to RF reflections and scattering, because the
present experimental environment for the antenna site and RF receiver was not

completely anechoic. The change of SNR also coincided with that of the received RF
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power, and the SNR value degraded from 15.3 to 4.3 dB as the AF shifted from the peak
to the null point. Thus, the quality of the QPSK signal during the IPA beam forming
operation was experimentally confirmed. From a practical point of view, it may need
to stabilize the wavelengths of TLSs for properly operating the IPA beam forming, for
example, within £0.01 nm that corresponds to +1.25 GHz. Therefore, the temperature
in the CO should be constant for stabilizing the wavelengths.

The change of signal quality was measured at the fixed observation angle in this
experiment. It would be also important to measure the change of SNR value at other
observation angles and to evaluate the impact of the deviation of data symbol on signal
quality, which is considered as one of the future works. In this experiment, as the RF
carrier frequency of 60 GHz is sufficiently wide compared to the data symbol rate of
1.76 Gbaud, the impact of the deviation of data symbol is negligible.

Figure 5-8 shows the received RF powers and SNR values for the 1.76-Gbaud
QPSK signal that were measured by changing the RF propagation distance between the
IPA and the receiver horn antenna from 0.4 to 1.4 m. In the present experimental setup,
the achievable RF propagation distance was 1.0 m because the required SNR for
error-free transmission with a low-density parity-check (LDPC) code was 9.8 dB [69].
It should be noted that the received RF power and the SNR in the Figs. 5-7 and 5-8 have
been limited by the performance of the IM, EDFA, and PDs used in the experiment.
While the output power from the UTC-PD in the experiment was about —30 dBm, a new
UTC-PD that is optimized to output RF power of more than 0 dBm at zero bias voltage
has been reported [73], [74]. Therefore, if we use such a PD and compensate the RF
propagation loss, the RF propagation distance can be extended to 10 m or much longer,
and it will be long enough to be adopted in practical systems such as mobile BSs and
Wi-Fi access points (APS).

The expandability for more advanced modulation formats such as a multiple-QAM

was also studied. Figure 5-9 shows the SNR values at the observation angle of 0
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degree as a function of the baud-rate of the AWG, which were measured without
controlling the IPA beam. In this measurement, the modulation format of output signal
from the AWG was set as QPSK or 16-QAM, and the baud-rate was changed from 0.2
to 1.76 Gbaud that was the highest speed of the present experiment due to the restriction
on the bandwidth of the BPF. The RF propagation distance was fixed at 0.3 m in this
measurement. An example of constellation for a 1.0-Gbaud 16-QAM signal is shown
in Fig. 5-9. In the case of QPSK signal, there is a margin of more than 5 dB for the
required SNR of 9.8 dB even at 1.76 Gbaud. In the case of 16-QAM signal, however,
it is difficult to ensure enough SNR margin for the required SNR of 16.5 dB, and
therefore, it may be strict to adopt further more advanced modulation formats such as

32- or 64-QAM. In this experimental environment, the SNR for the total system was
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Fig. 5-9. Measured SNR values for QPSK and 16-QAM signals as a function of
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not completely optimized because the bulky and discrete off-the-shelf devices were
used for a part of sections. Therefore, by using optimally engineered and integrated
devices such as the IPA for all the sections, the RF power and SNR for the total system
can be improved drastically, and the RoF transmission system with the IPA beam
forming can be enhanced to several 10 Gbit/s-class speed by applying more advanced

modulation formats than QPSK or 16-QAM.

5.3.3 Design of System Parameters for 60 GHz-Band IPA

As formerly described in Chapters 2 and 4, the RF transmission penalty due to the effect
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of CD must be considered to design the system parameters in ROF transmission system.
The RF transmission penalty in 60 GHz-band RoF systems especially becomes larger
than microwave band. Therefore, the system parameters such as optical fiber length
(L) and wavelength variable range (44) should be carefully selected in order to avoid
the undesired effect of the CD.

Figure 5-10 shows the fiber length requirement for © RF phase shift as a function of
RF carrier frequency calculated from Eq. (4.2), where the RF transmission penalty due

to the CD calculated from Eq. (2.2) is also depicted in Fig. 5-10. The solid and dotted
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lines show the required fiber length for = RF phase shift with 44 of 0.25 or 2 nm and
the transmission penalty of 3 dB, respectively. The gray-highlighted areas, which
periodically appear according to the fiber length and RF carrier frequency, indicate that
the penalty becomes more than 3 dB. As a consequence, the L and the A4 should be
properly selected so as to avoid the penalty especially in 60 GHz. The penalty in the
experiment is estimated to be only 0.05 dB from the solid circle in Fig. 5-10, which is in
the second roll of the Pre.  When we consider a practical fiber network, it may be
preferable that the fiber length is within the range below the first roll of the Prr.
Therefore, in order to keep the penalty small enough, it is necessary to shorten the fiber
length and expand the AA4. If the A4 is set to be 2 nm, the fiber length may seem to be
limited to 0.25 km as shown in Fig. 5-10. When the required fiber length is longer
than the RF penalty limit, the adoption of dispersion compensation (DC) fibers or
modules equipped in the CO will resolve the restriction on the transmission distance,
and the use of the DC fibers or modules compensating for an extra dispersion is
independent of the RoF-based beam forming scheme using the CD.

The fabricated IPA has eight sets of UTC-PD chips and array-antenna elements,
which would be enough to be adopted in the pico/femto-cells and Wi-Fi APs.
However, when we consider other applications such as macro-cell BSs and satellite
communications, several ten or hundred array-antenna elements will be required in the
future. In the RoF-based antenna beam forming scheme, the number of array-antenna
elements is restricted by the number of available wavelengths of the TLSs. In the case
of 60-GHz RoF signals, a 200 GHz-grid WDM coupler such as an arrayed-waveguide
grating (AWG) multiplexer [75], which corresponds to 1.6-nm grid, will be applicable
in considering the A4 of 0.25 nm. In this situation, more than 80 wavelengths can be
utilized for array-antenna elements when we assume the use of S/C/L-band, where the
wavelength range of 130 nm from 1460 to 1590 nm is divided by 1.6-nm grid of the

WDM coupler and the number of available array-antenna elements can be calculated to
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be about 80. On the other hand, when we set the parameters to be L = 0.25 m and 44
= 2 nm, the pass-bandwidth of the WDM coupler should be extended, for example, to be
5 nm considering the A4 of 2 nm. In such a case, the number of array-antenna
elements is decreased to be 26. Hence, the parameters of the L and A4 should be
selected according to the applications including the number of array-antenna elements.
If we want to increase the number of array-antenna elements and shorten the L, the use
of high-dispersion fiber or modules equipped in the CO may resolve the problem.

As another technique for increasing the number of array-antenna elements, the use
of some optical multiplexing techniques is promising. For example, when we adopt a
multi-core fiber (MCF) in a transmission fiber between the CO to the array-antenna, the
number of available wavelengths can be increased according to the number of fiber
cores in the MCF.  The feasibility of MCF-based RoF transmission and antenna beam
forming operation has been reported in Ref. [76].

The experimental demonstration focused just on the RoF downlink transmission,
while the bidirectional RoF transmission including the uplink must be considered from
a practical viewpoint. As a technique to transmit the RoF uplink signal and decide the
direction of mobile terminal, the proposed scheme presented in Chapter 4 can be
adopted even in the 60-GHz antenna beam forming system [77]. Figure 5-11 shows
the schematic diagram of 60-GHz RoF-based antenna beam forming system, where the
IPA is utilized for downlink RF radiation and the proposed scheme using the RSOA is
adopted in the RoF uplink transmission. As shown in Fig. 5-11, the receiver (Rx)
array-antenna at the antenna site is separated from the IPA because the transmitter (Tx)
array-antenna elements are integrated with the UTC-PDs for the RoF downlink
transmission. In the CO, the RoF transmitter consists of the TLSs for the RoF
downlink transmission, of which wavelengths are A; to An, and an LD for supplying an
RF tone for the antenna site.  The wavelength of the LD (/o) should be 1.3 um in terms

of the simplicity of the total system. In the antenna site, the IPA receives the RoF
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Fig. 5-11. Schematic diagram of 60-GHz RoF-based antenna beam forming.

signals from the CO and radiates the RF downlink signal. A part of RoF signals at the
antenna site is tapped, and the RoF signals are injected into the RSOAs to reproduce the
RoF uplink signals. The RF uplink signal received by the Rx array-antenna is
down-converted by being mixed with the RF tone of frr, and the RoF uplink signals are
created by the amplitude modulation in the RSOAs. The RoF uplink signals are
extracted by the optical circulators (CIRs) in the CO, and the RoF uplink signals are
utilized for estimating the direction of the mobile terminal by the same manner as the
scheme proposed in Chapter 4. As for the number of array-antenna elements for RF
uplink transmission, two elements will be enough to decide the direction of mobile
terminal, and the two elements will not have a large impact on the simplicity of the total

system. Therefore, the RoF beam forming scheme proposed in Chapters 4 and 5 of
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this thesis will be applicable to the existing microwave and future millimeter-wave BSs

and Wi-Fi APs.

5.4 Conclusion

The performance of signal transmission by RoF with beam forming of the 60 GHz-band
IPA was experimentally studied. The beam forming operation for the IPA was
successfully demonstrated by using the 3.5-Gbit/s QPSK signal assuming the real
mobile data traffic, and the relationship between beam forming operation and quality of
the QPSK signal was quantitatively evaluated. The expandability for more advanced
modulation formats such as 16-QAM was also experimentally studied. In addition, the
system parameters for a practical use were also designed by investigating the
transmission penalty induced by the CD. Finally, the schematic diagram of the
bidirectional 60-GHz RoF transmission with antenna beam forming capability is
presented, where the same scheme presented in Chapter 4 can be adopted. The
obtained results in this chapter enable us to design next generation radio access

networks based on 60 GHz-band RoF transmission technique.
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Conclusion

This thesis studied the optical and radio integrated network utilizing RoF transmission
technique for future optical and radio access systems with the capabilities of highly
resilient disaster recovery and array-antenna beam forming. The main results obtained
in this thesis are summarized as follows.

In Chapter 3, an autonomous self-healing technique utilizing a self-injection-locked
FP-LD was proposed for seamless optical and radio communication systems. The
failure detection time of 0.13 ms and the total switching time of 2.4 ms were
experimentally confirmed, which would be rapid enough to be adopted in the practical
systems. The signal quality degradation caused by the switching operation was
quantitatively evaluated by the experiment of the 10-Gbit/s QPSK signal RoF
transmission employing the proposed self-healing technique. It was experimentally
confirmed that more than ten backup radio links including 100 km-long SMF
transmission was achievable. The obtained results in Chapter 3 enable us to design
seamless optical and radio communication systems with plural backup radio links.

In Chapter 4, a simple and practical scheme to determine the direction of phased
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array-antenna beam in RoF-based radio access systems was proposed. It was
experimentally confirmed that the proposed scheme feasibly operated and would be
applicable to practical RoF-based radio access systems in a microwave band such as 2
GHz. The two-dimensional beam forming operation for the 2 x 3 array-antenna in
millimeter-wave band of 37 GHz was experimentally demonstrated for targeting future
high-speed and smart radio access systems. The required system parameters were also
provided by evaluating the RF transmission penalty caused by the CD. It was
confirmed that the beam forming scheme including the detection of the target will be
applicable to the millimeter-wave band by properly designing the fiber length and the
wavelength variable range.

In Chapter 5, the performance of RoF signal transmission with beam forming of the
60 GHz-band IPA was experimentally studied. The beam forming operation for the
IPA was successfully demonstrated by using the 3.5-Gbit/s QPSK signal assuming the
real mobile data traffic, and the relationship between beam forming operation and
quality of the QPSK signal was quantitatively evaluated. The expandability for more
advanced modulation formats such as 16-QAM was also experimentally studied. In
addition, the system parameters for practical radio access systems in 60 GHz were also
designed by investigating the CD-induced transmission penalty. The schematic
diagram of the 60-GHz RoF-based antenna beam forming system that includes
bidirectional RoF transmission links was also shown. The obtained results in this
chapter enable us to design next generation radio access networks based on 60
GHz-band RoF transmission technique.

From the above-described results, it was confirmed that the RoF transmission
technique was a promising solution for designing the optical and radio integrated
network with the capabilities of rapid disaster recovery and remote beam forming for

the phased array-antenna.  The future works on this study are considered as follows;
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Chapter 6

1)

)

(3)

In the seamless optical and radio communication system presented in Chapter
3, the total network design including higher-layer operation than the physical
layer should be studied. The detailed operation how to switch the bit-rate
and transmission links in higher layer should be clarified. In addition, the
feasibility of RoF transmission with plural radio sections should be
experimentally confirmed by using the field fibers and radio sections in actual

situations.

In the antenna beam forming scheme presented in Chapter 4, the
simplification of antenna site for RoF uplink transmission should be studied.
In the uplink direction, RF amplifiers may be required for boosting weak RF
uplink signals, and therefore, it is one of the technical issues how to simplify
the configuration of RF and RoF uplink transmission in the antenna site.
While it is assumed that the antenna beam is controlled with a ms-order
interval considering the RTT between the CO and the array-antenna, some
additional techniques will be needed for the high speed beam forming with a

us-order interval in the future.

In the IPA-based beam forming scheme presented in Chapter 5, the actual
demonstration of RF beam forming with data transmission using eight or
much more independent sets of light sources and array-antenna elements
should be conducted. In addition, the impact of the deviation of data symbol
on signal quality during antenna beam forming should be experimentally
clarified. Furthermore, the feasibility of advanced optical multiplexing
techniques for increasing the number of array-antenna elements should be

experimentally confirmed.
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Finally, the author believes that the whole works in this thesis will contribute to the
design and development of future optical and radio integrated network utilizing the RoF

transmission technique.
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reflective semiconductor optical amplifier
round-trip time

sub-carrier multiplexing
single-mode fiber
signal-to-noise ratio
state-of-polarization

splitter

stimulated Raman scattering
switch

time division duplex

tunable laser source
uni-traveling carrier photodiode
variable optical delay line
variable optical attenuator

wavelength division multiplexing
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