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Preface

This thesis presents transmission performance improvements in radio-on-fiber network
systems using radio-to-optic direct conversion schemes. It is an outcome of the research
done during the Ph.D. course pursued at Department of Communications Engineering,
Graduate School of Engineering, Osaka University.
- The thesis is organized in five chapters as follows.

Chapter 1 addresses the background of the research on the radio-on-fiber network
system and its optical modulation schemes including the radio-to-optic direct conversion

(ROC) scheme. The necessity of a research on techniques to reduce intermodulation

distortions in the systems is explained. Also, the objective and scope of the thesis are briefed.

Chapter 2 describes the radio-on-fiber network system using the ROC scheme, which is
termed “radio-to-optic direct conversion network system” here, in detail. The concept and
characteristics of the network, its multiplexing schemes, and the ROC scheme are
addressed. Also, nonlinear modulation characteristics of the ROC scheme is discussed and
the problem caused by the nonlinear modulation characteristics in the systems transporting
radio frequency (RF) subcarrier multiplexing (SCM) signals is clarified.

Chapter 3 proposes the ROC network systems for the case of transmitting the RF SCM
signals. The ROC/heterodyne detection (HD) system and ROC/self-heterodyne detection
(SHD) system are introduced and the carrier-to-distortion-plus-noise power ratio (CDNR)
performance is theoretically analyzed taking into account the intermodulation distortion.
The CDNR performance and spurious-free dynamic range (SFDR) performance of the
ROC/HD and ROC/SHD systems are discussed. Also, performance improvements by both of
the ROC systems are evaluated by comparing with the conventional intensity modulation
and single-sideband modulation systems.

Chapter 4 presents novel cascaded ROC network systems which resolve a problem of
intermodulation distortion occurring in the conventional cascaded systems and a problem of
beat noise occurring in the systems employing star-type or bus-type inter-cell connection
link. The concept of the proposed cascaded systems is explained and the carrier-to-noise
ratio (CNR) performances of the cascaded ROC/HD system and cascaded ROC/SHD system
are theoretically analyzed and discussed. Also, the optimization of the optical modulation



iv

index in each radio base station is proposed. Performance improvements by the proposed
cascaded ROC systems are evaluated by comparing with the conventional cascaded
intensity modulation system.

Chapter 5 draws the conclusions of this thesis by summarizing the results of
transmission performance improvements achieved by the proposed radio-to-optic direct

conversion network systems.
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Chapter 1

Introduction

In a cellular mobile communication system, the coverage area is divided into cells, where the
radio base stations (RBSs) housing the transmitting/receiving antennas and associated
equipment are located. Each control station (CS) controls a number of RBSs through an
interconnecting network of high-speed data and voice links between RBSs and the CS. In
order to meet the rapidly increasing demand for mobile communications, microcellular
systems have been extensively studied and employed. The systems contain smaller cells
(microcells) and promise effective frequency utilization, thus serve more subscribers and
satisfy the escalating demand. However, as a microcell size shrinks in order to accommodate
more and more subscribers, a larger number of RBSs are required to cover a given area.
Furthermore, the number of RBSs has been increased in order to start new kinds of radio
service including a combination of services such as voice, data, fax, and video. System
providers must use a RBS density of tens, hundreds, or even thousands of RBSs per square
kilometers to provide such enhanced services with high quality of service.

Therefore, it is essential to develop simpler RBSs. Radio-on-fiber systems have been
extensively researched recently to transmit radio frequency (RF) signals via fiber-optic
networks [1]-[7]. In radio-on-fiber systems, a large number of RBSs are connected via optical
fiber to the CS located at an economical location. RF signals in micro-cells are encapsulated
into an optical signal envelope and then transmitted to their destinations through fibers.

The advantages of the radio-on-fiber system are noted below:

1) Concerning RBS
(1.1) Cost saving: All of baseband modulators/demodulators and system control circuitry
are relocated away from the RBS to the CS, so the RBS can be much smaller and
consumes less power. This results in a great saving in real estate and building costs.

Furthermore, since the baseband modulation and demodulation are not implemented
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in the RBSs, therefore the RBSs and backyard fiber-optic networks can be used for
various types of radio services flexibly, so the number of RBSs can be much reduced.

(1.2) Reliability and Maintainability: With less circuitry, the reliability and maintainability is
increased.

2) Service enhancement: all the system control functions and diversity combining/switching
functions can be performed in one centralized location, ie. a CS, resulting in an
enhancement in service quality.

3) Modulation-independent: Since the link is transparent to RF signals, it is independent of
the modulation format used. It can be used for either analog signals or digital signals.

4) Scalability: New cells can be easily added to the network to provide increased capacity
through cell splitting to meet increased demand.

5) Service Upgrade and Maintenance: Repairs and service upgrades at a centralized location
are most convenient and cost effective.

6) Dynamic RF carrier allocation and synchronization: Dynamic RF carrier allocation and

synchronization can potentially be implemented from a centralized location.

Radio-on-fiber systems have been demonstrated using UHF-band subcarrier frequencies
which are transmitted via optical fiber and then subsequently propagated within a microcell
zone. Commercially available optical devices have been successfully utilized to demonstrate
these low frequency fiber optic microcellular mobile systems [7],[8].

The primary disadvantage of this infrastructure is that the signal transverses the fiber in
analog form. Since detection of the desired voice/data is not performed until the RF signal is
received at the CS or RBS, the noise and nonlinearities generated by the optical transmitter,
fiber, and receiver will combine with interference and multipath from the wireless
environment to degrade system quality of service. The severity of this performance
degradation determines the performance requirements which must be met by the optical
devices used in the infrastructure.

Regarding optical modulation/detection schemes for radio-on-fiber systems, an analog
intensity modulation/direct detection (IM/DD) scheme has been mainly considered from the
viewpoint of its technical and economical implementation [9]-[11]. However, in the
conventional IM scheme, an optical spectrum consisting of the carrier with sidebands on both
sides of the carrier is generated. When these signals are transmitted over an optical fiber,

each frequency component experiences a different phase shift due to fiber chromatic



dispersion. Phase differences between the carrier and each of the optical sidebands can cause
the beat signals at the photodiode to destructively interfere, nulling the post-detection RF
power. For instance, when an RF signal at 28 GHz is transported over standard single-mode
fiber at 1550 nm, the link distance is limited to only 3 km, and at 60 GHz the distance is less
than 1 km [12].

Moreover, it is foreseen that the demands for high-bit-rate multimedia wireless services
based on wireless ATM will grow in the not-too-distant personal communications [13]-[18].
Therefore, more superior transmission quality will be required for the optical link in radio-
on-fiber system. In addition, the long-haul radio-on-fiber link needed for globally enhanced
wide area networks requires high-quality and low distortion optical transmission. A feasible
solution to improve the optical link quality is coherent optical transmission systems in which
the signal and the local oscillator are mixed in a receiver to obtain optical-to-electrical
conversion. The coherent systems can approach the shot noise limited performance, make up
considerably-dense optical frequency division multiplexing signals, and also can detect
frequency or phase of the optical carrier. Another distinctive feature of coherent systems is
the transparency of signaling formats between radio links and optical links. For instance, if
we generate optical QPSK signals, then we can regenerate QPSK signals in the RF band
easily by use of optical heterodyne detection. The coherent optically-fed systems have been
widely researched to realize the millimeter-wave distribution in broadband wireless local loop
systems [19],[20].

Chapter 2 is devoted to review principles, characteristics and advantages of a coherent
radio-on-fiber system employing radio-to-optic direct conversion (ROC) scheme [21],[22]. The
ROC scheme utilizes a single electro-optic crystal to simulate ‘the action of a rotating
birefringent plate which, when acting upon a circularly polarized light beam, can produce a
separable component shifted in frequency. In other words, the ROC scheme is one of optical
single-sideband (SSB) modulation techniques. The merit of the scheme is that no harmonics
are generated. This is due to the fact that its output amplitude is a nonlinear fuhction of the
amplitude of the RF signal, not the function of the instantaneous value. Therefore, only
nonlinear distortion in the output amplitude arises and no sidebands other than the first-
order sideband are generated. RF power nulls at the receiver and the dispersion penalty
when transporting high frequency signals over fiber can be remarkably reduced using
optical SSB modulation [23],[12]. In this chapter, nonlinear modulation characteristics of the

ROC scheme is investigated and compared with those of the conventional optical modulation
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schemes.

Multiplexing schemes in radio-on-fiber systems are also discussed in Chapter 2. Subcarrier
multiplexing (SCM) scheme is one of promising schemes and has been extensively
researched and developed recently in order to transport frequency division multiplexing
(FDM) RF signals over optical fiber in radio-on-fiber systems such as the fiber-optic
microcellular communication system, the optically-distributed millimeter-wave wireless
system and so on [24]-[27]. Such systems support RF signals without the need for any
multiplexing equipment. In the SCM system, the optical source or the optical carrier is
modulated by RF FDM signals which produce subcarriers of the optical carrier. Each
subcarrier can be independently modulated using any conventional modulation format, e.g.
FM, AM, FSK, PSK. Thus the optical carrier is capable of supporting multiple channels
simultaneously without the need for complicated time, laser wavelength or code division. In
the SCM system, however, the nonlinear modulation characteristic of the optical modulation
leads to intermodulation distortion by which the system performance deteriorates. The
performance of the ROC systems transporting single carrier RF QPSK and QAM signals was
analyzed and discussed in Ref. [21].

The first object of this study is to investigate the SCM coherent radio-on-fiber systems
employing the ROC scheme taking into account their nonlinear modulation characferistics.
Such systems are proposed and examined in Chapter 3 [28],[29]. The SCM ROC system can
convert multicarrier RF signals into optical FDM signals with the same modulation format
and frequency intervals. SCM SSB systems may also be realized by dual Mach-Zehnder
Interferometer (DMZ) type [30] and Cascaded Phase Modulator (CPM) type [31]-[33] optical
SSB-suppressed carrier modulators. Since ROC scheme also generates the pilot carrier
component, not only heterodyne detection (HD), but also self-heterodyne detection (SHD)
can be realized. Degradation in -carrier-to-distortion-plus-noise power ratio (CDNR)
performance due to the effect of intermodulation distortions in each system is theoretically
analyzed. The received CDNR performance [28] and spurious-free dynamic range (SFDR)
performance [29] of the ROC/HD and ROC/SHD systems are discussed. Also, the
performance improvements by the SCM ROC systems are evaluated by comparing with the
conventional SSB modulation systems and the intensity modulation system.

Regarding inter-cell connection link configuration, radio-on-fiber systems employing star-
type link [34],[35] and bus-type link [36],[37] have been widely studied. However, beat noises

occur in both star-type and bus-type systems because multiple laser diodes (LD) are used.



Consequently, the optical transmission performance is severely deteriorated. Wavelength
division multiplexing (WDM) technique can solve this problem, however, this technique
requires complicated control of wavelengths of the laser.

Another solution to this problem is to employ a cascade-type inter-cell connection link. The
cascaded IM/DD scheme and cascaded phase modulation (PM)/HD scheme have been
proposed and studied [38],[39]. However, transmission performance of these conventional
cascade-type link systems suffers severely from the intermodulation distortion even if only
one RF subcarrier is used per RBS and a linearized optical modulator is employed, since all
of the optical carrier and signals from previous RBSs are modulated togefher in the RBS.

The second object of this study is to investigate and improve the performance of the
cascade-type link configuration in which no intermodulation distortion occurs. Chapter 4
proposes novel cascaded radio-on-fiber systems [40]-[44]. In the uplink of the proposed
cascaded systems, the optical pilot carrier is divided from all signals modulated by RF signals
at previous RBSs by using a frequency splitter. After that, the optical modulator converts a
RF signal at the current RBS to an optical signal by modulating only the pilot carrier
component. Then, by the use of a frequency combiner, the optical carrier and all optical
signals are combined together again. Therefore, no intermodulation distortion due to
cascaded modulators occurs in the systems. Also, no beat noise caused by the use of multiple
light sources occurs. In order to improve the performance of the proposed ROC system, the
optimization of the optical modulation index in each RBS is proposed [40],[43]. The carrier-
to-noise ratio (CNR) performance of the cascaded ROC/HD system and cascaded ROC/SHD
system are theoretically analyzed and compared with that of conventional cascaded systems.

Chapter 5 summarizes all the conclusions obtained in this thesis.






Chapter 2

Radio-to-Optic Direct Conversion Network

2.1 Introduction

A radio-on-fiber network using radio-to-optic direct conversion (ROC) scheme is termed
radio-to-optic direct conversion network here. Radio-on-fiber networks are optical backbone
networks for transporting RF signals to remote RBSs without any baseband
modulation/demodulation. In general, therefore, analog optical modulation techniques are
employed in the radio-on-fiber networks. Such systems have several advantages over the
conventional microcellular mobile systems such as cost saving on RBSs, service
enhancement, modulation-independent, network flexibility, convenient service upgrade, and
suitability for dynamic RF carrier allocation and synchronization.

Consequently, the radio-on-fiber networks are considered as a promising candidate for
various radio access networks such as future public wireless communication systems (IMT
2000) [45], wireless local area networks (wireless LAN), roadside-to-vehicle radio access link
in intelligent transport systems (ITS) [46], or distribution systems of cable television signals
(CATV) [47].

However, there are problems such as the effect of fiber chromatic dispersion in radio-on-
fiber systems employing the conventional intensity modulation/direct detection (IM/DD)
scheme. The ROC scheme, which is one of optical single-sideband (SSB) modulation
technique, can overcome the effect of fiber chromatic dispersion and can be employed in
coherent systems where the transmission performance is improved over IM/DD systems.
Section 2.2 describes the concept of the ROC network in detail, discusses the multiplexing
schemes, and clarifies characteristics and problems in IM/DD systems. Section 2.3 introduces
the principle of ROC scheme, discusses its nonlinear modulation characteristics, and
addresses the reason why the performance of the ROC systems in the case of transporting

subcarrier multiplexing RF signals has to be examined.
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2.2 Radio-on-Fiber Network

The concept of the radio-on-fiber network is illustrated in Fig. 2.1. In the uplink, a terminal
transmits information signals to the RBS via RF link, then, in an optical link, an optical
modulator in each RBS converts the RF signals into optical signals, and the optical signals are
transmitted to a control station (CS) via fiber. The advantages of the optical fiber are
suitability for high frequency and wideband, low transmission loss, interference-immune
signal distribution, and so on. At a receiver in the CS, the optical-to-electrical (O/E)
conversion is performed, and, finally, the RF signals are regenerated. In the downlink, the
reverse operation is implemented. The RBS, which is an interface receiving or radiating the
RF signals in each radio zone, is mainly equipped with only the apparatus that performs
electrical-to-optical (E/O) and O/E conversions. The CS performs the functions of radio
modulation/demodulation and other controls such as channel allocations.

Therefore, the RBS becomes much simpler. In addition, since there is no baseband
modulation/demodulation in the RBS, the RBS is independent of RF signal formats and can
provide universal radio access links that are available to any type of RF signals. The
concentrated implementation of complex functions in the CS provides simplified and cost-
effective constructions of the network. It is also suitable for realization of advanced
techniques such as a macro diversity and hand-over control [48].

Regarding multiplexing schemes, the candidates are subcarrier multiplexing (SCM), time
division multiplexing (TDM), wavelength division multiplexing (WDM), and code division
multiplexing (CDM). The advantage of TDM is no generation of optical beat noise caused by
the use of several optical sources. However, the disadvantage of TDM is the requirement of
synchronization control among RBSs. Several CDM schemes such as frequency spread code
division multiplexing [49] and time spread code division multiplexing [50] have also been
investigated because of their easy applicability to random access networks. However, there
are the difficulty of high-speed code synchronization between a transmitter and a receiver,
and very fast operation of photonic device for coding. The WDM scheme is a promising
scheme in high-bit-rate digital transmission systems, and its advantages are effective use of
many available wavelengths and no generation of optical beat noise caused by the use of
several optical sources. However, it is not suitable for the multiplexing of RF signals because
it is unsuited to prepare wavelengths as many as the number of RBSs. The requirement of

the control of laser wavelengths is another drawback of this scheme. WDM is suitable to be
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used for purposes such as the duplex of uplink and downlink in radio-on-fiber networks.

f RF signal
Mobile EI:I:]‘-L, /
Terminal . .
Optical Signal

pd

£
IJE_I 3 O/E | Optical Fiber

Control
Station

Figure 2.1: Radio-on-Fiber Network.

The SCM scheme has been studied and developed in order to transport multicarrier RF
signals over optical fiber in radio-on-fiber systems. Although the optical beat noise occurs if
multiple optical sources are used in the SCM systems, and RF signals must be in frequency
division multiplexing format, the systems can support such RF signals without the need for
any multiplexing equipment. In the SCM system, the optical source or the optical carrier is
modulated by RF FDM signals which produce subcarriers of the optical carrier. Each
subcarrier can be independently modulated using any conventional modulation format, e.g.
FM, AM, FSK, PSK. Thus the optical carrier is capable of supporting multiple channels
simultaneously without the need for complicated time, laser wavelength or code division.
Another significant characteristic of SCM is that it can be used together with another
multiplexing scheme to increase the degree of multiplexing. Therefore, the SCM scheme has
been and will still be one of significant multiplexing schemes for radio-on-fiber systems.

Regarding modulation/detection schemes, radio-on-fiber systems using the IM/DD scheme
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have been extensively studied because of its simple structure. In IM/DD systems, the optical
carrier is intensity-modulated by the RF signal, therefore sidebands with even and odd
harmonics are created on both sides of the optical carrier. Owing to fiber chromatic
dispersion, relative phase shifts which vary with their wavelengths, fiber distance and
modulation frequency are added to these sidebands. At the receiver, each sideband and the
optical carrier mix with each other due to square-law detection in a photodiode. At certain
relative phases between these components, the beat signals destructively interfere and the
output RF signal disappears. By the use of external intensity modulators and ignoring their
harmonics outputs, amplitude modulation (AM) and double sideband (DSB) can be achieved.
However, IM will be considered as the conventional scheme mainly in this study.

This problem can be solved by dispersion compensation methods such as using chirped
fiber Bragg grating (FBG) [51] or an in-line phase conjugator placed in the midst of the
optical fiber link [52]. Another approach to overcome the fiber chromatic dispersion problem
is the optical single-sideband (SSB) signal transport. The optical SSB signal can be obtained
either by optical filtering [23], or optical SSB modulation techniques [12],{30]-[33]. However,
the optical filtering method has the disadvantage that half of the optical sideband power is
removed which results in 6 dB electrical signal power loss.

As an optical SSB modulation technique, the cascaded phase modulation (CPM) scheme
shown in Fig. 2.2 (a) was proposed in Ref. [31]. The concept of the CPM scheme is that a
rotating birefringent plate, or a system that simulates the action of such a plate, will act upon
a circularly polarized light beam to produce a separable component shifted in frequency. The
rotation is accomplished by using Pockels electro-optic effect in a pair of electro-optic crystals
such as potassium dihydrogen phosphate (KDP) crystals. Incoming linearly polarized light is
passed ‘through a quarter-wave plate (QWP) that functio‘ns as a right-handed circular
polarizer. The circularly polarized light is passed through two electro-optic crystals along
their optical axes. The effect of the rotating birefringent plate is obtained by having the b
axes of the two crystals oriented 45 degrees apart, as shown, and applying the modulation
voltages in phase quadrature. This concept has also been studied in waveguide configuration
as shown in Fig. 2.2 (b) [32],[33]. The voltage v(t) applied to the first phase modulator is
orthogonal to the voltage v(¢) applied to the second phase modulator. TE/TM modes and the
interference in the waveguide CPM scheme are shown in Fig. 2.3 and Fig. 2.4, respectively.
The first phase shifter must be set to —n/4 (¢ = —1/4), and the second phase shifter must be
set to +n/4 (¢2 = +w/4) in order to achieve optical SSB modulation in TE mode. In the
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waveguide CPM scheme, the pilot carrier is not generated, ie., this technique is single- ‘

sideband suppressed-carrier (SSB-SC) modulation.

wP
Q v

Electro-optic crystals -
QWP a
~ -~

Input Light . ~
-7 RF Signal v(t)
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(1) V(1) LD:LaserDiode
J QWP:Quater-Wave Plate
PM:Phase Modulator

PS E—" MC:Mode Convertor

PS:Phase Shifter

| LD MC PM PS MC

b) Waveguide Type

Figure 2.2: Configuration of the CPM Scheme.
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Figure 2.3: TE/TM Modes in the Waveguide CPM Scheme.
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Figure 2.4: Interference in the Waveguide CPM Scheme.

Another type of optical SSB modulator, called a dual Mach-Zehnder (DMZ) interferometer
type SSB modulator [30], is shown in Fig. 2.5. Among four outputs of the DMZ scheme, the
output gz (t) contains only single first sideband component and odd order harmonics, and the
output gs3(t) has only even order harmonics, because the voltages applied to the phase
modulator I and I have polarity inverse to each other (so are the voltages applied to the
phase modulator III and IV), and the voltage v(t) applied to the phase modulator I and II is
orthogonal to the voltage v'(t) applied to the phase modulator III and IV. The DMZ scheme is
also SSB-SC modulation. The spectrum in each step of the DMZ scheme is shown in Fig. 2.6.
In this figure, (a)-(e) are the frequency spectra at the corresponding points in Fig. 2.5.
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Figure 2.5: Configuration of the DMZ Scheme.
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Figure 2.6: Optical Frequency Spectra in the DMZ Scheme.
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2.3 Radio-to-Optic Direct Conversion Scheme
2.3.1 Principle of Radio-to-Optic Direct Conversion Scheme

The concept of the ROC scheme, similar to that of the CPM scheme, is that a rotating
birefringent plate, or a system that simulates the action of such a plate, will act upon a
circularly polarized light beam to produce a separable component shifted in frequency. The
difference is, in the ROC scheme, the rotation is accomplished by using Pockels electro-optic
effect in a single electro-optic crystal. In other words, in the ROC scheme, the frequency of a
light beam is converted with very little loss in intensity by utilizing transverse Pockels effect
in a crystal of suitable symmetry. This technique has the advantage that no harmonics areb
generated and that, except for light losses by reflection or absorption in the crystal, all the
incident light can be shifted to the new frequency. |

In general the effects of electric field are to rotate the ellipsoid with respect to the
crystallographic axis and to change its shape. When the electric fields of the same amplitude
and being mutually orthogonal are applied to X and Y axes separately, the ellipsoid is simply
rotated about the Z axis of the crystal as shown in Fig. 2.7. The effects of the rotation can
transform a left-circularly polarized light beam to produce a right-circularly polarized

component at one of the modulation sideband frequencies.

Crystal axis v'Y

N/

I Optical
*— Indicatrix
l axis

Z’Z' a ‘\7/ /
Z
/ HXI

Figure 2.7: Optical Indicatrix Geometry.
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Figure 2.8: Configuration of the ROC Scheme.

WP Ex(t)
; [gy(t):l

RF Signal v(t)

A diagram of the radio-to-optic direct converter [21] is shown in Fig. 2.8. Incoming linearly
polarized light is passed through the QWP that functions as a right-handed circular polarizer.
This circularly polarized light is passed through the electro-optic crystal along its optical axis.
At the output of the crystal, the right-handed component rotates in synchronism with the
input right-polarized light and can be used as a pilot carrier. On the other hand, the left-
handed component experiences one additional le‘ft-handed cycle of rotation during each
modulation cycle, and therefore the frequency of this component is the sum of the input
light frequency and the modulation frequency, i.e., the upper side-band frequency. Finally,
both pilot carrier and signal components are linearly polarized by the use of the QWP. The

states of polarization of both output components are mutually orthogonal.

2.3.2 Nonlinear Characteristics

In the ROC scheme, when a light propogates along z axis through an electro-optic crystal
such as LiNbO3 or LiTaOs3, and electric fields, Ex and Ey are applied along the coordinate axes
x and y as shown in Fig. 2.4, the equation called the index ellipsoid is given by [53],[54]

1 1
(’-17 - rzzEy)xz + (F +1,E)y —rExy = 1 2.1)

[/4 (]
where rjj and no are the electro-optic coefficient and the ordinary refraction index,

respectively. Moreover, a new coordinate (X,Y) rotates with respect to coordinate (x,y) by an
angle 8, given by
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6 = -l—tan'1 E 2.2)
2 E

y

The index ellipsoid contains no mixed terms and can be written as

x> r
—+— =1 (2.3)
Ry 1y
where nx and ny are the refraction indices along the X and Y axes and can be approximately

expressed as

1 ) 2

n, = n0[1+5n0 Al E, +Ey:| | (2.9
1 2 2

n, = nol:l—-gno Ty E, +Ey] (2.5)

respectively, since in practice the variety of the refraction indices arisen from the electro-
optic effect is much smaller than unity. When a light propagates through the crystal along
the z axis, its two components polarizing along the X and Y axes receive the phase shifts

of ¢xand ¢y, given by

I
Oy = 2; ny (2.6)
27l
o, = %ny 2.7

where I and A are the crystal length along the z axis and the light wavelength, respectively.
The above operation on the light propagating through the electro-optic crystal is described by

a polarization matrix referenced to the x and y axes given by [53]
8:()| [cos@® ~—sind e 0 [ cos® sin8Yf.(® ©.8
g, | [sin® cos® || 0 o |—sin@ cosO ] f,(t) 9

where fx(t) and fi(t) are the input optical fields polarized along the x and y axes, and gx(t) and
gy(t) are the output optical fields. When the driving voltages of the crystal along the x and y
axes, Ex(t) and Ey(t), are mutually orthogonal RF signals, i.e.
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E, (1) = V(@)Sin27 frpt + (1)) (2.9)

E, (1) = V(1)cOSQ2Tt fopt + (1)) (2.10)

where V(t), frr and y(t) are the amplitude, frequency and phase of the RF signal,
respectively, and an incident light to the crystal is a J;ight circularly polarized light with

a polarization matrix
£® 2ty I
]
y

where f, and P; are the frequency and average intensity of the optical carrier, respectively,

the polarization matrix of the output light, gx(t) and gy(%) are

8:(t) _ B V(). erse-g,+0.0] I
[gy(t)] T heostry e 1
(2.12)

-JP Sin(nVTg).) . I o Tae WA (D=0, 49, (1) [:’J ]
where V, ¢o, and ¢s(t) are the half-wave voltage, phase constant, and phase noise of a laser
diode, respectively. It is seen from Eq. (2.12) that the output light is composed of two
components: one is a right circularly polarized light at the optical carrier frequency £, , and
the other is a left circularly polarized light at the shifted frequency fo + frr. If the amplitude
V(t) is small enough to yield zV(t)/V, << 1, ie. cos(nV()/V) = 1 and sin(zV(t)/V) =

zV(t)/V, then the latter component is a replica of the input RF signal in the optical band,
with the same amplitude V(t) and phase w(t) as the input RF signal The former can be
utilized as a pilot carrier because it has non-modulated amplitude and phase. There are,
however, nonlinear distortions in the amplitudes of both the signal component and the pilot
carrier component, ie., sin(zV(1)/V)) and cos(zV(t)/V,), respectively. That is, the amplitude
nonlinear distortions vary with the amplitude of the RF signal, V(t). Consequently, only
nonlinear distortion in the output amplitude arises and the ROC scheme has a significant
merit that no high order sidebands or harmonics are generated. On the other hand, the
nonlinear distortions in the IM scheme and conventional optical SSB schemes vary with the
instantaneous value of the RF signal, i.e. V(t) cos(2afrrt + w(t)).
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Owing to the nonlinear distortion, intermodulation distortion occurs i the case of
transporting RF subcarrier multiplexing signal, deteriorating the transmission performance.

Consequently, it is necessary to examine the performance of the ROC systems in this case.

This subject is treated in chapter 3 in detail.
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2.4 Concluding Remarks

This chapter addressed the concept of radio-on-fiber networks and the ROC scheme in detail.

The multiplexing schemes, the optical IM scheme, and conventional optical SSB modulation
schemes were discussed. Also, the nonlinear modulation characteristic of the ROC scheme

was described. It can be concluded as follows.

1. In the IM scheme, the power of the output RF signal after detection by the photodiode
deteriorates and can be nullified due to the effect of fiber chromatic dispersion.

2. The degradation of the output RF signal due to the effect of fiber chromatic dispersion
can be overcome by employing the optical SSB modulation.

3. The ROC scheme, which is one of the optical SSB modulation schemes, has a significant
merit over other conventional SSB modulation schemes in that no high order sidebands
or harmonics are generated.

4. The above merit of the ROC scheme arises due to the fact that its output amplitude is a
nonlinear function of the amplitude of the RF signal, not the function of the
instantaneous value. Whereas the nonlinear distortions in conventional IM and SSB
schemes are nonlinear function of the instantanequs value of the RF signal.

5. Owing to the nonlinear distortion, intermodulation distortion occurs in the case of
transporting RF SCM signal, consequently, the transmission performance deteriorates.
Therefore, the transmission performance of the ROC systems in this case has to be

examined.







Chapter 3

Subcarrier Multiplexing Radio-to-Optic

Direct Conversion Network Systems

3.1 Introduction

In the radio-to-optic direct conversion scheme, there are nonlinear distortions in the
amplitudes of both the signal component and the pilot carrier component. These nonlinear
distortions vary with the amplitude of the RF signal. Owing to the nonlinear distortions,
intermodulation distortions occur in the case of transporting RF subcarrier multiplexing
(SCM) signal, consequently, the transmission performance deteriorates. Therefore, this
chapter examines the performance of the ROC systems in this case.

The SCM ROC/heterodyne detection (HD) system and the SCM ROC/self-heterodyne
detection (SHD) network system are presented in this chapter. In order to evaluate the
transmission performance, the received carrier-to-distortion-plus-noise power ratio (CDNR)
which is the ratio between the power of received RF subcarrier at a receiver and the power
of intermodulation distortion plus noise is theoretically analyzed. The received CDNR of the
conventional dual Mach-Zehnder (DMZ) Interferometer type [30] and Cascaded Phase
Modulator (CPM) type [31]-[33] optical SSB-suppressed carrier schemes are also
theoretically analyzed. The performance improvements by the SCM ROC systems are
evaluated by comparing with the conventional SSB modulation and IM systems. The IM

system considered here employs direct modulation by a laser diode.

21
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3.2 System Configuration

3.2.1 ROC/Heterodyne Detection System

Figure 3.1 shows the configuration of the ROC/HD system transporting the RF SCM signal.
In the RBS, the incoming light is transmitted through the polarization controller in order to
match the state of polarization of the light with the axis of the ROC. Then, the RF SCM
signal is converted by the ROC into the optical signal with the same modulation format.
The pilot carrier component is suppressed by a polarization beam splitter (PBS) and the
signal component is transmitted to a CS via optical fiber. At the receiver, after matching
the state of polarization of the received light with that of the local oscillator (LO) light by
using the polarization controller, heterodyne detection of the received light is achieved by a
balanced mixing photodetector. The RF SCM signal is regenerated after passing through a
bandpass filter (BPF). In this case, the frequency control and the state of polarization

control of the local oscillator can be executed by using feedback of the IF signal.

RF SCM Signal . e -
| vO OII;‘_‘;“‘ Balanced Mixing
PBS 1er Photodetector
Radio-to-Optic & ‘! ! 1)
direct Converter » -BPF >
................ . RF SCM
Pilot Slgnal
L

PC: Polarization Controller AFC: Automatic Frequency Controller
PBS: Polarization Beam Splitter LO: Local Oscillator

BPF: Bandpass Filter
Figure 3.1: SCM ROC/Heterodyne Detection System.

3.2.2 ROC/Self-Heterodyne Detection Systém

Since the ROC scheme generates a pilot carrier component, self-heterodyne detection (SHD)

can be realized. Figure 3.2 shows the configuration of the ROC/SHD system transporting the
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RF SCM signal. After the ROC, the pilot carrier component is divided from the signal
component by the use of the PBS. The state of polarization of the pilot carrier is matched
with that of the signal component by a half-wave plate, and then all the components are
combined together by a coupler. At the receiver, the received signal component and the pilot
carrier component are self-heterodyne detected by the photodiode. The RF SCM signal is
regenerated after passing through the BPF. At the receiver, since the pilot carrier and the
signals have resembling phase noises, consequently, some of the phase noises are canceled
after detection by the photodiode. The LO, the frequency control, the state of polarization
control are not necessary in the ROC/SHD system and the receiver structure becomes

simple.

RF SCM Signal Optical

G

Radio-to-Optic »
-------------- i 1 direct Converter : '

iRED)

PBS:Polarization Beam Splitter
HWP:Have-Wave Plate
PD:Photodiode

Figure 3.2: SCM ROC/Self-Heterodyne Detection System.

3.3 Theoretical Analysis of Received Carrier-to-Distortion-
plus-Noise Ratio (CDNR)

In this section, the received carrier-to-distortion-plus-noise ratios (CDNRs) of the
SCM/ROC/HD, SCM/ROC/SHD, SCM/DMZ/HD and SCM/CPM/HD systems are

theoretically analyzed.

In this study, we assume that, in all of the four systems, the optical powers of the
modulator output are identical (i.e., the transmission optical powers of the RBS are
identical), and the propagation losses are also identical. Therefore, the “Received Optical
Powers” are the same for all systems.

The “Received Optical Power” is defined in this study as the power of the light received at

the receiver, including the modulated optical sfgnals (and, in the case of ROC, the non-
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modulated optical carrier signal). In other words, the Received Optical Power is the
transmission optical power of the modulator which is deteriorated by the propagation loss

between the RBS and the CS.

3.3.1 ROC/Heterodyne Detection System

In the ROC scheme, the N-channel RF SCM signal received at the RBS can be expressed as

W) = EN:Ak cOS[27(fop + kAP +6,(8)] 3.1)
k=1

where fzr is the frequency of the RF subcarrier. Af is the frequency interval between
adjacent channels. A, and 6, are the amplitude and phase of k-th channel RF SCM signal,

respectively. The electric fields applied along the coordinate axes x and y of the crystal are

given by
N
E (t) = A, cos|270(fr + kAP +6,(D)] (3.2)
= V(£)cos[27 fyrt + W ()] | (3.3)
E,@)= V(@©)Sin[27 fort + ¥ ()] (3.4)

where V(t) and y(t) are the envelope and phase of the RF SCM signal, v(t), respectively, and

can be expressed as

V() =A%) + B*(t) (8.5)
— tan-| B®)
v (t) = tan (A(t)) (3.6)

where A(t) and B(t) are given by

A@®) =Y A cos[2mkAft +6,(1)] (3.7)
k=1
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N
B(t)=) A,sin[27kAft +6,(2)] (3.8)
k=1

Using Eq. (2.11), the pilot carrier g,(t) and the signal g,(¢) can be written respectively as

Vt j[2rft—¢, +0, (¢
g,(=+2P cos(n#)- IRThot=0, 40, (D) 3.9
o VO ats, + e =8, 4y 46,0
g.(t)=.2P sm(ﬂ:—V—-)-e oTIRF T Vo s (3.10)
Vout
A

Vv 2P sin(nV(1)/Vr)

Output Envelope
(Optical FDM Signals' Envelope’

> <
— Vin

a :Time-mean value of SCM
signal's envelope

(1)

Figure 3.3: Envelope Conversion Characteristic of the ROC Scheme.

Input Envelope
(SCM Signals' Envelope)

Figure 3.3 illustrates the envelope conversion characteristic of ROC. Each amplitude of

the subcarrier signal A; 1s assumed to be equal to A, and a small optical modulation index

(OMI): m = [r V(t)/V,] << 1 is assumed. At the receiver of the ROC/HD system, received
optical signals are optically heterodyne-detected with the LO light. The LO light can be

expressed as

8.(1) = 2P, explj27(f, — fr)t+ ¢,(2)}] (3.11)
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where P, and ¢, (t) are the LO power and the phase noise of the LO light, respectively.

Expanding the sinusoidal envelope conversion characteristic by the Taylor expansion with

center o (time-mean value of SCM signals’ envelope, shown in Fig. 3.3), after the optical

heterodyne detection, the signal currents in the IF band are given by

e () = i (0)+ i5(D) + s (1) + iy () (3.12)

i, (1) = 2r\[ BB, {b, + b,Nm®}exp[ j{27f;t — §, + AG(1)] (3.13)

ig(t) = 2r [ PyP,m{a, + a,(2N - ym*}

N . (3.14)
Y expli27(fr + frr + kAP +6,() — 9, + AP(2)}]
k=1

and the 3rd order and 2nd order intermodulation currents can be written as

~1 N

N N
ings(2) = 2r\[P P a;m’ Z Z[exp[j{Zrc( fr+ fop +G—h+ DA
h=1 i=h+l I=1
(Condition)

+(6,(0)-6,(D+6,(1)— 9, + Ad(D)} ]+ explj27(fir + fir (3.15)
+ (=i +h+ DA +(=6,(2) +6,(1) + 6,(t)) — ¢, + Ag() }1]

N-1 N
ing, (8) = 2r[BBaym® Y. [expli2a(fir + frr +(i + DA

h=1 i=h+l
(Condition)

+(6,() -6, — 9, + Ap()}]+ explj 27 (fir + frr
+ =i+ WAL+ (=0,()+06,(1))— ¢, + Ad()}]] (3.16)

l#h [>
condition :

where Pr , r and A¢(t) are the received optical power including the modulated optical signals
and the non-modulated optical carrier signal, the photodetecter responsivity and ¢z()-¢.(t) ,

respectively. a;and b, are given by
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“1(z Y. o n
= -_—l i o - k b k= ,1,2’ M
a, Z (kb)!(VﬂaJ sm(V?r + 2( + b)) k=0 3) 3.17
T kcos(i’—+-’5(k+b)) (k=0,1,2,3) (3.18)
=1CINA V. 2 T '

Figure 3.4 illustrates the power spectrum density in the IF band. It can be seen that the
second order intermodulation distortion (IM2) falls in the signal band as well as the third
order intermodulation distortion (IM3). This phenomenon, which is different from that in
other conventional schemes, is due to the fact that the nonlinear modulation characteristics
in the ROC scheme varies with an envelope of the RF SCM signal, as shown in Eq. (3.9) and |
(3.10), whereas it varies with an instantaneous value of the RF SCM signal in other
schemes. Consequently, IM2 and IM3 in the ROC scheme (as shown in Eq. (3.16).and Eq.
(3.15), respectively) are different from those in other schemes. The carrier power per

subcarrier channel can be expressed as

P,, =2r’P,P,{am+ a,(2N - )m’} (3.19)

Pilot

Pilot-IM2

fir Jir Hrr

IM3 White Noise

Figure 3.4: Power Spectrum Density in the IF Band in the ROC/HD System.

Considering at the central channel of the SCM channels where the largest IM3 occurs, the
IM3 power, 0%y , is given by

o2 =21’ P.P,D,a,’m° (3.20)
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where Dj; is the number of IM3 dropping in the central channel, which can be written as

%(N—l)(3N—5) N:odd

D, = . (3.21)
Z(N_ D(3N-2) N :even

Figure 3.5 shows the relationship between the power of one IM2, Pp,, the power of one
IM3, Ppys , which drop in the signal band and the optical modulation index, m, in the case
that the radio channel number N is 3 or 100. It is found from the figure that as the optical
modulation index increases, both Py, and Pp,; increase. Also, as number of radio channels
becomes larger, Ppy, increases, while Ppy; is almost unchanged. It can be concluded that
IM3 dominates over IM2, because the ROC is used at small m and the number of IM3
dropping in the signal band is much larger than that of IM2.

0
2
B sof
oy
=
]
A i
o100
=
—
Ay
150
1073 102 1071

Optical Modulation Index : m

Figure 3.5: Power of IM2 and IM3 in the ROC/HD System.

The noises considered here are the signal and LO shot noises, the receiver thermal noise,

and the relative intensity noise (RIN) of which powers are given respectively by

6’ =2er(P, + P,)B (3.22)

kT
= 8—B (3.23)
RL
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0% =RINP,P,B (3.24)

where e, k, T, R, , B, and RIN are the, electron charge, Boltzmann constant, noise
temperature, load resistance, signal bandwidth, and relative intensity noise, respectively.

Hence, the total noise power, ¢%,, can be expressed as
0% =6%n + 02+ 0% (3.25)

Therefore, the received CDNR of the ROC/HD system is given by

2r’B.P{a,m+ a,(2N - )m’}?

CDNR =
2r’*P,P,D,a’m® +c,”

(3.26)

v3.3.2 ROC/Self-Heterodyne Detection System

In the ROC/SHD system, after direct detection by the photodiode, the output currents are
composed of the product of the signal and the pilot carrier, igp(t), the product of the pilot
carrier and the signal IM3, ip, p(t), the product of the signal and the pilot IM2, i s(t), and

the noise, n(t), which can be written as

N
is_p(t) = 2rPymia, + a,(2N = D)m*}{b, + b,Nm*} Y explj{27( i + KAt + W (£)}] (3.27)

k=1

N

N-1 N
ingsp(t) = 2rPea,m* (b, + b,Nm*}Y>, Y Y [explj{2m(fer + (i — h+ DAF)E
h=1 i=h+1 I=1 .
(Condition)

+(8,() = 6,(1) + 6,1+ explj{2A(fop + (—i + R+ DAF)E + (3.28)
(=6, +6,(1) + 6,

N-1 N N
ingas () = 2rPbym*{a, + a, 2N = Dm’}Y, Y. Y [expli2a(fyr + (= h+ DAt
h=1 i=h+1 I=1
(Condition)

+(0,(1) — 6,(1) + 6,(t)) } ]+ explj{27(frp + (=i + A+ DAf)t + , (3.29)
(=6,(1)+ 6, +6,N}
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Figure 3.6 illustrates the power spectrum density of ROC/SHD system in RF band. The

carrier power per subcarrier channel can be expressed as

Pyp =2r'PHam+ a,(2N - )m’}* - {b, + b,Nm*}’ (3.30)

White Noise

Figure 3.6: Power Spectrum Density in the RF Band in the ROC/SHD System.

Using the same assumptions as the analysis for ROC/HD system, the power of ipgp(t),

0 ms.p, and the power of ipgpmo(t), Fmes , are respectively given by

o’ ms-p = 2r* B’ D,a*m® (b, + b,Nm*}* (3.31)

6% mr-s = 27 P2 DL, *m* {a, + a, (2N — 1ym?}? (3.32)

where D', is the number of the pilot IM2 dropping in the central channel, which can be
written as
—l-(N—l)(3N— 1) N :odd
4 (3.33)

ZIIN(?)N_ 4) N :even

In ROC/SHD system, the signal shot noise, the receiver thermal noise, and the RIN are

given by

0" =2erP,B (3.34)



3.8 THEORETICAL ANALYSIS OF CARRIER-TO-DISTORTION-PLUS-NOISE RATIO 31

o AKT
0 = X B (3.35)
0"%in=RINr*P}B (3.36)

Hence, the total noise power, 6,, and the received CDNR of the ROC/SHD system can be

expressed respectively as

O-,Zn = O-Izsh + O-,zth + 0-’2rin (3.37)

CDNR = 2r’P{a, m+a,2N - )m®}? - {b, + b,Nm*}*

(3.38)
O’ ms-p + G m2-s + O
0
=)
=
— .50
@
N
=
[
&
A, -100
2]
=
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-150 2
107 102 10"

Optical Modulation Index : m
Figure 3.7: Power of IM3-P and IM2-S in the ROC/SHD System.

In the ROC/SHD system, the pilot IM2 dominates the received CDNR performance as
much as the IM3. The considerable intermodulation distortions arising at the photodetector
output, are the product of IM3 and the pilot carrier (IM3-P), and the product of the signal
and the pilot IM2 (IM2-S). Figure 3.7 shows the power of IM2-S, P, and the power of
IMS-P, Pyp, as a function of the optical modulation index, m, in the case that the number
of radio channels is 3 or 100. As the optical modulation index increases or as the number of
radio channels increases, both Py and Ppgp increase. Furthermore, the Py is almost

the same as Py p.
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3.3.3 Dual Mach-Zehnder/Heterodyne Detection System

The N-channel RF SCM signal received at the RBS can be expressed as Eq.(3.1). In the

DMZ/HD system, after optical heterodyne detection, the output current can be written as

) =1 fég’*—[j XBLi2A it + v O] ] XDt = v (D))

™ . (3.39)
+ explil2mfyt— Viv'(t)-}] —expli2nf,t + Vlv'(z)}]] +n(t)
where the radio signal v'(t) is
N
V()= D A, SIn{27(frp + kAPt +6,(2)} (3.40)

k=1
Here, we assume that the modulation indices of all four phase modulators are small and

equal to y. Expanding the output current by the 1st kind of Bessel function and ignoring

higher order other than -1,0 and 1, the IF current can be expressed as
N N
o= Dis O+ D (@) +n(t) (3.41)
k=1 k=1

where isk—-DMZ @) andi,mk_wZ (t) are the regenerated radio signal and the IM3 current, given

respectively by
iSk-DMz (£) =21 BB [T, (N [J,(¥)]expl j{27( fir + for T RAf)E+0,(2) + %}] (3.42)

ings, ()= 2r BB L, (DI LI (DK, expliRTL fp + (foe + BAF)
(3.43)
+ (for +IA) = (o + IAF)}2 + (0,() +6,() — 0,()) + %n

where Kj; is the number of the IM3 dropping in the central channel, given by
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N :odd
(3.44)

N :even

Figure 3.8 illustrates the power spectrum density of the DMZ/HD system in the IF band.

Considering at the central channel of SCM channels, the carrier power per subcarrier

channel can be written as

P =21 BB LT, (NP 21T

(3.45)

3rd Harmonics , IM3 White Noise Signal |

e el fofe | fi

Figure 3.8: Power Spectrum Density in the IF Band in the DMZ/HD System.

The power of the IM3 and the noise power are given by

6 ms-ouz = 2r* PP LT (PP [T (T L (DF K, (3.46)
2 2 8k, T
G n-omz ={RINT°P P, +2er(P, + F) + R }B (8.47)
L
Therefore, the received CDNR of the DMZ/HD system can be expressed as ‘
Povz |
CDNR = (3.48)

2 2
O “mM3-pMzZ + O n-DMZ
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3.3.4 Cascaded Phase Modulation/Heterodyne Detection
System

In the CPM/HD system, after optical heterodyne detection, the output current is given by

iepy®)=r

[eXP[J{27Tf1Ft+ f v(®)}] - j explj{2rfiet — J_V v()}] 019

+  jexplj27fypt + —=— «/§V v(O)}] - explj{27ft - x/EV,, ==V (O}1+n()

n

where v(t) and v'(t) are the same as those of DMZ/HD system. Here, we assume that the

modulation indices of the cascaded two phase modulators are small and equal to B. The

current in the IF band may be written as
z,F_CPM(t) 2 i @)+ 2 ings, )+ n() (3.50)

where ls (t) andi ings, (t)are the subcarrier signal and the IM3 current, respectively, and

given by

i, o (0= 2 2B B LT (B L (BXPL 2 fp + fye + kAP + 6,00+ 7)) 35D)

fngs, () =272, B[, (BT 14, (BT (B)IK, explj27{ i + (for + hAS)
(3.52)
+(for +IAF) = (for + 1A} +(6,(1) +6,(1) - 6,(2)) +5]]

Hence, the power spectrum density in the IF band is the same as that of the DMZ/HD
system (Figure 3.9). At the central channel of the SCM channels, the carrier power per

subcarrier channel can be expressed as
Popy =4 BRI, (BT [1(B)T (3.53)

and the power of the IM3 may be written as
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0 ms-com = Ar* B, R [, (B LB [ (B K, (3.54)

Since the noises in this system are the same as those of SCM/DMZ/HD system (Eq. (3.47)),
the received CDNR of the CPM/HD system is given by

P
CDNR,,,, = CPM (3.55)

2 2
O " mM3-cpM + O n—-crm

3.4 Numerical Results and Discussions

In this section, we show some numerical results of CDNR of the ROC and conventional
systems and also discuss. Table 1 shows the parameters used in calculations. Here, we
choose the optimum optical modulation index for the ROC systems, the optimum optical

phase modulation indices for DMZ and CPM systems to maximize the CDNR.

Table1 Parameters used in calculations

Local Light Power: Py 10 dBm

Relative Intensity Noise: RIN -152 dB/Hz

Photodiode: r 0.8 A/W
Load Resistance: Ry, 50 Q
Noise Temperature: T 300K

3.4.1 Carrier-to-Distortion-plus-Noise Ratio

In this study, it is assumed that the optical powers of the modulator output and the
propagation losses are identical in all systems. Therefox;e, the received optical powers are
the same for all systems.

Figure 3.9 shows the relationship between the received CDNR and the received optical
power of the ROC/HD, DMZ/HD and CPM/HD systems in the case of the number of
channels N of 20 and the radio signal bandwidth per channel of 150 MHz. The CDNR
performance of the ROC/SHD system and the IM/DD system are also shown. For the IM/DD
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system, the 3rd order laser diode nonlinear coefficient, c;, is assumed to be 0.01. In the case
of very small received optical power, the CDNR of ROC system is inferior compared with
DMZ and CPM system, because the optical modulation index, m, of the ROC system is
limited to n/2, therefore the carrier power is limited. On the other hand, for the received
power of more than about -45 dBm, the ROC/HD system presents the highest CDNR
performance among three HD systems. This is because the ROC scheme can allocate the
optical power solely to the RF SCM signal component, that is the first order component,
whereas in both DMZ and CPM schemes, some optical power is used in the third order and
higher order harmonics. It is also seen from Eq. (3.26), (3.48) and (3.55) that ROC can
improve CDNR of DMZ and CPM by about 5 dB and 2.5 dB, respectively. After heterodyne

50
B =150 MHz
N=20
40
o 30F
&
Z
a 2r
&}
10 ROC/SHD
IM/DD
0 1
-50 -40 -30 -20 -10 0

The Received Optical Power: Pg [dBm]

Figure 3.9 Relationship between the Received CDNR and the Received Optical Power.

detection, the carrier power per subcarrier channel in CPM system (Eq. (3.55)) is larger
than that in DMZ system (Eq. (3.48)) because the powers used in 3rd order and higher
order harmonics in DMZ system are larger than those in CPM system. Comparing
ROC/SHD system with IM/DD system (see Appendix A), the ROC/SHD system can improve
the CDNR of IM/DD system by about 5 dB for the received optical power of less than -10
dBm. This is due to the fact that the received RF power of the ROC/SHD system is larger
than that of the IM/DD system, and in this region, the power of the intermodulation
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distortion which depends on the received optical power is small. Consequently, the effect of
the intermodulation distortion which is larger in the ROC/SHD system than in the IM/DD
system (as shown in Fig. 3.11) diminishes. '

Figures 3.10 shows the CDNR versus the number of channels N for the ROC/HD,
DMZ/HD and CPM/HD systems in the case of the RF signal bandwidth per channel of 150
MHz and the received optical power Py of -10dBm. For cdmparison, the CDNR of the
conventional AM/HD system [55],[56] is also shown. For ROC, DMZ and CPM systems,
CDNR decreases due to increasing IM3 distortion power as N increases. On the other hand,
in the case of the number of channels of more than 20, IM2 distortion power deteriorates
CDNR of AM/HD system severely, because the frequency arrangement in SCM channels

turns into multi-octave in this region of number of channels. However, since the ROC, DMZ

50
ROC/HD
)
=
&,
Z
=)
@
B = 150 MHz
Pg =-10dBm
20 ' —
3 10 100

The Number of Channels: N

Figure 3.10: Relationship between the Received CDNR and the Number of Channels of the
RF SCM Signal.

and CPM systems do not generate any 2nd order harmonics and intermodulation
components (IM2), CDNR moderately decreases according to number of channels. Hence,
for SCM coherent radio-over-fiber system, ROC system and the SSB using DMZ or CPM
system can provide a larger transmission capacity than the conventional SCM AM or IM
system. If we assume that the transmission optical powers of the laser diode are identical

for all of the three systems, we may expect that ROC system would have an even better
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improvement in the CDNR over DMZ and CPM systems, because there is no coupling loss in

ROC system.

3.4.2 Spurious-Free Dynamic Range

In this subsection, we discuss the spurious-free dynamic range characteristics of the ROC
systems and conventional systems. The dynamic range ‘is one of the important measures of
analog link performance, defined as the ratio of the largest signal the system can transport
to the smallest. Due to system nonlinearities, spurious intermodulation products are
created that can mask or mimic real signals. Therefore, the spurious-free dynamic range
(SFDR) is often used as a measure of system performance. The SFDR is the dynamic range
where the maximum signal level is limited by the intermodulation products. In other
words, it is defined as the range of RF input powers for which the RF input signal can be

clearly distinguished from noise and nonlinearities at the link output.

ROC/SHD
---- IM/DD
-40
SFDR = 35.3 dB Received Pyp 1
-60

Received Pgg, Pyyp [dBm]

-100 - : Noise
] .77 | as0MHz)
| = ]
e A | ,t'/ 1 Noise
< e | (1 MHz)
-7 PIMD
-140
0.01 0.1

Optical Modulation Index

Figure 3.11: SFDR of the ROC/SHD and IM/DD Systems.
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Figures 3.11 shows the received RF power and intermodulation distortion power versus
the normalized OMI for the ROC/SHD and IM/DD systems in the case of the received
optical power Py of -5 dBm and the number of channels N of 20. The SFDR of each system
can be determined as shown in the figure. The SFDRs of the ROC/SHD system are 35.3 dB
and 50.1 dB in the case of signal bandwidth of 150 MHz and 1 MHz, respectively. The
SFDRs of the ROC/SHD system are approximately the same as those of the IM/DD system.
This is because, although the received RF power of the ROC/SHD system is larger than that
of the IM/DD system, but the intermodulation distortion power of the ROC/SHD system is
larger than that of IM/DD system due to the effect of the pilot IM2.

Recently, the required dynamic range for PCS is being greatly reduced by using CDMA,
which is robust against noise and distortion [57]. Furthermore, the fluctuation in received
radio signals at the antenna port is very small because of the tight power control of mobile
terminals. As a result, the required dynamic range may be considered to be approximately
40 dB. The systems with lower SFDR can be applied to outdoor radio-on-fiber systems with
no obstruction or indoor radio-on-fiber systems such as a wireless local area network
(wireless LAN) system.

Figures 3.12 shows the received RF power and IM3 power versus the normalized OMI for
ROC/HD, CPM/HD and DMZ/HD systems in the case of the received optical power P; of -5
dBm and the number of channels N of 20. The SFDRs of the ROC/HD system are 42.1 dB
and 56.8 dB in the case of signal bandwidth of 150 MHz and 1 MHz, respectively. These
SFDRs are approximately 2 dB and 4 dB improved over CPM/HD and DMZ/HD systems,

respectively.
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Figure 3.12: SFDR of the ROC/HD, CPM/HD, and DMZ/HD Systems.
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3.5 Concluding Remarks

This chapter proposed the ROC/HD and ROC/SHD systems for SCM coherent radio-on-fiber
systems and theoretically analyzed the received CDNR taking into account the effect of
intermodulation distortion. The received CDNR performance and SFDR performance of the
ROC/HD and ROC/SHD systems were discussed and compared with the conventional
DMZ/HD, CPM/HD and IM/DD systems. Following results were found:

1. The received CDNR of the ROC/HD system is approximately 5 dB and 2.5 dB better
than those of the DMZ/HD and CPM/HD systems, respectively, for every nurﬁber of
channels. This is because the ROC scheme can allocate the optical power to the 1st
order component solely, while in both of the DMZ and CPM schemes, some optical

power is used in the 3rd order and higher order harmonics.

2. In the case of multi-octave RF SCM signal, the ROC, DMZ and CPM systems are not
affected by the 2nd order intermodulation distortion, and can remarkably improve the

received CDNR over the conventional AM/HD and IM/DD systems.

3. The ROC/SHD system can improve the received CDNR performance over the IM/DD
system by about 5 dB for the received optical power of less than -10 dBm. This is
because the received RF power of the ROC/SHD system is larger than that of the
IM/DD system, and in this region, the power of the intermodulation distortion which
depends on the received optical power is small, consequently, the effect of the

. intermodulation distortion which is larger in the ROC/SHD system than in the IM/DD

system diminishes.

4. The SFDRs the ROC/HD system are 42.1 dB and 56.8 dB in the case of the received
optical power of -5 dBm and the number of channels of 20, for the signal bandwidth of
150 MHz and 1 MHz, respectively. These SFDRs are approximately 2 dB and 4 dB
improved over those of the CPM/HD and DMZ/HD systems, respectively.

5. The SFDRs the ROC/SHD system are 35.3 dB and 50.1 dB in the case of the received
optical power of -5 dBm and the number of channels of 20, for the signal bandwidth of
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150 MHz and 1 MHz, respectively. The SFDR of the 'ROC/SHD system ' is
apprdximately the same as that of the IM/DD system whose 3rd order laser diode
nonlinear coefficient is 0.01. This is because, although the received RF power of the
ROC/SHD system is larger than that of the IM/DD system, but the intermodulation
distortion power of the ROC/SHD system is larger than that of the IM/DD system due

to the existence of the pilot IM2.



Chapter 4

Cascaded Radio-to-Optic Direct Conversion
Network Systems

4.1 Introduction

In the uplink of radio-on-fiber systems employing star-type link [34],[35] and bus-type link
[36],[37], performance degradation due to beat noise is a severe issue [58]-[60]. Since optical
signals from individual optical transmitters are simultaneously transmitted in the network,
beat noise arises in the optical receiving process if the optical spectra of these signals overlap.
This beat noise seriously degrades the carrier-to-noise ratio (CNR) performance. Therefore,
it is necessary to control the wavelength spacing of laser diodes [59] or to use low-coherency
light sources, such as light emission diodes (LEDs) or superluminescent diodes (SLDs) [58].
Wavelength division multiplexihg (WDM) technique can solve this problem, however, this
technique requires complicated control of wavelengths of the laser.

Another solution to this problem is to employ a cascade-type link. The cascaded IM/DD
scheme and cascaded phase modulation (PM)/HD scheme have been proposed and studied

[38],[39]. However, transmission performance of the conventional cascade-type link systems

RBS #N Cs

Figure 4.1: Cascaded Radio-on-Fiber Network.
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suffers severely from the intermodulation distortion even if only one RF subcarrier is used
per RBS and a linearized optical modulator is employed, since all of the optical carrier and
signals from previous RBSs are modulated together in the RBS.

This chapter proposes novel cascaded radio-on-fiber systems in which no intermodulation
distortion due to cascaded modulators occurs in the uplink. Also, no beat noise caused by the
use of multiple light sources occurs. In order to improve the performance of the proposed
cascaded ROC systems, the optimization of the optical modulation index in each RBS is
proposed. The carrier-to-noise ratio (CNR) performances of the cascaded ROC/HD system
and cascaded ROC/SHD system are theoretically analyzed and compared with that of the
conventional cascaded IM/DD system.

In the cascaded IM/DD system, since the intermodulation distortion due to cascaded
modulators occurs even if only one radio subcarrier is used per RBS and the optical
modulation scheme has an ideal linear characteristic. Therefore, to analyze the fundamental
merit of the proposed system, one radio subcarrier per RBS is assumed in this study.

In the downlink, bus-type link, for example, may be employed in the proposed system.
However, there is no new configuration particularly for the ROC scheme in the downlink of
the proposed system. Also, the downlink tends to have fewer problems than the uplink.
Therefore, this chapter deals mainly with the uplink only.

4.2 Principle of Cascaded Radio-to-Optic Direct Conversion
Network

Figure 4.2 shows the frequency spectruin of the optical signal at each stage in the RBS. In
the proposed cascaded systems, the pilot carrier, g,(%), and signals from the previous stations:
gi(t), ga(t),..., gr1(t), are transmitted to an arbitrary k-th RBS. Then, in order to prevent from
the intermodulation disfortion, the pilot carrier is divided from the signals' (gi(t), gz2(%),...,
gr-1(t)) by a frequency splitter. By the use of only the pilot carrier, the ROC converts the RF
signal at the k-th RBS to an optical signal. Then, all optical components are combined
together again by a frequency combiner. Since only the pilot carrier component is
modulated by the RF signal, therefore no intermodulation distortion occurs.

The frequency splitter and the frequency combiner can be realized by using the
wavelength demultiplexer and the wavelength multiplexer, both of which are used in WDM

systems, respectively. In the proposed cascaded ROC systems, RF subcarriers are considered
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to be in millimeter-wave (mm-wave) frequency band, e.g. 60 GHz, therefore the frequency
splitter and the frequency combiner (for instance, array waveguide gratings (AWGs)) can
split or combine the pilot carrier component and the signal component without substantial

problem [61],[62].
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Figure 4.2: Frequency Spectrum of the Optical Signal at Each Stage in the RBS.
4.3 System Configuration

4.3.1 Cascaded ROC/Heterodyne Detection System

Figure 4.3 shows the configuration of the proposed cascaded ROC systems. At the first RBS,
neither frequency splitter nor frequency combiner is required because there is still no optical
signal component transmitted to this RBS. At the input of the second RBS or any other RBSs
after the second RBS, signals from the previous stations and the pilot carrier are transmitted
through the polarization controller in order to match the state of polarization of the light
with the axis of the ROC. Then, the pilot carrier is divided from the signals by the use of the
frequency splitter. After the ROC converts the RF signal received at the RBS to an optical
signal, all optical components are combined together again by the frequency combiner: The
propagation loss of the optical fiber between two neighboring RBSs and the insertion loss in
the RBS can be compensated by an optical amplifier. Finally, all optical components are
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transmitted to the next RBS.
At the CS, in the case of HD shown in Fig. 4.3 (a), the received light is detected‘by a

balanced mixing photodetector after matching the state of polarization of the received light
with that of the LO light by the polarization controller. The RF signals are regenerated after
passing through the BPFs.

4.3.2 Cascaded ROC/Self-Heterodyne Detection System

Figure 4.3 (b) shows the configuration of the cascaded ROC/SHD system. Although the pilot
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(a) The proposed cascaded ROC/HD scheme
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(b) The proposed cascaded ROC/SHD scheme

Figure 4.3: Configuration of the Proposed Cascaded ROC Systems.
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carrier is used in each RBS in the cascade link, the SHD scheme can be employed if there is
enough power of the pilot carrier received at the CS. As described in subsection 3.2.2, in the
cascaded ROC/SHD system, the LO, the frequency control, the state of polarization control

are not necessary and the receiver structure becomes simple.

4.4 Theoretical Analysis of Received Carrier-to-Noise Ratio

In this study, the received CNR of the cascaded ROC systems are theoretically analyzed

assuming 1 subcarrier per RBS.
4.4.1 Cascaded ROC/Heterodyne Detection System

In the case of heterodyne detection, the LO light is

gL(t) = 2PL ej{ZHfL t+¢, (0} (4. 1)

where P, , fi, and ¢.(t) are the power, frequency, and phase noise of the LO, respectively.

The intermediate frequency (IF) current after the balanced mixing photodetector is

N
bp_pp(£) = iC—HD(t )+ 2 be—p(8) + g (2) (4.2)

k=1

where icup(t), iv.rp(t), N, and nup(t) are the carrier, the signal from the k-th RBS, the number
of RBSs connected in the system, and the noise, respectively. The photocurrents of the
carrier and the signal from the k-th RBS can be expressed by

ie_pp =20\ F. P, -cos[27 fizt + Ad(2)] 4.3)

by_pyp =2€0,|P, P -COS[27(fii + frp + KA )+ AP(2) + 6,(2)] (4.4)

where e, a, Pc, Pk, fir, frr, Af, A¢(t), and x(t) are the electron charge, the electro-optic
constant, the received power of the pilot carrier, the received optical power of the signal from

the k-th RBS, the frequency of the IF signal (fir= fo- f1.), the subcarrier radio frequency, the
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frequency interval between two adjacent RF signals , the phase noise of the optical signal
(Ag(t) = do(t) - ¢r(t)), and the phase of the k-th RF signal, respectively. At the receiver, the
loss of the optical signal component modulated by the RF signal in RBS #k is

Loss, =L, +N-Lg+k-L,+(N-1)-L, (4.5)

L =(N+D-L, (4.6)

where Lf, Ls , Ls, L, and Lg are the total fiber propagation loss of the link, the fiber
propagation loss between two adjacent RBSs, the insertion loss of the polarization controller,
the modulator, and the frequency splitter together with the frequency combiner,‘
respectively. The received optical power of the pilot carrier, Pc, and the received optical

power of the signal from the k-th RBS, P.x, can be expressed as

2
P=FL, -[ﬂcos(n OMIk)] 4.7
k=1
2
k-1
P, =PLoss, -[sin(zc OMIk)-{Hcos(n OMIJ.)}:l (4.8)

where P; is the transmitting optical power and OMIL is the optical modulation index (OMI)
of the k-th RBS defined by

(4.9)

where Ax is the amplitude of the k-th RF signal. Hence, the power of the signal from the
k-th RBS is

Py =26’0F,, P, (4.10)

Considering the relative intensity noise (RIN), the signal and the LO shot noises, and the

receiver thermal noise, the total noise power can be given by
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Crpoat = {RINezazP,PL + 2¢°aP, + 2%aP, + %1}3 (4.11)

L

where P, B, kg, T, R and B are the total received optical power, the bandwidth of an optical
filter, the Boltzmann constant, the noise temperature, the load resistance, and the RF signal
bandwidth, respectively. The four terms on the right-hand side of Eq. (4.11) are the RIN, the
signal shot noise, the LO shot noise, and the receiver thermal noise, respectively. The total

received optical power, P, can be written as

N
P=P+YPF, (4.12)

Therefore, the received CNR of the RF signal from the k-th RBS is

P
CNRyp . = — 2 (4.13)

2
GHD, total

In the case of using optical amplifiers in RBSs to compensate the loss in the link, the loss

between each amplifier can be expressed as

L,=L.LL,L, (4.14)

Si

The gain of the optical amplifier in each RBS is assumed to be identical to all losses between
itself and the previous optical amplifier, thus

G = for the amplifier in the first RBS (4.15)

'S™~m

G= 1 for the amplifiers in other RBSs (4.16)

'sub

In cascade-link systems, the ASE noises accumulate and are amplified at the following
amplifiers. At the receiver input, the accumulated ASE noises can be considered as white

noise throughout the total subcarrier signal band, therefore, the ASE noise has the same
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power density in each RF signal band. Assuming that frequency splitters and frequency
combiners can split and combine frequency spectrum perfectly, the power spectral density of

the amplified spontaneous emission (ASE) received at the receiver is [63],[64]

n, (G, ~ Dhv +(p— D, (G- Dhv

L,

N = (4.17)

where ng, h , v, and p are the ASE coefficient, Planck’s constant, the optical frequency, and
the number of optical amplifiers, respectively. The IF current after the balanced mixing
photodetector can be expressed by Eq. (4.2). The received power of the pilot carrier, Pcog) ,
and the received optical power of the signal from the k-th RBS, P.x©4) , can be expressed as

N 2
Py =PL, -[H cos(m OMI, )] (4.18)
k=1
k—1 2
P, on = PLoss, - I:sin(rr OMIL,)- {H cos(r 0M1)H (4.19)
j=1

The power of the signal from the k-th RBS is given by Eq. (4.10). Considering the RIN, ASE
noise, the signal and the LO shot noises, and the receiver thermal noise, the total noise

power can be given by

Crpaoacony = (RINEO’RP, + 2¢°0P, + 2¢°aP,
8k,T
L
+ 4¢’®PN,,, + 4’a’Nig B} B

+ 2¢°0N, B, + + 4’a’P,N (4.20)

where B, is the ASE bandwidth limited by an optical filter. The eight terms on the right-hand
side of Eq. (4.20) are the RIN, the signal shot noise, the LO shot noise, the ASE shot noise,
the receiver thermal noise, the LO-spontaneous emission beat noise, the signal-
spontaneous emission beat noise, and the spontaneous-spontaneous emission beat noise,
respectively. The total received optical power, P., is given by Eq. (4.12). Therefore the
received CNR of the RF signal from the k-th RBS is
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P,
CNRyp ony = oD (4.21)

2
O.HD, total(OA)

4.4.2 Cascaded ROC/Self-Heterodyne Detection System

In the case of the cascaded ROC/SHD system, the output current after the photodiode is

N
i () =D i spp(8) + g (£) (4.22)

k=1

where i.sup(t) and nsup(t) are the signal from the k-th RBS and the noise, respectively. The
signal from the k-th RBS, ir.sup(t), can be expressed by

L_sup = 2€0| P, P - COS[27(fr + kAf )t +6,()] (4.23)

Hence, the power of the signal from the k-th RBS is

Py, =2¢a’B, P, (4.24)

where P and P are given by Eq. (4.7) and (4.8), respectively. The total noise power can be

written as

L

O st = {RIN e’o’P* + 2°0P, + -4;BT}B (4.25)

where P:is given.by Eq. (4.12). Therefore, the received CNR of the RF signal from the k-th
RBSis

P,
CNRyp, . = L
’ GgHD,total (4.26)

In the case of using optical amplifiers in RBSs to compensate the loss in the link, the
power of the signal from the k-th RBS is given by
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Foyp riony = 2eza21:;,k(o/;) P, oy (4.27)

where Pcog and Prxos are given by Eq. (4.18) and (4.19), respectively. The total noise power

can be written as

2 _ 2. .2p2 2 2
O sup,torai(0n)y = {RINe“cx P, + 2e°0P. + 2e OdVASEBo

4.28
+ AT 4¢*0*P.N,; + 4’a’N’,B)} B (4.28)
L
Consequently, the received CNR of the RF signal from the k-th RBS is
Psup icon)
CNRsyp o === —— (4.29)

2}
O SHD. 101al(0A)

4.5 Numerical Results and Discussions

Table 1 shows the parameters used in calculations. In the calculation, the distance between
two adjacent RBSs is assumed to be 100 m, therefore the fiber propagation loss, L., between
two adjacent RBSs is assumed to be 0.02 dB. Linearized external intensity modulators are
assumed to be employed in the conventional cascaded IM/DD system.

Table 2 Parameters used in calculations

Local Light Power: P 10 dBm
Relative Intensity Noise: RIN -152 dB/Hz
Photodiode: r 0.8 A/W
Load Resistance: R, 50Q
Noise Temperature: T ‘ 300 K
Spontaneous Emission Factor: ng, 1.0
ASE Bandwidth: B, 1 THz
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Figure 4.4 shows the relationship between the received CNR for ROC systems or the
received CDNR for the IM/DD system and the order of RBS, k, in the case of using identical
OMI in every RBS and using the optical amplifier in each RBS. The number of the RBSs
connected in the system, N, is assumed to be 10. In the proposed ROC systems, when all of
the OMIs are set to be equal to each other, the CNR of the signal from the RBS nearest to a
CS is smaller than those from other RBSs. This is because the optical carrier left to this RBS
has the smallest power due to its use for modulation in previous RBSs. In the case of setting
an equal value to every OMI, therefore, we set the OMI to be the one which maximizes the
CNR of the RBS nearest to the CS. If the OMI is too small, although the optical carrier left to
the nearest RBS is still large, but the CNR of this RBS is small due to the small value of OMI.
If the OMI is too large, the optical carrier left to this RBS is small, thus the CNR of this RBS
becomes small. The OMI of 0.036 in the ROC/HD system and 0.015 in the ROC/SHD system
are obtained by using the method above. In the rest of this chapter, we will refer to the CNR
of the RBS nearest to the CS when we discuss cascaded ROC systems in the case of using
identical OMI in every RBS.

a 60 — — ' :
; N=10
2 55t ROC/HD P,=10dBm T
:g‘ B = 150 MHz
B 50 Ly=-3dB
= L, =-3dB
-7
g 45 T / Ld =-4dB
& ROC/SHD .
g 407 IM/DD
Q
2 }
= 35 1
St
8 30}
2
g 25 —— s : ; ; " .
1 2 3 4 5 6 71 8 9 10
The Order of RBSs: k

Figure 4.4: Relationship between the Received CNR and the Order of RBSs in the Case of
Using Identical OMI in Every RBS.
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In the cascaded IM/DD system, the CDNR of the signal frdm the middle RBS in the link is
the smallest because the cascaded connection generates the maximum value of
intermodulation distortion in the middle subcarrier frequency band (see Appendix B). In this
calculation, the OMI of 0.041 is the one which maximizes the CDNR of the middle RBS. If the
OMI is higher than this value, the CDNR is degraded by the intermodulation distortion.

It can be seen that the received CNR of the ROC/SHD system is approximately 2 dB less
than that of the ROC/HD system. This is due to the fact that, in the ROC/SHD system, the
received power of the pilot carrier which is utilized as the local oscillator, is decreased but not

much because the OMI of each RBS is very small.

p : The total number of optical amplifiers

P,= 10dBm
L= -3dB
L, =-3dB
Ly= -4dB
B = 150 MHz

CNR [dB]

1 10 20 30 40

The Number of RBSs: N

Figure 4.5: Relationship between the Received CNR and the Number of Connected RBSs in
the Case of the Cascaded ROC/HD System.

Figure 4.5 shows the relationship between the received CNR and the number of connect
RBSs with the number of optical amplifiers, p, as a parameter, in the case of using identical
OMI in every RBS. The graphs of the systems which use the optical amplifier in every two
RBSs and three RBSs are also shown. Since the insertion losses of the polarization
controllers, frequency splitters, and frequency combiners are included in the cascaded ROC
systems, the CNR performance in the case of not using optical amplifiers is poor. These losses

can be compensated by employing optical amplifiers. As the total number of optical amplifiers
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mcreases, the received CNR increases, although the gain of optical amplifiers in each case is
adjusted so that the total gain in the link in each case is the same as each other. This is
because as the total number of optical amplifiers decreases, the total amplified spontaneous -

emission noise in the link increases, therefore the received CNR decreases.
4.6 Optimization of Optical Modulation Indices

If we set the OMI of each of the RBSs so that the OMI of the RBS fafther from the CS is
smaller than those of the RBSs nearer to the CS, the received CNR of the signal from the
RBS far from the CS will decrease, and that of the signal from the RBS near to the CS will
increase. Therefore we can optimize the received CNR performance in the sense that we set
each OMI differently so that the received CNR of the RBS nearest to the CS increase and
equals that of the RBS farthest from the CS. Hence, to determine each OMI, we get

CNR,=CMNR,,, (k=12,.,N-1) (4.30)

From the relation above, in the case of both ROC/HD and ROC/SHD systems, it can be

expressed as

(sin # OMI,)* = L, (sin w OMI,,,)’ (cos OML, )’ (4.31)

Thus, the optimum OMI of the k-th RBS is

OMI, = ;lr—arctan(m -sin T OMI, ) (4.32)

To determine the optimum OMIs, we start from setting the OMI of the N-th RBS which is
nearest to the CS, and then use Eq. (4.32) to determine the OMIs of the (IN-1)-th, (N-2)-th,...,
and the 1st RBS, respectively. In the ROC/HD system, the OMI of the N-th RBS is firstly set
to 0.5, i.e. using up fhe whole optical pilot carrier to achieve the maximum received CNR. In
the ROC/SHD system, however, the received CNR also depends on the received power of the
optical pilot carrier as shown in Eq. (4.24). Therefore, the OMI of the N-th RBS should be set
- to a certain value to remain the appropriate power in the optical pilot carrier for self-

heterodyne detection. In this calculation, the signal-ASE beat noise is dominant, and the OMI
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of the N-th RBS in the ROC/SHD system which maximizes the received CNR is found to be
0.11. Figure 4.6 shows the relationship between the optimized OMI and the order of RBS in
the case of ROC modulator insertion loss of 3 dB. It can be seen that the farther the RBS is
located from the CS, the smaller the OMI of that RBS becomes, so that there is still enough
power of the optical carrier left to the RBS nearer to the CS. It can also be seen that if a new
RBS is added to the RBS farthest from the CS, we just have to set the optimum OMI of the
new RBS without any change in other OMIs.

P,= 10dBm

0.5
ROC/HD L = -3dB
L,=-3dB
2 g b ROC/SHD
s } Ly= -4dB
o B = 150 MHz
o]
(]
N
£ I
2 0.01
o
0001 b o o 0
N (N-1) (N-5) (N-9) (N-10)

The Order of RBSs: k

Figure 4.6: Relationship between the Optimized OMI and the Order of RBSs.

4.7 Evaluation of Received CNR Performance Improvement

Figure 4.7 shows the relationship between the received CNR for ROC systems or the
received CDNR for IM/DD systems and the number of RBSs with the RF signal bandwidth as
a parameter, in the case of using the optical amplifier in each RBS. Here, the OMIs of the
ROC systems are optimized using the proposed OMI optimization method. As a result, the
received CNR of the RBS nearest to the CS in the case of using optimized OMIs shows a
significant improvement over that in the case of using identical OMIs. The ROC systems
using optimized OMIs also provide improvement in the received CNR over the CDNR of the
IM/DD system, this is because the intermodulation distortion due to cascaded connection
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occurs in the IM/DD system when the number of RBSs is more than two, deteriorating the
received CDNR severely. In the case of RF signal bandwidth, B, of 150 MHz and N = 20, the
ROC/HD and the ROC/SHD systems provide approximately 16 dB and 14 dB improvement
over the IM/DD system, respectively. The difference between the received CNR of the
ROC/HD system and the ROC/SHD system is approximately 2 dB which is the larger than
that in the case of using identical OMI for every RBS. This is due to the fact that the entire
pilot carrier cannot be used up to achieve the maximum received CNR performance for the
ROC/HD system in the case of using identical OMI. In the case of B= 50 MHz and N = 20, the
ROC/HD and the ROC/SHD systems provide approximately 18 dB and 16 dB improvement
over the IM/DD system, respectively. The improvement is better than that in the case of B =
150 MHz. This is because, as B decreases, the received CDNRs of the IM/DD system do not

become as much higher as those in the ROC systems, due to the intermodulation distortion.
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Figure 4.7: Relationship between the Received CNR and the Number of Connected RBSs.

In the case of adding a new RBS to the RBS farthest from the CS, the optimized OMI for
the new RBS has already been derived by the proposed method, and no OMI re-optimization
of the rest of the RBSs is required. On the other hand, in the case of adding a new RBS
between any two RBSs, how to determine the OMI for the new RBS is to use the average



58 CHAPTER 4 CASCADED ROC NETWORK SYSTEMS

~ value of the OMISs of its neighbor RBSs. This value can be considered as a sub-optimum OMIL.

Figure 4.8 shows the relationship between the received CNR degradation and the order of
RBS in the case of adding new RBSs in the ROC/HD system, and using the sub-optimum
OMIs instead of re-optimization. One, two or four RBSs are added in a 10-RBS system
behind the RBS number shown in the horizontal axis. Here, the CNR degradation denotes
the degradation from the CNR obtained in the case of re-optimizing the OMIs. It can be seen
from this figure that the CNR degradation occurs when sub-optimum values of OMIs are
used. In the ROC/SHD system, the CNR degradation occurs in a very similar pattern as that
in the ROC/HD system. We can compensate this degradation by two methods. One method is
to prepare a margin in the transmitting optical power level. That is, the transmitting optical
power is set below its maximum power in the beginning, and will be increased when new
RBSs are added. The other one is re-optimization of all of the OMIs. The former method
may be applied first, and when the transmitting optical power reaches its maximum

available level, the re-optimization is performed.

10

P,= 10 dBm
Add 4 RBSs Ly= -3dB

L,=-3dB
Ld= -4dB
B = 150 MHz

Add 2 RBSs

Add 1 RBS

CNR Degradation [dB]

The Order of RBSs: k

Figure 4.8: Relationship between the Received CNR Degradation and the Order of RBSs in
the Case of Adding New RBSs in ROC/HD System and Using the Sub-optimum OMIs Instead
of Re-optimization (One, two, or four RBSs are added in a 10-RBS system behind the RBS

number shown in the horizontal axis).
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In addition, the selection of the compensation method depends on the location of the
added RBS. As shown in Fig. 4.8, without re-optimization, fewer RBSs can be added to the
RBSs located near the CS because the OMIs of these RBSs are relatively high, therefore
assigning an average value of OMI of two neighbor RBSs to the new OMI without re-
optimization deteriorates the CNR more severely in this region. Re-optimization should be
more appropriate in this case.

Figure 4.9 shows the relationship between the maximum connected number of RBSs and
the insertion loss of the optical modulator in the case of using optical amplifier in each RBS.
Since the IM/DD system has only the loss of the modulator, therefore, to compare the
proposed system with the IM/DD system fairly, only the loss of the modulator is expressed on
the horizontal axis. In this calculation, it is assumed that the required CNR (CDNR for IM/DD
systems) is 32 dB including the margin of 20 dB. This required CNR corresponds with the
value to obtain the required bit error probability of 106 for a quarternary phase shift keying

120 v T - T T
required CNR (or CDNR for IM/DD) = 32 dB
P,=10dB
Lg+Ly=-7dB t m
B =150 MHz
90 | T
ROC/HD (Optimized OMI)
60 ROC/SHD (Optimized OMI)

30f

Maximum Connected Number of RBSs

IM/DD e
2 4 6 8 10 12 14

Insertion Loss of the modulator: L, [dB]

Figure 4.9: Relationship between the Maximum Connected Number of RBSs and the
Insertion Loss of the Modulator.
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(QPSK) signal. We can see that, the ROC/HD and ROC/SHD systems using optimized OMIs
can accommodate much more RBSs than the IM/DD system even in the relatively high
insertion loss of the modulator region. The ROC/SHD system, for example, can accommodate
at least 2 times as many RBSs as the IM/DD system in the case of total loss of the polarization
controller, frequency splitter and frequency conbiner of 10 dB. The performance of ROC
systems degrades to approximately same level as IM/DD systems when total loss of the
polarization controller, frequency splitter and frequency conbiner is 15 dB.

Regarding the nonlinearity of each modulator, although the effects are not exactly the
same in the proposed systems and the IM/DD system, it is a common factor in both systems.
Thus, in order to analyze the fundamental merit of the proposed system, it is ignored in this
study. Therefore, this chapter does not include the nonlinearity in each modulator, RBS’s
receiver dynamic range, and the spurious characteristics.

When the number of radio subcarriers is more than 1, the intermodulation distortion is
induced by the nonlinearity of the ROC modulator. The investigation of this distortion has
been performed in Chapter 3. In this case, despite of the CDNR degradation, the merit of the
proposed cascade system still remains, because the merit is to eliminate the carrier-to-
distortion-plus-noise-power ratio (CDNR) degradation due to the intermodulation distortion

induced by the cascaded modulators.
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4.8 Concluding Remarks

This chapter proposed a novel cascade-type inter-cell connection link for radio-on-fiber
systems. The received CNR performances of the proposed cascaded systems employing the
ROC/HD and ROC/SHD schemes were theoretically analyzed. The optimization of the optical

modulation index (OMI) in each RBS was also presented. The following results were found:

1. In the case of using identical OMI in every RBS, the received CNR of the RF signal from
the RBS nearest to the CS is the smallest.

2. Degraded received CNR performance in the cascaded ROC systems due to the insertion
loss of the polarization controllers, frequency splitters, and frequency combiners, can be

substantially improved by employing optical amplifiers.

3. The received CNR of the RF signal from the RBS nearest to the CS can be improved
greatly by the proposed OMI optimization method.

By using the proposed optical modulation index optimization method and employing the
optical amplifier in each RBS, the following results were obtained:

4. In the case of the RF signal bandwidth of 150 MHz and the number of RBSs of 20, the
ROC/HD and the ROC/SHD systems were shown to provide approximately 16 dB and 14
dB improvement of the received CNR over the received CDNR of the IM/DD system,
respectively. This is because, in the IM/DD system, the intermodulation distortion due to
cascaded connection of optical modulators occurs and deteriorates the received CDNR
severely. On the other hand, no such intermodulation distortion occurs in the proposed

cascaded ROC systems.
5. In the case of adding a new RBS to the RBS farthest from the CS, we only have to set

the optimum OMI, which can be determined in advance by the proposed OMI
optimization method, to the new RBS. No change in other OMIs is required.

6. The ROC/HD and ROC/SHD systems using optimum OMIs can accommodate much
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more RBSs than the IM/DD system even in the case of relatively high modulator
insertion loss. The ROC/SHD system, for example, can accommodate at least 2 times as
many RBSs as the IM/DD system in the case of total insertion loss of the polarization
controller, frequency splitter and frequency combiner of 10 dB.



Chapter 5

Conclusions

This thesis proposed subcarrier multiplexing radio-to-optic direct conversion systems and
novel cascaded radio-to-optic direct conversion systems for radio-on-fiber networks. The
received CDNR performance of the ROC/HD system and ROC/SHD system for SCM radio-
on-fiber systems were theoretically analyzed taking into account their intermodulation
distortion caused by nonlinear modulation characteristics. The received CDNR performance
and the SFDR performance of both of the ROC systems were discussed and compared with
those of the conventional DMZ/HD, CPM/HD and IM/DD systems. The novel cascaded ROC
systems were proposed in order to eliminate the intermodulation distortion, which arises in
the systems that employ the conventional cascade-type link. The received CNR
performances of the proposed cascaded ROC/HD system and cascaded ROC/SHD system
were theoretically analyzed, discussed and compared with that of the conventional cascaded
IM/DD system. The optimization of the optical modulation index in each of the RBSs was
presented in order to improve the received CNR performance the proposed systems.
Through the analysis in Chapter 3, which dealt with the SCM ROC systems, the following

results were obtained:

+ The SCM ROC/HD system can improve the received CDNR performance over the
DMZ/HD and CPM/HD systems by approximately 5 dB and 2.5 dB, respectively, for every
number of channels. This is due to the fact that the ROC scheme can allocate the optical
power solely to the first order component, while in both DMZ and CPM schemes, some
optical power is used in the third order and higher order harmonics. In the case of multi-
octave RF SCM signal, the ROC, DMZ and CPM systems are not affected by the second
order intermodulation distortion, and can remarkably improve the CDNR over the

conventional AM/HD and IM/DD systems.
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 The SCM ROC/SHD system can improve the received CDNR performance over the

conventional IM/DD system by approximately 5 dB for the received optical power of less
than -10 dBm. This is because the received RF power of the ROC/SHD system is larger
than that of the IM/DD system, and in this region, the power of the intermodulation
distortion which depends on the received optical power is small, thus, the effect of the
intermodulation distortion which is larger in the ROC/SHD system than in the IM/DD

system diminishes.

+ The SFDRs of the SCM ROC/HD system are 42.1 dB and 56.8 dB in the case of the
received optical power of -5 dBm and the number of channels of 20, for the RF signal
bandwidth of 150 MHz and 1 MHz, respectively. These SFDRs are approximately 2 dB
and 4 dB improved over those of the CPM/HD and DMZ/HD systems, respectively.

» The SFDRs of the SCM ROC/SHD system are 35.3 dB and 50.1 dB in the case of the
received optical power of -5 dBm and the number of channels of 20, for the RF signal
bandwidth of 150 MHz and 1 MHz, respectively. The SFDR of the ROC/SHD system is
approximately the same as that of the IM/DD system whose 3rd order laser diode
nonlinear coefficient is 0.01. This is because, although the received RF power of the
ROC/SHD system is larger than that of the IM/DD system, but the intermodulation
distortion power of the ROC/SHD system is larger than that of IM/DD system due to the
existence of the pilot IM2.

Through the analysis in Chapter 4, which proposed the novel cascaded ROC systems, the

following results were obtained:

* The proposed cascaded ROC systems can eliminate the intermodulation distortion due to
conventional cascade connection. However, the received CNR of the RF signal from the
RBS nearest to the CS is the smallest in the case of using identical OMI in every RBS.
Degraded received CNR performance in the cascaded ROC systems due to the insertion
loss of the polarization controllers, frequency splitters, and frequency combiners, can be
substantially improved by employing optical amplifiers. In addition, the received CNR
of the RF signal from the RBS nearest to the CS can be improved remarkably by the

proposed optical modulation index (OMI) optimization method.
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By using the proposed OMI optimization method and employing the optical amplifier in

each RBS, the following results were obtained:

* The cascaded ROC/HD and cascaded ROC/SHD systems can provide about 16 dB and 14
dB improvement of the received CNR over the received CDNR of the cascaded IM/DD
system, respectively, in the case of the RF signal bandwidth of 150 MHz and the number
of RBSs of 20.

* In the case of adding a new RBS to the RBS farthest from the CS, we only have to set the
optimum OMI, which can be determined in advance by the proposed OMI optimization
method, to the new RBS. No OMI re-optimization of the rest of the RBSs is required.

« The cascaded ROC/HD and cascaded ROC/SHD systems using optimum OMIs can
accommodate much more RBSs than the cascaded IM/DD system even in the case of high
Ihodulator insertion loss. The cascaded ROC/SHD system, for instance, can accommodate
at least two times as many RBSs as the cascaded IM/DD system in the case of the total

loss of the polarization controller, frequency splitter and frequency combiner of 10 dB.

The radio-on-fiber networks will become more and more important key technology for the
infrastructure of future personal mobile communication systems in which the flexibility and
universality to various kinds of multimedia wireless services are significant. The ROC
systems treated in this thesis will become one of the candidates for the systems applied to
such flexible radio access networks. The author wishes that the results of this research

contribute toward the technological development of future radio-on-fiber networks.






Appendix

Appendix A: Received CDNR of the SCM IM/DD
System

In the cascaded IM/DD system employing direct modulation of the laser diode, with the
intensity modulation index, m, and taking into account the relative intensity noise, shot
noise, receiver thermal noise, and intermodulation distortion, the received CDNR can be

expressed as [25]

_1_ rZPRZmZ
CDNR = 2 AT (A.1)
Oy +(RINT’P? +2erPy+——)B
L
vwhere o2 ius3 is the power of IM3, given by
2_1 2503 s 3 s ’
O-IM3 _Er PR (4c3m ) Dz(va) + (2 Gm ) D3(N,k) (A.Z)

where Do(N,k) and D3(N,k) are the number of two-tone IM3 and of three-tone IMS3,
respectively. ¢; (i=2,3,...) are the photodiode nonlinear coefficients. Dz(N,k) and Ds(N,k) are

written respectively as

D,(N,k) = —;—[N— 2—%{1 - (—1)N}(-1)"] (A.3)

D,(N,k) = %(N—k+1)+%{(N— 3)? — 5}—-;-{1— (—1)”}(—1)”"" (A.4)

67



68 APPENDIX

“Appendix B: Received CDNR of the cascaded
IM/DD System

Figure B-1 shows the configuration of the conventional cascaded IM/DD system. The loss

between two adjacent amplifiers is given by

Sui

Lyy-m=LsL, (B.1)
The gain of each optical amplifier is assumed to be identical to the loss between two adjacent

optical amplifiers, thus

Gy = for all amplifiers (B.2)
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Figure B-1: Configuration of the Conventional Cascaded IM/DD System.

Therefore the power spectral density of the ASE received at the receiver is

N _pn,(Gy —Dhv
ASE-IM — L
¥

(B.3)
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In the case of employing linearized optical intensity modulators, the received optical power
at the photodiode is [38]

N
P, =L P]](1+OMIsine,)

k=1
- LfP,{1+0MIZsincokt+(0A2ﬂz )chos(a)kl t0,)r (B.4)
k b=k
: |
+(OZZI )ZZZsin(a)k1 tw, ia)ka)t+...}
ky# ky# k3

The received CDNR of each RF signal is

—;—ezaz (B L,)*oMI’
CDNRy, = *——3——— (B.5)
M3

noise

where 0Znise is the total noise power and o%ms is the power of the IM3, which can be

expressed by

ol = {RINezaz(B Lf)2 + 23205(13 Lf) + 2e2(ZNASE_,MBo

4k B.6
5T + 4e*a*(P LN gy + 4e’a’Nig B} B (B.6)
L

-+

s 2
O.Izm =%e2a2(P, Lf)z(OMI 23(N,k)) B.7

, respectively, where k is the order of RBS and D3(N,k) is the number of three-tone IM3
given by Eq. (A.4).

The received CDNR of the RF signal from each RBS is not equal to each other because
the number (and therefore the power) of the IM3 is different in each RF subcarrier
channel. Since the number of the IM3 reaches maximum in the middle channel the

received CDNR of the RF signal from the middle RBS is the smallest.
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Appendix C: Acronyms

ASE amplified spontaneous emission
CPM cascaded phase modulation

CS control station

DD direct detection

DMZ dual Mach-Zehnder

FC frequency combiner

FS frequency splitter

HD heterodyne detection

HWP have-wave plate

IF intermediate frequency

™M intensity modulation

M2 second order intermodulation distortion
M3 third order intermodulation distortion
LO local oscillator

OA optical amplifier

OMI optical modulation index

PBS polarization beam splitter

PCS personal communication system
QWP quarter-wave plate

RBS radio base station

RF radio frequency

ROC radio-to-optic direct conversion
SHD self-heterodyne detection

SSB single-sideband
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