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Abstract

This thesis describes the author’s researches about photonic time division multiple ac-
cess systems for fiber-optic radio access networks, which were conducted during his Ph.D.
course at the Department of Communications Engineering, Graduate School of Engineer-
ing, Osaka University, Japan. This thesis consists of eight chapters as follows:

Chapter 1 presents a review of previous and recent works on the problems discussed
in this thesis, and clarifies the background of this study.

Chapter 2 introduces some candidates for network configuration and photonic multi-
plexing scheme in fiber-optic radio access networks, and discusses their suitabilities from
the viewpoint of the future demands on radio access networks. In addition, this chap-
ter specifically presents the principle of photonic natural bandpass sampling method for
radio-fiber transmission system, and the basic configuration of time division multiplexing
system applying the photonic sampling technique treated in this thesis. The final part of
this chapter describes the topics to study in this thesis, the difficulty of time synchroniza-
tion control for time division multiplexing of radio signals and the realization of photonic
routing of radio signals in the network.

Chapter 3 proposes self-synchronous time division multiplexing bus link system. It re-
duces the difficulty of time synchronization that is necessary for time division multiplexing
of radio signals among whole radio base stations, and also realizes the sharing of a light
source among radio base stations. Carrier-to-noise power ratio (CNR) of signals detected
at a control station is theoretically analyzed, and the CNR improvement obtained by the
use of an optical pre-amplifier is theoretically investigated.

Chapter 4 proposes asynchronous time division multiple access bus link system. It
requires no time synchronization function, and allows the asynchronous access of radio
signals to the fiber-optic bus link. However some of radio bursts is lost due to collision
on the bus link transmission. The system performance is investigated by the theoretical
analyses of burst loss probability and carrier-to-noise power ratio of signals detected at
the control station.

Chapter 5 proposes the chirp multiplexing transform (CMT) fiber-optic radio access
system, in which the different frequency signals are converted to the different time sig-
nals. The aim of this proposal is the universal use of radio base stations by the various
radio service carrier, and the system can route the different radio frequency signal to the
different destination, even if the signals are in the base station. The system performance
is investigated and discussed by the theoretical analyses of power ratio of desired signal
to the sum of noises, such as interchannel interference, intersymbol interference, 3rd order
intermodulation distortion, and the noises inherent to the optical transmission.

Chapter 6 proposes the asynchronous time division multiple access bus link system
using chirp multiplexing transform. It is the combination of the asynchronous access
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bus link system described in Chapter 4 and the chirp multiplexing transform systems
described in Chapter 5. The proposed system converts the different frequency signal into
TDMA format signal by use of chirp multiplexing transformer. System performance is
investigated under the condition of the non-uniform traffic distribution in service area,
and is theoretically analyzed the probability that transmitted TDMA pulse is lost due to
the asynchronous access of radio signals.

Chapter 7 describes the results of fundamental experiments on fiber-optic radio trans-
mission system using photonic natural bandpass sampling. The carrier-to-noise power
ratio and the carrier-to-distortion power ratio are measured, and the measured perfor-
mances are compared with the results of conventional SCM transmission system. In
addition, the performance degradation caused by increasing the number of transmitted
radio carriers, or fiber-optic length are estimated using the experimental results.

Chapter 8 summarizes all the conclusions obtained in this thesis, and clarifies the
significance of this study and proposed systems.
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Chapter 1

Introduction

The number of the cellular subscribers is dramatically increasing all over the world. In
Japan, the current increasing number per month of the personal digital cellular (PDC) is
about 0.8 million. The total number of PDC and personal handy phone systems (PHS)
subscribers at the end of October, 1998 has reached approximately 43.5 million. This
number corresponds to 34% penetration ratio. This trend forces us to face frequency
spectrum shortage. In order to meet such spectrum shortage, it seems that two types of
study are extensively made. One is the efficient use of current frequency resources, such as
micro-cellular or pico-cellular constructions, and/or the compression of informations, and
the other is to extend the available frequency into higher frequency band, such as SHF
band, or millimeter wave band. In such higher frequency environment, the use of micro-
or pico-cellular construction becomes also inevitable in order to reduce the consumption
power of handset rather than to efliciently use frequency.

The requirement of such micro- or pico-cellular system forces us to construct lots of
radio base stations, and it requires a large investment of cost and time. Such requirements
and problems lead us again to powerfully study the analog fiber-optic link as one of hopeful
candidates for radio access link in microcellular environment, though digital fiber-optic
link has been focused in modern research and development. Several concepts for the
analog fiber-optic radio access networks were proposed in [1]-[7], where the analog fiber-
optic link enables us to transfer radio signal generated or received at radio station into
another remote radio station without baseband demodulation of radio. In other words,
fiber-optic links can be used as virtual free space for radio transmission. Therefore, the
fiber-optic radio access networks bring us many following attractive benefits:

o It is capable to transfer radio signals with much low transmission loss of about 0.2
dB/km, being kept from the disturbance of external electromagnetic interferences.

e Equipments in radio base stations can be much reduced because modulation and
demodulation functions, and the control functions for channel allocations are con-
centrated in a remote control station. Thereby it is possible to construct much
cost-effective radio access networks.

¢ The equipments for radio base stations and fiber-optic links can be independent of
radio signal format. Thus, they are flexible to the modification of radio format, or
the opening of a new radio service.
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e Macro diversity effect can be easily obtained because the signals from several radio
base stations are demodulated at a single radio control station[8].

o The system can easily support the very fast vehicle, because the hand over process
is executed only at the central station, in spite of microcell stations.

Modulation of an optical carrier for the analog fiber-optic link can be basically per-
formed by varying amplitude, intensity, frequency, phase, or polarization. In such modu-
lation parameters, intensity is the most simple and easy to detect because a single photo-
diode (PD) directly converts optical energy into photocurrent. The fiber-optic link using
intensity modulation is referred to as Intensity Modulation / Direct Detection (IM/DD)
link. Because of its simplicity, the IM/DD type fiber-optic radio access link have been
powerfully studied in [9]-[11]. It is generally known that the performance of IM/DD
fiber-optic link is limited by the noises inherent to the optical link and the non-linearity
of intensity modulator. In particular, the non-linearity causes the distortion referred to
as 3rd order intermodulation distortion (IM3), and severely limits the number of trans-
ferred radio carriers[9] or the dynamic range allowed for radio signals received at radio
station[11].

On the other hand, in order to detect other modulation parameters except for in-
tensity, an optical coherent detection, that is, homodyne or heterodyne detection, is
indispensable[12]. Such coherent type of analog fiber-optic link is also being studied
and surely brings various advantages, such as, wide spurious free dynamic range[13][14],
high receiver sensitivity[15], high tolerance for fiber dispersion due to the availability
of single-side-band (SSB) modulation[16][17], high density optical channel allocation[18],
and so on. However from our viewpoints, such coherent type of analog fiber-optic link
seems still too expensive or complicated to apply for radio access networks, because a lot
of fiber-optic links are required in the radio access networks.

In spite of any type of optical modulation, fiber-optic system is still generally ex-
pensive. In order to efficiently use fiber-optic link, we have to study the schemes to
multiplex signals for several radio base stations into a fiber-optic link, that is, photonic
multiplexing schemes. There are several candidates for photonic multiplexing schemes,
such as, subcarrier multiplexing[19]-[22], time division multiplexing[23]-[25], frequency di-
vision multiplexing[18][26], code division multiplexing[27}-[30], and so on. However the
available photonic multiplexing schemes so far are not independent of modulation types.
Therefore we should carefully select the modulation type and the photonic multiplexing
scheme when we construct fiber-optic radio access networks.

The objects of this study is to pursue the most effective fiber-optic radio access system
from the various viewpoints of future demands and trends, feasibility, cost-efficiency,
flexibility, universality, and so on. :

Chapter 2 is devoted to review and discuss the suitability of various network config-
urations and photonic multiplexing schemes in fiber-optic radio access networks, and it
will conclude that the photonic time division multiplexing (TDM) bus link system with
IM/DD type of fiber-optic link proposed in [23]-[25] has the priority in cost-efficiency,
simplicity, flexibility, and the possibility to universally use the fiber-optic links among
various radio services. The use of photonic time division multiplexing can generally bring
the following advantages:

e It can be realized by simple IM/DD fiber-optic link.



¢ The signal quality is not deteriorated due to the optical beat noise generated by the
mixing of several optical carriers.

¢ Photonic TDM requires no complex equipment, and requires only photonic switch
that is advanced in recent development for optical digital transmission.

From the reason mentioned above, this thesis consistently aims at the realization of pho-
tonic time division multiple access (TDMA) bus link systems and the theoretical and
experimental analysis of the TDMA systems.

It has already been clarified that the TDMA bus link system has the priority in the
carrier-to-noise performance in comparison with the conventional subcarrier multiplexing
(SCM) bus link system because the detected signal performance is not deteriorated by the
optical beat noise[25]. However the TDM of whole base stations requires the difficult time
synchronization. Such difficulty comes from the fact that the signals to be multiplexed
are generated at the different radio base stations, separately located in the fiber-optic
radio access networks. Therefore the first important problem in this thesis is to solve
the difficulty of time synchronization. Chapters 3 and 4 describe the solutions for this
question.

In order to reduce the difficulty of time synchronization control among radio base
stations, this thesis newly proposes self-synchronous time division multiplexing bus link
system in Chapter 3, where several radio base stations connected to a fiber-optic bus link
share a single optical pulse source provided from the end of the bus link, and the TDM
of signals are automatically performed by a fiber delay line equipped at each radio base
station. When we evaluate the performance of a fiber-optic radio access link, quality of the
radio signal detected at a control station is an important subject, because it suffers from
the noises inherent to the fiber-optic transmission and the signal power degradation due
to the insertion of passive optical devices. Therefore we estimate the performance of the
proposed system by theoretical analysis of carrier-to-noise power ratio (CNR) of signals
detected at a control station. Furthermore the application of an optical pre-amplifier to
the fiber-optic link is proposed and the improvement effect on the CNR performance is
theoretically investigated.

Another approach to solve the difficulty of time synchronization control is the con-
struction of asynchronous access systems. Chapter 4 proposes asynchronous time division
multiple access bus link system, where the time synchronization control necessary for
TDM of signals are perfectly removed and radio bursts generated at a radio base sta-
tion asynchronously access to the fiber-optic bus link. However such asynchronous access
system with TDMA signal format, causes the new problem that the radio burst may
be lost in the middle of transmission due to collision with other radio burst. Thus, it
is necessary to convert radio bursts into narrow optical pulse format signals in order to
sufficiently reduce the probability of collision, though the narrower optical pulse format
causes the lower detected power of radio signals. This chapter theoretically analyzes the
CNR performance and the radio burst loss probability performance, and clarifies the con-
dition to satisfy the required performances. Furthermore in order to reduce the burst
loss probability without the degradation of detected signal power, this chapter proposes
some applications of access control, such as carrier-sense control, carrier-sense / collision
avoidance control, and variable pulse width control, and theoretically investigates their
efficiencies.
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By the way, radio service carriers are now planning to establish the 3rd generation
wireless networks. However they have different perspective on the nature of the next
generation of radio networks, such as service kind, access format, type of air-interface,
and so on. Thus it is expected that radio service will be more diversified than the current
systems in near future. The second aim of this study is to unify the many diversified
radio services existing today (including paging, cordless, cellular, etc.) and future radio
services into a unified seamless radio access network capable of offering a wide range of
services. It is envisioned that such a unified flexible radio access network will allow the
radio carriers to greatly improve operating efficiencies.

In general radio environment, different type of radio services is operated under differ-
ent radio frequency band. In other words, radio services are multiplexed with frequency
division multiplexing (FDM) format. In the ordinary IM/DD fiber-optic link, such multi-
ple radio services with FDM format can be easily transfered via a unified fiber-optic link
with subcarrier multiplexing (SCM) format. However different radio service unfortunately
needs to be delivered to different radio control station in most cases. Therefore in order to
provide a unified flexible fiber-optic radio access network available among different radio
services, the network must include a routing node (RN) which has the functions of dis-
tinguishing and switching radio service. If multiple radio services are transfered with the
SCM format, the RN has to execute a series of processes of photodetection, filtering and
switching of radio service in electrical stage, and conversion into optical signal to again
transfer via fiber-optic link. Thus the complexity of RN configuration much increases.
Therefore it is necessary to study the realization method of photonic routing of radio
service, that is, distinguishing and switching of radio service in the optical stage.

From the perspective on the feasibility of photonic routing of radio service, the trans-
mission of multiple radio services with TDM format seems most desirable if possible,
because the time switching seems to be most simply realizable way to route signal in
the optical stage and it can be benefited by the recent advanced high-speed switching
technique in digital optical communication systems or self-routing technique in optical
Asynchronous Transfer Mode (ATM) transmissions[31]-[33]. Therefore this thesis studies
the scheme to transfer multiple radio services with TDM format in a fiber-optic link.

Chapter 5 proposes chirp multiplexing transform (CMT) fiber-optic radio access sys-
tem. The CMT is the analog Fourier transformer, and can convert signals with FDM
format into ones with TDM format. In the proposed system, multiple radio services are
transfered via a unified fiber-optic link after the conversion into signals with TDM for-
mat by the use of the CMT. Thus the RN composed of simple photonic time switch can
execute the photonic routing of radio service. Such realization of photonic routing can
provide the universal use of radio base stations and optical networks among different ra-
dio services. However it will be clarified in the chapter that the transformation using the
CMT causes inter-channel interference, inter-symbol interference, and distortion into the
obtained signals, and they deteriorate the quality of radio signals detected at a control sta-
tion. Therefore this chapter theoretically analyzes power ratios of signal-to-inter-channel
interference, signal-to-inter-symbol interference, and signal-to-noise plus distortion, and
compares them with the conventional IM/DD link without the CMT.

Furthermore if the CMT fiber-optic radio access system can be combined with the
asynchronous TDMA bus link system, we can construct much flexible radio access net-
works with the ability of photonic routing of radio service. Thus, Chapter 6 proposes asyn-



chronous time division multiple access bus link system using chirp multiplexing transform,
in which the advantages of the asynchronous TDMA bus link system described in Chapter
4 and the CMT system described in Chapter 5 are combined. In the proposed system, the
CMT executes two functions of the transformation of radio signals with FDMA format
into the signals with TDMA format, and the conversion of them into narrow pulse format
that can allow the asynchronous access, at the same time. The optical pulse loss occurs
due to the asynchronous access by the similar manner to the system proposed in Chapter
4, and the theoretical results of burst loss probability performance obtained in Chapter 4
can be translated into the pulse loss probability performance in this asynchronous access
system using CMT. On the other hand, the initial call blocking occurs independently to
the pulse loss in the microcellular systems, and both of the call blocking probability and
the pulse loss probability are related to the condition of traffic covered by a fiber-optic
bus link. Therefore this chapter theoretically investigates the relationship between the
call blocking probability and the pulse loss probability considering the non-uniform traffic
distribution in service area, and discusses allowable number of radio base stations and
total traffic accommodated in a fiber-optic bus link.

Final topic treated in this thesis is'to confirm the principle of the fiber-optic radio
transmission using photonic natural bandpass sampling and to investigate its signal per-
formance on experiment. The signal performance of photonic time division multiplexing
systems using photonic natural bandpass sampling have theoretically been investigated
in several papers [23]-[25], and also in this thesis. However the investigation on experi-
ment have never been performed yet. Chapter 7 reports and discusses the results of the
fundamental experiments on fiber-optic radio transmission system using photonic natu-
ral bandpass sampling. The carrier-to-noise power ratio and carrier-to-distortion power
ratio are measured and compared to that of the conventional IM/DD transmission sys-
tem without the photonic sampling. In addition, the performance degradation caused by
increasing the number of transmitted radio carriers or fiber-optic transmission length is
estimated by the use of experimental results.

Chapter 8 summarizes-all the conclusions obtained in this thesis.




Chap.1 Introduction




Chapter 2

Fiber-optic Radio Access Networks
and Photonic TDM Systems

2.1 Introduction

Control
Station

Figure 2.1: Concept of fiber-optic radio access networks.

Fiber-optic radio access networks are optical backbone networks for radio access sys-
tems, where fiber-optic links have the function to transfer radio signals into remote stations
without destroying their radio format, such as radio frequency, modulation format, and
so on. For that purpose, the transmission format in the fiber-optic networks is typically
based on analog optical modulation techniques.

The concept of fiber-optic radio access networks is illustrated in Fig.2.1. The radio zone
architecture may follow that of conventional micro-cellular or pico-cellular radio systems.
However the interface receiving or radiating radio signals in each radio zone, named Radio
Base Station (RBS), equips only the converter between radio signals and optical signals,
and RBS requires neither modulation functions nor demodulation functions of radio. The
radio signals converted into optical signals are transfered via fiber-optic link with ‘the
benefit of its low transmission loss. Therefore the architecture of fiber-optic radio access
links can be independent of radio signal format and can provide much universal radio
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access links that are available to any type of radio signal. This means that such radio
access links are very flexible to the modification of radio signal formats or the opening of
new radio services.

A remote control station, named Radio Control Station (RBS), executes the functions

 of modulation and demodulation of radio, and other controls such as channel allocations.

Such concentrated executions of the troublesome functions provide much simplified and
cost-effective constructions of radio access networks, and promise easy realization of recent
advanced demodulation techniques, such as, a macro-diversity[8] and hand-over controls.

Consequently, the fiber-optic radio access networks are considered as a hopeful can-
didate for various future cellular radio access networks, such as future public wireless
communication systems (IMT 2000)[34], wireless local area networks (wireless LAN),
roadside-to-vehicle radio access link in Intelligent Transport Systems (ITS)[35], or distri-
bution systems of cable television signals (CATV)[36].

However there exist several kinds of subjects to be studied in order to realize fiber-optic
radio access networks. Basic subject is which photonic link configuration and multiplexing
scheme is suitable in the construction of fiber-optic radio access networks. This subject
is treated in Sect.2.2 in detail. The section introduces various types of link configuration
and photonic multiplexing scheme, and clarifies the reasons that this thesis aims at the
realization of bus link configuration and time division multiple access (TDMA) systems.
Section 2.3 introduces the principle of photonic natural bandpass sampling technique
that realizes the conversion of radio signal into photonic TDM signal format. Section 2.4
introduces the basic configuration of photonic TDM bus link system, and specifies the
subjects to study in order to realize the TDM bus link systems and advance the function
of it.

2.2 Photonic Link Configurations and Photonic Mul-
tiplexing Schemes

There are three candidates for link configuration in constructing networks, that is, star
configuration, ring configuration, and bus configuration. Figure 2.2 illustrates their config-
urations. The star configuration is the most popular one in constructing networks because

Star configuration Bus configuration Ring configuration

Figure 2.2: Network configurations.

of its easy maintenance, high reliability, and simple constructions. However it is difficult
to construct or extend networks cost-effectively and/or quickly because fiber-counts as
many as the number of RBSs are required. On the other hand, the bus configuration or
the ring configuration can much reduce the fiber-counts, thus they have the capability of
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cost-effective and quick construction of networks and also easy extension of RBSs. These
capabilities are much important in constructing fiber-optic radio access networks because
the density of RBSs becomes very high in recent micro-cellular requirements. Therefore
we should study the fiber-optic link that allows the bus configuration or the ring config-
uration. The two configurations have much similarity except for the difference whether
the network is terminated at a certain RBS or at the RCS. Then, this paper mainly
concentrates the discussion on the realization of bus configuration.

Now the study on the photonic multiplexing scheme is the most important subject
to construct bus link system. The candidates for multiplexing schemes are Subcarrier
Multiplexing (SCM), Time Division Multiplexing (TDM), Frequency Division Multiplex-
ing (FDM), Code Division Multiplexing (CDM) and Wave length Division Multiplexing
(WDM). The features of each scheme are also summarized in Table 2.1.

In discussing which photonic multiplexing scheme is suitable for radio access networks,
we should make much of the cost-efficiency, the easiness, and the simplicity of network
constructions because they are most important benefits the fiber-optic radio access net-
works should offer. The optical communication systems are generally classified into direct
detection systems and coherent detection systems[12], and the former has much advan-
tages in the simplicity of system while the latter increases the complexity of system in
general. On the other hand, the capability of de-multiplexing of signals in optical stage
brings an important benefit to the fiber-optic radio access networks. The fiber-optic radio
access networks have the potential to be universally used among different radio services or
those operated by different providers, because the configuration of RBSs and fiber-optic
networks can be independent of the radio signal format. Such advanced purpose requires
further subjects to be studied. It is expected that the different types of radio services,
or those operated by different provider need to be delivered to different RCS in different
location in most cases. It means that the networks must include the routing node (RN)
that executes routing of radio signals, that is, distinguishing and switching of radio sig-
nals. Therefore in selecting photonic multiplexing scheme it is also important to make
much of the feasibility for the routing of radio signals, and it is desirable that the routing
process can be executed in optical stage. The author refers to such routing of radio signals
in optical stage, as photonic routing of radio signals.

Attractive features of the TDM scheme are that the IM/DD link can be applied and
simple photonic switch can easily realize de-multiplexing of signals in optical stage. The
SCM scheme can also apply IM/DD link, however it is impossible to de-multiplex signals
in optical stage because signals are multiplexed in frequency of electrical stage. More
detailed comparison between photonic TDM bus link system and SCM bus link system
is described in Sect.2.4.

The FDM scheme, in particular the scheme by the use of optical Single Side Band
(SSB) modulation technique has been powerfully investigated because of its effective op-
tical frequency utilization and the robustness to optical fiber dispersions[16][18]. However
such FDM scheme requires high stabilized coherent Laser Diode (LD) and very narrow
optical filters to be de-multiplexed in optical stage. So it still includes many problems
to be applied into fiber-optic radio access networks from the viewpoint of cost-effective
and easy construction of networks. The several CDM schemes such as frequency spread
code division multiplexing[28] and time spread code division multiplexing[29]{30] have also
been investigated because of their easy applicability to random access networks. However
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they have the difficulty of high-speed code synchronization between a transmitter and a
receiver on optical stage. In addition, the possibility of photonic routing of signals have
never been known. The WDM scheme is a promising scheme in recent very high bit rate
digital transmission systems. However it is not suitable for the multiplexing of radio sig-
nals because it is unreasonable to prepare wavelengths as many as the number of RBSs.
Instead it seems to be suitable to be used for other purposes such as the duplex of uplink
and downlink in fiber-optic radio access networks.

From the above perspective on the cost-efficiency and the feasibility for photonic rout-
ing of signals, the TDM bus link systems are considered as the best choice to construct
fiber-optic radio access networks, and it is powerfully studied in this thesis.

Table 2.1: Performance comparison of advantages and disadvantages of various multiplex-
ing schemes.

Multiplexing scheme Advantages Disadvantages
Time Division Multiplexing § + IM/DD link configuration is allowed - requirement of fast photonic switch operation
(TDM) - easy photonic routing by photonic - requirement of time synchronization
time switching control among radio base stations

* no generation of optical beat noise

Subcarrier Multiplexing | - IM/DD link configuration is allowed + the occurrence of optical beat noise
(SCM) + radio signals must be frequency division
multiplexing format

+ photonic routing is impossible

Optical Frequency Division | - effective utilization of optical frequency | - requirement of coherent detection
Multiplexing - robustness to fiber dispersion if SSB - requirement of very narrow optical filters
(FDM) modulation is used and frequency shifter for photonic routing
: - high receiver sensitivity duae to
coherent detection

Code Division Multiplexing | - easy realization of random access - requirement of fast code synchronization
(CDM) - requirement of much fast operation
of photonic device for coding
- feasibility of photonic routing is unknown

Wavelength Division - IM/DD link configuration is allowed + requirement of many wavelengths
Multiplexing - requirement of wavelength filters and
(WDMA) wavelength converter for photonic routing

2.3 Principle of Photonic Natural Bandpass Sam-
pling

Pulse Amplitude Modulation (PAM) systems are promising systems to realize Time Divi-
sion Multiplexing systems, where multiplexing of several signals is achieved by interleaving
the samples of the individual signals. According to the Nyquist sampling theorem, the
signal whose highest frequency spectrum component is fs is determined at regular inter-
vals separated by times T, < 1/2f), that is, the signal has to be periodically sampled
every T, seconds. T,, and f, = 1/T; are referred to as sampling interval and sampling
frequency, respectively. If this theory is applied to the sampling of radio signals whose
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highest frequency spectrum component is a few or dozens Giga Hertz, ultra—high—speed
sampling frequency is required. However the radio signals are fortunately bandlimited in
general. Let the bandwidth of radio signal be Brr and you can find that the required
condition about sampling interval can be reduced to,

T, < I/ZBRF (2.1)

Such a sampling technique to reduce sampling frequency is referred to as bandpass
sampling[37].

RF signal v(t) photodetected RF signal v,(t)
s ™\ s
et « S B e |
BRF ’

ﬁ f T fo i fo

L fo 0 fo » L -fo+fs fo~ fs y
a)Direct Intensity modulation type A

RF signal v(

Photonic 0
Switch PD

Optical Intensity
b)External intensity modulation type

RFSignalv(t)\I\ IN H {1 n H -t

EOM: External Optical Modulator

Optical Intensi
P &4 ML-LD: Mode Locked Laser Diode

Figure 2.3: Principle of photonic natural bandpass sampling.

Another important concept is photonic natural sampling. Photonic sampling means
that the sampling process is executed in optical stage. Figure 2.3 shows fundamental
architectures of photonic natural sampling system in two ways. One way is that a pho-
tonic switch samples the optical carrier whose intensity was directly modulated by radio
signals (Fig.2.3(a)). Another way is that optical pulses generated by a mode-locked laser
- diode (MLLD)[38][39] are modulated in intensity by the use of external optical modulator
(EOM)[40](Fig22.3(b)). The optical pulses obtained by such operations are referred to
as Pulse Amplitude Modulated / Intensity Modulated (PAM/IM) optical pulses. In the
viewpoint of cost-efficiency, the former is superior to the latter because a MLLD is still
comparatively expensive. However the latter scheme has the possibility of very high-speed
sampling operation and broadband modulation due to the EOM utilization[41][42].

Let v(t) be a radio signal which is bandlimited to Brr and has the center frequency
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of fo. The PAM/IM optical pulses obtained by the photonic sampling is written by

Pt) = P(+mo(t) 3 plt—nT) 2.2)

n=—00

where P.(t), P,, m, and p(t) are optical intensity, average transmitting optical power,
modulation index, and sampling pulse waveform, respectively. n is an integer. The
output current after photodetection of this PAM/IM optical pulses, i,(t), is given by,

15(t) = o, Pomo(t) i p(t — nTy) (2.3)

=00
where a, is the responsivity of photodetector. The spectrum of i,(¢) is given by Fourier
transforming of 1,(2).

oo

> PfV(f —nf) (2.4)

n=—=co

a,Pim
T,

L(f) =

where P(f) and V(f) are Fourier transforms of p(t) and v(t), respectively. The waveform
15(t) and the spectrum I;(f) have the appearance as illustrated in Fig.2.3 for the case that
p(t) is a rectangular pulse waveform and Ty = 1/2Bgp. Figure 2.3 shows that photode-
tected PAM signals contains the original radio spectrum, and its replicas at intervals of f;.
The overall spectrum is symmetrical about the frequency f,. Therefore the original radio
signal can be obtained by the use of bandpass filter with the center frequency of f, and
the bandwidth of Bgp. In this example case, P(f) has a Sinc function characteristic and
infinite bandwidth. So you can understand from the figure that the condition of Eq.(2.1)
is required in order to avoid the interference due to image frequency component.

Now we further extend our discussions for the special case that bandlimited sampling
pulse waveform is used instead of a rectangular pulse. Such a case seems to be often
encountered in the actual systems. If the highest frequency component of the pulse
waveform is limited to f, and the condition of f, < 2fy — BgrF is satisfied, the image
spectrum component does not appear in the radio frequency band. This result means that
the required condition about sampling frequency can be further reduced to f; > Bgp.
However we must not forget that bandlimited pulse waveform has wider pulse width than
the rectangular one, and it affects the capacity of the TDM systems, because the allowable
number of multiplexing signals are determined by the sampling interval T, divided by the
pulse width.

2.4 Photonic TDM Bus Link Systems

Figure 2.4 shows the basic architecture of photonic TDM Bus Link system using photonic
natural bandpass sampling technique. Several RBSs are connected to one fiber-optic bus
link by use of photonic switch. The photonic switch performs two important functions
of photonic sampling and multiplexing of several signals at the same time. Such a mul-
tiplexing scheme using photonic switch can much reduce the transmission loss of signal
in comparison with the multiplexing scheme using directional coupler because the use of
photonic switch can avoid 3 [dB] coupling loss, which is unavoidable in the case using
directional coupler|25].
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Figure 2.4: Configuration of photonic TDM bus link system.

The theoretical maximum number of multiplexed RBSs is given by,
N=T,/T (2.5)

where T; and T are sampling interval and pulse width, respectively. However, to attain
this number of multiplexed RBSs implies the difficulty of time synchronization control
among RBSs because each RBS must drive the photonic switch strictly in given time
slots. The required accuracy of the time synchronization increases in proportion to the
bandwidth of radio signals or the number of connected RBSs, and the required order of
accuracy becomes nano second order when the bandwidth of radio signals is mega hertz
order. Then the schemes to solve the difficulty of the time synchronization have to be
investigated. The solutions of this subject is dealt with in the following chapters 3 and 4
in detail.

As described in Sect.2.2, there exist several multiplexing schemes to construct photonic
bus link systems. However here we introduce the SCM bus link systems in detail as the
conventional systems competed with the TDM bus link systems. The fundamental system
architecture of the SCM bus link is shown in Fig.2.5. The principle of the SCM bus
link is based on the fact that frequency division multiplexed signals are obtained after
photodetection if several optical carriers modulated by different frequency radio signals
are mixed in optical stage. The SCM bus link system has excellence in its much simple
configuration. However the optical beat noise between signals severely deteriorates the
carrier-to-noise power ratio (CNR) performance of signals detected at the RCS unless the
wavelength of optical sources are precisely controlled[19]-[21]. The optical beat noises are
caused by photodetecting more than two optical carriers with the frequency difference less
than the detection bandwidth. Therefore the TDM bus link systems can be kept from the
performance degradation due to optical beat noise and the signal performance is much
improved|[25].

Another important advantage of the TDM bus link system is the fact the system
allows all the connected RBSs to use the same radio frequency because the TDM system
gives the independent optical time channel to each RBS. It means that the TDM system
can be applied to the single frequency network (SFN) such as CDMA radio systems to
be introduced as the radio access format for the IMT2000[34]. In addition, it becomes
easier to execute macro-diversity[8] because radio signals of all RBSs are concentrated at
the RCS.

Finally in this section, we discuss the capabilities of the photonic routing of radio
signals. Suppose that the 7th RBS and the kth RBS receive different types of radio service
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Figure 2.5: Configuration of SCM bus link system.
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signals respectively, which have to be transfered to different RCSs in separated locations.
Because the signals are multiplexed with TDM format in the fiber-optic bus link, the
separation and routing of two radio services can be easily performed by the use of photonic
switch. This capability of photonic routing is also an another advantage of the photonic
TDM bus link system. However the above supposition means to construct the networks
by the manner of one RBS per radio service and it reduces the possibility of universal use
of RBSs among several radio services. In general situations, the different radio service is
operated under different frequency band. Therefore if an RBS is shared among several
radio services, received radio services are the signals with frequency division multiplexing
(FDM) format unless any conversion is performed. Consequently, it is impossible to
separate and route them in optical stage, once they are converted into optical intensity
signals, because such multiple radio services are transfered with SCM format. This subject
and the solution are treated in chapter 5 in detail.

2.5 Concluding Remarks

This chapter introduced the concept of fiber-optic radio access networks and several can-
didates for network configuration and photonic multiplexing scheme applicable to the
networks. The suitability of each network configuration and multiplexing scheme was
discussed from the viewpoints of simplicity of network configuration and easy realization
of demultiplexing of signals in optical stage. As a result, the following advantages of
photonic TDM bus link system was confirmed.

1. Photonic TDM bus link system allows a cost-effective construction of radio access
networks by the use of IM/DD fiber-optic link.

2. Photonic TDM bus link system offers higher CNR performance of received radio
signals than the conventional SCM bus link system because it can be kept from the
performance deterioration due to optical beat noises.

3. Photonic TDM bus link system is available for single radio frequency networks.

4. The photonic routing of signals is easily executed by the use of photonic switch
because of the time division multiplexing format.
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Furthermore it was concluded that the following problems have to be studied and
solved in order to realize photonic TDM bus link system and advance the functions of it.

1. The time synchronization control for TDM of signals is difficult, and the required
accuracy of the synchronization increases in proportion to the bandwidth of radio
signals and the number of connected RBSs.

2. The photonic routing of radio service is impossible when an RBS is universally used
among different radio services.
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Chapter 3

Photonic Self-synchronous Time
Division Multiplexing Bus Link
System

3.1 Introduction

Photonic TDM bus link system requires strict time synchronization control among all
RBSs in order to realize time division multiplexing of signals. The difficulty of such syn-
chronization control increases as the bandwidth of radio signal or the number of connected
RBSs increases, because the required pulse width of TDM signals is inversely proportional
to both of them.

In order to solve the difliculty of time synchronization control in TDM bus link system,
this chapter newly proposes self-synchronous TDM bus link system. The proposed system
needs no synchronization control to assign time slots to RBSs, and allows all RBSs to
commonly use the identical optical source provided from the end of bus link. However
the system severely degrades the signal power received at an RCS due to the splitting of
optical source power and the insertions of many optical devices. Therefore, this chapter
investigates the system performance by theoretical analysis of the CNR performance of
radio signals detected at an RCS. Furthermore, this chapter proposes the application of
an optical pre-amplifier in order to improve the CNR performance, and the improvement
is theoretically investigated.

On the other hand, the proposed system needs two independent optical channels. One
is the channel to transfer non-modulated optical pulses and the other is that to transfer
modulated pulses. Such independent optical channels can be prepared by the use of
various optical multiplexing schemes. However this chapter picks up two multiplexing
schemes, fiber-space multiplexing utilization and polarization multiplexing utilization,
from the viewpoint of the feasibility.

3.2 Self-synchronous TDM Bus Link System

Figure 3.1(a) illustrates the configuration on up link of the proposed self-synchronous
TDM bus link system using fiber-space multiplexing scheme. N RBSs and one RCS
are connected with two independent fiber-optic bus links. One of the link is used to

17
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Figure 3.1: System configuration of self-synchronous TDM bus link.
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Figure 3.2: Required fiber delay length versus sampling frequency.

transfer non-modulated optical pulses (carrier link) and the other is used to transfer the
pulses modulated at each RBS (signal link). Non-modulated optical pulse trains are
provided from the end of bus link using a mode-locked pulsed laser diode (MLLD) or the
combination of a Laser Diode (LD) and a photonic switch. The optical pulse trains are
used to sample and transfer the radio signal, and their repetition rate has to be more than
the double of bandwidth of radio signal in order to regenerate it at an RCS, as described
in Chapter 3. :

k-th RBS splits the power of received non-modulated optical pulses with the ratio of
o : (1 — o) and intensity-modulates them by radio signals using an external optical
modulator (EOM) as shown in Fig.3.1(a). A fiber-optic delay line equipped in carrier
link generates the appropriate time difference, 7, between the non-modulated pulses to
be relayed to the next RBS and the pulses which was already modulated. The purpose of
such delay processing is to prevent their overlaps on time axis at the time when they reach
the next RBS. Therefore the generated time difference must be more than the pulse width
at least. If such processing is executed at all the RBSs in series, time division multiplexing
of the signals of all RBSs can be automatically realized and any other synchronization
control signaling is not required. The pulse width and the delay time must satisfy the
following condition in order to obtain successful TDM signals of all RBSs.

TS
where T, T,, and N are the pulse width, the pulse repetition interval, and the number of -
connected RBSs, respectively.

Figure 3.2 shows the required pulse width and that translated to the fiber delay length
versus sampling frequency, where 10 RBS connection is assumed. For example, if we as-
sume that the bandwidth of radio signal is 200 [MHz], which is the service bandwidth of
Japanese PHS, the required repetition interval of pulses becomes T;=2.5 [ns] (sampling
frequency 1/T; = 400[MHz]) and the required delay time becomes 0.25 [ns] which cor-
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responds to 50 [mm)] fiber-optic delay line. However this condition is valid in the ideal
system where there is no time difference error between the signal link and the carrier link.
In the real system where there is any time difference error between the two links due to
the insertion of EOM, optical amplifier, and the fibers connecting such devices, we have
to compensate the time difference error by adjusting the delay time 7, otherwise we have
to use narrower pulse width than the delay time in order to avoid the overlaps between
pulses in the obtained TDM signals.

At the optical receiver in the RCS, received optical signals are amplified by the use of
optical pre-amplifier. The optical pre-amplification can much improve the signal perfor-
mance as described in the following sections. Then, the TDM pulses are demultiplexed
by the use of photonic switch after an optical bandpass filter which removes the excess
optical noise. Finally, photodetection and bandpass filtering centered at radio frequency
can regenerate the original radio signal of each RBS.

The self-synchronous TDM bus link needs two independent optical links to transfer
non-modulated pulses and modulated pulses as already introduced. It can be realized not
only by fiber-space multiplexing, but also by other optical multiplexing schemes such as
polarization multiplexing. Figure 3.1(b) illustrates the self-synchronous TDM bus link
system using polarization multiplexing. The difference from the system using fiber-space
multiplexing is that modulated and non-modulated pulses are multiplexed into a single
fiber-optic bus link with orthogonal polarization states. Therefore each RBS needs a
polarization beam splitter to extract non-modulated pulses, a half-wave plate to rotate
the polarization state by m/2, and a 3 x 1 directional coupler. Furthermore it is necessary
to use polarization maintaining fiber such as PANDA fiber in order to keep the polarization
state in the signal transmission. Thus, though the system using polarization multiplexing
has an advantage that it needs only one fiber-optic link, it is obvious that the signal
loss and the system complexity increases in comparison with the system using fiber-space
multiplexing scheme.

3.3 Theoretical analysis of Received CNR

The optical peak power fed into k-th RBS’s EOM is given by,
P, (k) = PsLpy(k) (3.2)

where P; and L. ¢(k) are the transmitting optical peak power of the MLLD and the total
loss from which the optical carrier suffers until it reaches the k-th EOM. According to
multiplexing scheme used, it is differently given by,

Lues (k) = (33)
Hf-:ll [ (1-— ai)} ar(LaLs)*L*1 :polarization multiplexing

51 (1 — ag)ap Lk :fiber-space multiplexing

1
3

where o;, Ly, Ls, and L, are the power ratio of the tuned splitter in i-th RBS, and the
fiber-to-fiber insertion losses of polarization splitter, tuned power splitter, and directional
coupler. The output signal power from the EOM is given by,

P (k)

Polkt) = Ln=%

(1 + mu(t)) (3.4)
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where L, m, and vg(t) are the fiber-to-fiber insertion loss of EOM, modulation index,
and modulating signal of k-th RBS, respectively. When the optical signal of k-th RBS
reaches the RCS, the received optical power is reduced to,

Pin(k)

Pu(k,t) = :

(1 + mvk(t))[/after(k) (35)

where G, is the optical pre-amplifier gain, and L, ., (k) is the total loss from which the
modulated optical signal of k-th RBS suffers until it reaches the RCS. Lgft-(k) is given
by,

Lajier(k) = ()N=FHI LNk, :fiber multiplexing 36
ater - (3)N RHLL LN-FH 0= kL :polarization multiplexing (3.6)

where L; and L are the fiber-to-fiber insertion losses of half-wave plate and optical filter
set up before photodetector at the RCS.

The expression of actual received optical signal in the proposed system equals to the
above P,(k,t) that are sampled with the pulse duty of T/T; (T:pulse width, T:sampling

2
interval). Such sampled signal causes the power penalty of (Tl) to photodetected
signal[25]. Consequently, the photodetected radio signal power is given by,

<> = 5(2) im0nn B L or () 57)

where €, 17, and hv are the electron charge, the quantum efficiency of photodetector, and
the photon energy.

. As for noise factors treated in the analysis of the CNR performance, the amplified
spontaneous emission (ASE) should be considered when an optical amplifier is used. Then,
the following noise factors are considered; beat noise current among ASEs and signal; beat
noise current among ASEs; shot noise current from ASEs; shot noise current from signal;
the relative intensity noise (RIN) current; and the receiver thermal noise current. The
noise power due to the ASE is studied precisely in [43] and it can be modeled as white
Gaussian noise process. Considering the splitting and coupling loss of signal and ASE
power, the power spectrum density (PSD) level of each noise current is given by,

nvel®) = 40L(G, ~ Ly - (Goln 2 L () (33)
Map-sp = [n( »— DxnogpLs" W (3.9)
Mspahot — 2 ( _1)anpoW . (310)

tonal®) = 28 (1) Gy L2 L () 1)

nriv(k) = RIN (%)2[GmeI—D%(—leaﬁer(k) (3.12)

ng = 4k;%Tth (3.13)

where, xnsp, W, ky, Tin, and R are the spontaneous emission factor, the bandwidth of
optical filter, Boltzmann constant, noise temperature, and load resistance of receiver.
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Note that each PSD level in case that an optical pre-amplifier is not used is given by
substituting 0 for G,. Considering that the white Gaussian noise current that is sampled
with pulse duty T'/T, decades its PSD level by T'/T,[25], the CNR of detected radio signal
is finally given by,

<12(k) >

S

CNR, (3.14)

B T
[(Ma—sp + Mispmsp F Ppanas + P + nRIN) 2 + nu) Brr

where Bgrr is the bandwidth of radio signal.

From equations (3.7), (3.8)-(3.13), and (3.14), you can see that the equalization of
Pin(k)Lgeer(k) for all value of k realizes the equal CNR performance for signals of all
RBSs. There exists the set of the power ratio of splitter, ay, that satisfies this con-
dition. Solving the simultaneous equations, Pi,(1)Lgfier(1l) = Pin(2)Lgpter(2) = -+ =
Pin(N)Lyfier(N), and the use of the condition, ay = 1, give each o in the case of
fiber-space multiplexing as,

o = { (iTL;)N-k“_l E#Z (3.15)

and in the case of polarization multiplexing as,

(3L )N *(8L:—1) . 1
o = { GLIT 1 fL”éi» (3.16)
N=FH i Ls =3

3.4 Numerical results of the CNR Performance

In the following calculations, we use the parameters shown in table 3.1 unless value is
specified in the figure.

Table 3.1: Default parameters used in calculations.

RIN |-152[dB/Hz] | T 300[K]
a | 08[A/W] | R 500
P, 20 [dBm] XMsp 2.0
m 0.5 B | 300 [kHz]
T/r 1.0 W | 1[THZ]
Im 37dB] | L., L. | 0.5 [dB]

L4y Ly | 0.5 [dB] Ly | 0.5 [dB]

Figure 3.3 shows the received CNR performance versus the number of connected RBSs
in case that optical pre-amplifier is not used. It includes the performance in fiber-space
multiplexing utilization (fiber-space MUX) and that in polarization multiplexing utiliza-
tion (polarization MUX) for different values of transmitting optical peak power P,. You
can see that the CNR in both schemes decreases as the number of RBSs increases. How-
ever the degradation slope in polarization MUX is more rapid than that in fiber-space



3.4 Numerical results of the CNR Performance 23

MUX because of the additional optical power loss due to the insertions of PBSs, half-
wave plates, and couplers. In the small number of RBSs, the increase of P, cannot much
improve the CNR performance because the relative intensity noise dominates the per-
formance. On the other hand, in the large number of RBSs; 5[dBm] addition in P; can
improve the CNR performance by 10[dB] because the thermal noise dominates the per-
formance. This figure shows that the system using fiber-space MUX allows only 7 RBSs
connection at P, = 10[{dBm] if 40 [dB] of CNR is required.

In the region where thermal noise dominates the performance, optical pre-amplification
before photodetection is effective to improve the CNR performance. Figure 3.4 shows the
received CNR performance of fiber-space MUX system versus pre-amplifier gain. You can
see that the pre-amplification can much improve the CNR performance especially in the
condition that large number of RBSs are connected. For example, in the case of N =15
and P, = 20 [dBm], the pre-amplification improves the CNR by 28 [dB]. You can also
find the saturation characteristic of the CNR performance at the large pre-amplifier gain
because the optical beat noise between signal and ASE dominates the CNR performance.

Figure 3.5 shows the relationship between the connectable number of RBSs and pre-
amplifier gain. The connectable number of RBSs is the maximum number of RBSs that
can satisfy the threshold CNR, C NR;;. You can see that pre-amplification can increase
the number of connectable RBSs. For example, the system using fiber-space MUX allows
the connection of 12 RBSs at G, = 22 [dB] under the requirement of CN Ry, = 40 [dB].

As described in Sect.3.2, we may have to reduce the pulse width than the width
required in the ideal system in order to avoid stringent requirement of accuracy in delay
length adjustment. Therefore we should investigate the affection of pulse duty reduction
on the CNR performance. Figure3.6 shows the relationship between received CNR versus
pulse duty. The pulse duty is here defined as the ratio of the pulse width in the real
system, T, and that in ideal system, 7, that is, T/7. The figure shows that the CNR
is degraded as the pulse duty decreases in spite of the value of GG,. You can see that in
the case that G, is small, the CNR degradation is proportional to the pulse duty to the
second power because the thermal noise dominates the performance, while in the case
that G, is large, the CNR degradation is proportional to the pulse duty because the beat
noise between ASE and signal dominates the CNR performance. Consequently, the use
of optical pre-amplification is also effective to reduce the performance degradation due to
the pulse width reduction.
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3.5 Concluding Remarks

This chapter proposed photonic self-synchronous TDM bus link system for fiber-optic ra-
dio access networks, which need no time synchronization control among RBSs connected
to a fiber-optic bus link and can share a single laser source among RBSs. The configura-
tions of the systems utilizing fiber-space multiplexing and polarization multiplexing were
described, and the CNR performance of radio signal detected at an RCS was theoretically
analyzed. The splitting power ratio used at each RBS was optimized to balance the CNR
performance of all RBSs. The theoretical analysis clarifies the relationship among the
CNR, number of connected RBSs, transmitting optical power, and pre-amplifier gain. It
was shown that the use of optical pre-amplifier is effective to improve the received CNR
performance, and the CNR of 40 [dB] can be attained when 12 RBSs is connected.



Chapter 4

Photonic Asynchronous Time
Division Multiple Access Bus Link
System

4.1 Introduction

In the previous chapter, the self-synchronous TDM bus link system was proposed, where
the synchronization control for time division multiplexing of signals is automatically per-
formed by the use of fiber-optic delay line equipped in each RBS.

Another approach to solve the difficulty of synchronization control among RBSs is the
adoption of asynchronous access technique. The asynchronous access system does not
require any synchronization control among RBSs, and allows much flexible construction
of networks because the system can easily extend some RBSs connected to the fiber-optic
bus link without any change of system.

On the other hand, in the perspective on the future pico-cellular radio environment
for multimedia data transmissions, such as wireless ATM, it is expected that wide band
radio packet communications becomes popular. It means that each RBS receives radio
bursts occasionally, and the probability that all the RBSs are receiving any radio signal
at the same time is not much high. In such environment, the TDM system where all
RBSs are always keeping its own optical channel does not seem to be effective from the
viewpoint of the efficient use of fiber-optic link.

This chapter therefore proposes Asynchronous Time Division Multiple Access (TDMA)
bus link system and discusses its availability. The asynchronous TDMA system allows
RBS to access the fiber-optic bus link only when it receives radio bursts. Such asyn-
chronous access system however causes collision among radio bursts if several RBSs access
the fiber-optic link at the same time, and the collision causes radio burst loss. Thus, the
proposed asynchronous TDMA system uses natural bandpass sampling technique in order
to convert received radio bursts into narrow pulsed optical bursts in order to reduce the
probability of the collision. The converted signal is referred to as pulse amplitude mod-
ulated/optical intensity modulation (PAM/IM) bursts, and the probability that a radio
burst is lost due to the collision is referred to as burst loss probability, in this chapter.
The burst loss probability depends on the number of RBSs connected to the bus link
and the traffic intensity generated at each radio zone. Then, this chapter theoretically

27
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investigates the dependencies, and moreover, proposes access control methods to reduce
the burst loss probability and investigates their effectiveness.

Section 2 describes the concept and the configuration of asynchronous TDMA bus hnk
system, section 3 shows the analytical model for the burst loss probability. Sections 4
and 5 theoretically analyze the burst loss probability and the carrier-to-noise power ratio
(CNR), respectively. Section 6 shows and discusses numerical results of the burst loss

probability and the CNR.

4.2 Asynchronous TDMA Bus Link System

Figure 4.1 illustrates the configuration of the proposed asynchronous TDMA bus link sys-
tem. Many RBSs and RCSs are connected with a fiber-optic bus link with intermediate

W’ ) R #1 RBS:Radio Base Station
i PSW:Photonic Switch
RN:Routing Node
Optical-Fiber
N, o\ BurLink
Amp. %Q@winnl4 Amp'F-%QOM
PSW PSW
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¢ Control §+
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BpE| [BPE] (i PSW Reader

Header
Generator

s

Figure 4.1: Configuration of Asynchronous TDMA bus link system.

routing node (RN). The function of the intermediate RN is to de-multiplex the trans-
fered radio signals and switch them into the desired optical path if they have different
destination RCSs.

Radio burst signals received at an RBS directly modulate a laser diode (LD) after a
digital header signal is attached to recognize the start point of the burst frame, the base
station number, and the destination RCS address. As a result, the intensity-modulated
(IM) optical signal with a optical digital header signal is obtained. Then this IM optical
signal is asynchronously fed into the fiber-optic bus link by the use of photonic switch.
This photonic switch not only connects a RBS to the optic bus link but also performs
the natural bandpass sampling of the optical IM signal at the same time. Consequently
radio signals launched from many RBSs are asynchronously time-division multiplexed
with pulse amplitude modulated radio (PAM)/ optical intensity modulation (IM) signal
format.
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The asynchronous TDMA bus link system has the additional advantages of much flex-
ible construction of networks because the system can easily extend some RBSs connected
to the fiber-optic bus link without any change of system. Furthermore, fast and broad-
band operations of RN can be expected because the RN is composed of a simple photonic
switch. However the RN requires the sub-system to detect a digital header signal and
recognize both of the destination address and the start point of PAM/IM burst, however
it seems that the RN and the RCS are allowed to equip more complicated configurations
than RBSs. On the other hand, the asynchronous TDMA system have the problem that
burst signals may be lost due to the collision among asynchronously transmitted PAM/IM
bursts. This problem is discussed in detail in the next section.

At the receiver in the RCS, radio signals can be reproduced by de-multiplexing after
photodetection, and bandpass filtering, 1f we use the appropriate sampling frequencies
described in Sect.2.3.

4.3 Radio Burst Collision

In the asynchronous TDMA bus link system, PAM/IM bursts generated by radio signals
at RBSs are asynchronously multiplexed into the fiber-optic bus link, thus the radio bursts
may be lost due to collisions if several RBSs transmit their radio bursts at the same time.
Figure 4.2 illustrates the mechanism of collision among PAM/IM bursts. A PAM/IM

RBS#k Sampled Burst ———~ R<BS#'
<
Header I I I l I ' E E E Header [
generator generator E/OJ
P{*M/‘M ’Elfg*}?fl’
Signal Slgnaj

—_—

ro 11
(non collided burst S~ I
%trol) ' [” ﬂ| l I

Jasing carmersensy | LTI
(using CS/CA) I | I I ” ]

.
L RBS#j interrupts transmitting .

Figure 4.2: Mechanism of collision among PAM/IM bursts.

burst is lost when the transmission of it are accidentally terminated at the photonic
switch of an intermediate RBS which are transmitting a radio burst at the same time.
The occurrence of collision between two radio bursts drops the one transfered from the
RBS which locates further from the RCS. In other words, the collision between the radio
burst from jth RBS and that from kth RBS (5 < k) causes the loss of the radio burst
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from kth RBS. Consequently, the throughput of radio bursts decreases, and the quality
of the received radio signal is deteriorated. ‘One of the methods to reduce the burst loss
probability is the reduction of the pulse width of PAM/IM signals because even if two
RBSs transmit radio bursts at the same time, the burst loss does not occur unless their
pulse transmitting time is just same. However the reduction of pulse width causes the
decrease of signal power detected at the RCS under the condition of the fixed optical peak
power. The relationship between the pulse width reduction and the degradation of carrier-
to-noise power ratio performance are discussed in Sect.4.6. Here we consider the use of
some access controls in order to reduce the burst loss probability without the reduction of
received signal power: carrier sense (CS) control, and carrier sense / collision avoidance
(CS/CA) control. In the theoretical analysis of burst loss probability, we consider the
following three types of access control;

1) with no control

Each RBS transmits the PAM/IM bursts without any attention to other busts on
the fiber-optic bus link. This type of system is the most fundamental and simplest
one.

2) with carrier-sense (CS) control

Each RBS is always monitoring the existence and the timing of optical pulses that
are already fed into the bus link from other RBSs. When an RBS tries to transmit its
own signals, it can start its sampling and transmission at the different timing from
the monitored pulses and can avoid the collision. However the optical pulses that
RBS can monitor are limited to those transmitted from further located RBSs than
that. In other words, further RBSs cannot recognize whether the nearer RBSs are
transmitting signals or not, and of course the timing of the optical pulses. Therefore
it is unable to avoid the collision perfectly even if the carrier sense control is applied.
In the case that further RBSs starts the transmission of its optical pulses when a
nearer RBS is already under the state of transmission, the pulses may be lost due
to the collision.

3) with carrier-sense and collision avoidance (CS/CA) control

In the above, we mentioned that we can not avoid collisions perfectly even if the
carrier-sense control is applied. However collisions can be detected at each RBS
by the carrier-sense. Then in this type of control, each RBS not only monitors
transfered optical pulses, but also interrupts its own transmission of signals when
the collision is detected. Hence, the further RBS on the optic bus link has the higher
priority of transmitting the signals than the nearer RBS, in contrast to the types of
control 1) and 2), where the signals transmitted from further RBSs are lost when
a collision occurs.

Another technique to reduce the probability of burst collision is pulse width control
of the PAM/IM bursts. The improvement due to the control is based on the fact that the
narrower pulse width is sufficient for the nearer RBSs to attain the required received signal
power. The improvement effect on the performance due to this techniques is discussed in
Sect..4.6.
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4.4 Theoretical Analysis of Burst Loss Probability

In this section, we theoretically analyze burst loss probability. RBSs are numbered from
one which is nearest to the RCS. Concerning radio signal model, it is assumed that one
radio carrier is used to multiplex all users with TDMA format in a radio zone. It is
also assumed that the length of the TDMA radio burst is fixed value, H [sec.], and that
the interval between two successive bursts has an exponential distribution with mean a.
According to these assumptions, mean traffic per RBS is given by

H . :
A = — BS]. :
RBS Py [er]/RBS) (4.1)
Let Ag; denote the event that a PAM/IM burst from jth RBS is not lost due to the
collision with bursts from kth RBS (k # j) when the jth RBS receives a radio burst at
time ¢; and transmits it into the fiber-optic bus link. In this paper, “collision” means
the case that two bursts overlap and the optical pulses included in them further overlap.

Thus the probability of the event Ay;, P(Ag;), is given by

P(Akj) = 1= Poyer- Pe
P,,er : the probability that bursts overlap (4.2)
pe : the probability that the included optical pulses overlap.

In the following analysis, P(A;) will be first derived, and next will be derived the through-
Put , Pihrough;, Which is the probability that a certain burst from jth RBS successfully
reaches the RCS without any collision with other bursts. Since traffic controls in all radio
zones are mutually independent, P(Ax;) (k = 1,2,..., M) is mutually independent of
the value of k. Therefore Pijrougn; is given by

M
Pthroughj = H P(Ak])a (43)
k=1
where M is the total number of RBSs connected to a bus link. By the use of Piarough;,
the burst loss probability of the jth RBS’s burst, Pj.,;, is written by

-Ploss]' = 1- Pthroughj- (44)

Now, to derive P(Ax;) we consider two cases (a) and (b) as shown in Fig.4.3: one
is the case that the jth RBS starts the transmission just during the transmission of the
other kth RBS (Fig.4.3a). For example of k < j, the kth RBS is just transmitting a burst
when the burst from jth RBS reaches the kth RBS’s photonic switch, and for k£ > 7, the
Jth RBS starts to transmit a burst while the burst from kth RBS is passing through the
jth RBS’s photonic switch. Another is the case that the jth RBS starts the transmission
in the presence of no other burst on the bus link (Fig.4.3b).

For the case (a), let z; denote the time interval between the start point of the burst
from the jth RBS, to, and that of :th burst from the kth RBS. Here z; is composed of two
portion, o and yo as shown Fig.4.3. For the case (b), z/ is defined by the similar manner
to z; in the case (a). The probability that a state is the case (a) and the probability that
one is the case (b), those are p, and p;, are derived from the probability that a certain
RBS is transmitting a burst at an arbitrary time. Since this probability is given by mean
traffic per RBS, Agrps [erl], p, and p; are given by H/(a+ H) and a/(a+ H), respectively.
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Figure 4.3: Collision among bursts.

4.4.1 Analysis in case of no control

Let P,,.-(¢) denote the probability that a burst from the jth RBS overlaps with ¢ bursts
from kth RBS. Taking into account that burst length is fixed value H, P,,.-(2) is given
by ‘

Pover(o) = Pb/H pz{(z{)dziﬁ (45)
00 H

Poerl) = po [ Pu(z)da+pe [ pag(eh)d, (46)
L

Pover(2) = pa[) pz1(zl)dzla (47)

Povef'(i) =0 123, (48)

where p.,(2;) and p,:(z]) are the pdf (probability density function) of z; and z; , respec-
tively. zo is an uniform distributed variable in the interval 0 < zo < H, and yo is an
exponential distributed variable with mean a. Since zg and yo are mutually independent,
the pdf of z; = 2 + Yo, p,(21), is derived from the convolution of p,,(zo) and p,, (yo) as

Fl-e?) 0<z<H
Pu(z) = § Led(e¥ —1) ;5> H (4.9)
0 12 < 0.

On the other hand, 2 is also an exponential distributed variable with mean ¢, and its pdf
is given by

_a
e ;5420 (4.10)
otherwise.

Oe -

pa(z) = {

Substitution of Eq.(4.9) and (4.10) into Eq.(4.5)-(4.7) gives,

P (0) = n Te © (4.11)
2 _H

Pouer(l) = 1+ E(l —€ ¢ )a (412)
.Pi a .

Pover(2)

e {1 +=(e7F - 1)} . (4.13)
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Now, a burst is composed of optical PAM/IM pulses with sampling interval T, and
pulse width 7;. Then, two bursts doesn’t collide unless their optical pulses overlap with
each other. Since the sampling time can be modeled as an uniform distributed random
variable in the interval [— 2“, 5 L] the probablhty that a pulse in the burst from kth RBS
overlaps with one from jth RBS, p.,,, is given by

e 4 < T,
Peje = { Lok (4.14)

I 4>,

Therefore, when ¢ bursts from kth RBS overlap with a burst from jth RBS, the probability
that no optical pulse overlaps between the jth and kth RBS’s bursts is given by (1— — e )
By averaging it with respect to 7, P(Ay;) is obtained as

1=0

P(Akj) — { Z (1 _pCjk) Pover(z‘) 1]; <j (415)
1 k2.

Finally substituting Eq.(4.15) into Eq.(4.3) gives

[ee]

Pthroughj H E ( pc]k) Poyer(2)- (4.16)

k=1 :=0

4.4.2 Analysis in case of carrier sense control

As a result of carrier sense control use, a burst from jth RBS is lost only when it reaches
the photonic switch of the kth RBS which is nearer to the RCS (k < j) and the RBS is
just transmitting its own burst (see Fig.4.3a). Hence, P(Ay;) is given by

(1=pou)patrn sh<j
A4,.) = 5k 4.17
Pi) {1 k27, a0

and substituting Eq.(4.17) into Eq.(4.3) gives
-1

Powough; = 1] [(1=pe;,) pat o] - (4.18)

=1

<,

&

4.4.3 Analysis in case of carrier-sense / collision avoidance
control

In case of CS/CA use, the burst from jth RBS is lost when it collides with bursts from
the further kth RBS’s (k = j + 1,..., M), unlike the case of only carrier sense control
use. The jth RBS interrupts to transmit its own burst in order to avoid the collision with
bursts from the further RBSs if detecting the occurrence of collision. Therefore, the burst
signal of jth RBS is lost when it collides with the 1st burst signal of the further kth RBS
in the cases of Fig.4.3(a) and 4.3(b). Then P(Ay;) is given by

P(Ag;)
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po [ Pz +pa [ pa(ea)d
- + (1 - pCjk) [pa foH le(21)d21 + Dy foH pz;(zi)dzi] ,k >j
1 k<7,
(4.19)

and substituting Eq.(4.19) into Eq.(4.3) gives

M
Pivough, = [I P(Axs). (4.20)
k=j5+1

4.5 Theoretical Analysis of Received CNR

In this section, we theoretically analyze carrier-to-noise ratio (CNR) of radio burst received
at the RCS. In this chapter, we assume that an optical amplifier is equipped just before
every photonic switch and before the RCS in order to compensate fiber transmission loss
and switch insertion losses. The power spectral density (psd) of the amplified spontaneous
emission (ASE), N,,, is given by[46]

Nsp Go — 1
N Ga

N, hv (4.21)
where G,, ngp, 1, and hv are the amplifier gain, the spontaneous emission factor, the
quantum efficiency of the amplifier and the photon energy, respectively. In the following
analysis, we ignore the nonlinearity of LD and the noise generated in radio link.

When the kth RBS receives a radio burst, gx(t), and the PAM/IM burst generated from
it are transfered to the RCS without any collision with other bursts, the photo-detector
output current, ¢,,:(t), at the RCS is written by

it®) = 33 aPo(1+ gu(#)p(t — IT, + £) + n(2), (4.22)

k l=—

where p(t), tx, P, and «, are a rectangular pulse with the unit amplitude and the pulse
width of 74, the start time of sampling, the average received optical power and the respon-
sivity of PD, respectively. In this paper, G,[dB] is assumed to equal to the transmission
loss between two neighboring RBSs, L{dB], which including the fiber loss and the insertion
loss of photonic switch. Thus, the received optical power from all RBSs, P,, is equal to
the transmitting optical power, P;. 1/T, is the sampling frequency which is given by the
double of the bandwidth of radio signal, Bgrr,

— = . 4.9
T 9Brp (4.23)

The white noise photocurrent n(t) is given by
n(t) = RIN(E) + ishot(t) + 1en(t) + famsp(t) + Tep-sp(2), (4.24)

where irin (1), Tshot(t), 1 (t), 1s—sp(t) and i5,_sp(t) are the relative intensity noise (RIN)
current, the shot noise current, the receiver thermal noise current, the beat noise current
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among ASEs and optical signal and the beat noise current among ASEs, respectively.
These noise powers in the bandwidth of radio signal, Bgp, are given by

<ipv > = RIN(a,P,)’ Bgr, (4.25)
<> = 2eaq(P + mr N, W) Brr, (4.26)
<ig > = 4k]§h Brr, (4.27)

< i?—sp > = 4azmstpPrBRFa (4.28)
<> = 205(miNy) (W — fo)Bar, (4.29)

where RIN, my, W, k, T};,, and R are the psd of the relative intensity noise of LD, the
number of optical amplifiers between the kth RBS and the RCS, the bandwidth of optical
filter at the RCS, Boltzmann constant, the noise temperature and the load resistance,
respectively.

After demultiplexing of PAM signals from the output current 7,,:(t) by the distributor,
and filtering by the ideal bandpass filter with the center-frequency of f, and the bandwidth
of Brr, we can reproduce an original radio burst, gi(¢), which is given by

Tk

Ge(t) = TaoPrgk(t). (4.30)

Therefore the carrier power of gi(t) is given by

. 1 ()2
<i2> = 5(%’1) (@,P,)? . (4.31)

On the other hand, -after the demultiplexing and the filtering, the noise power np4ar(t) is

equal to 7 times the power of n(#)[24]. From Eq.(4.25)-(4.29) and (4.31), consequently,
T,

the received CNR of the reproduced radio signal at the RCS is given by

(C) _ <ip?>
N RCS % [< Z%IN >+ < iihot >+ < Z.?h> + < iz—sp >4+ < izp—sp >]

= | s (0oF) (4.32)
[RIN (aoP,)? + 2¢00, { Py + my N,y W} + %L

1
2T,

+4a2m Ny Py + 202 (mi Ny 2(W = fo)]

4.6 Performance Evaluations

In this section, the burst loss probability and the CNR are calculated and compared
among three types of transmission control (with no control, using CS, and using CS/CA).
Parameters used for the calculations are shown in Table 4.1.

4.6.1 Performance in case of no control

Figure 4.4 shows burst loss probabilities versus pulse width of PAM/IM bursts for different
values of average traffic Aggs. The abscissa is the pulse width normalized by the sampling
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Table 4.1: Parameters used in calculations
RIN | -152dB/Hz | fo | 1GHz

a, 0.8[A/W] | R | 500
Trop 2.0 Tin | 300[K]
Mg 0.5 L | 5dB
w 1THz P, | 10dBm

interval Ty, that is, the pulse duty. In this figure, numerical results of P,,; of 10th RBS’s
bursts are shown assuming that 10 RBSs are connected on the fiber-optic bus link. It is
seen that burst loss probability is much improved as pulse width is reduced for any values
of ARB S-
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Figure 4.4: Burst loss probability versus pulse width.

Figure 4.5 indicates required pulse width for 10th RBS’s bursts to satisfy P,ss = 1072
as a function of average traffic per RBS, and also shows the received CNR when the
value of required pulse width is used. The required pulse width and the received CNR
in synchronous TDMA (STDMA) method are also shown as the system performance
to be compared. It is seen that the received CNR in the proposed system deteriorates
in comparison with STDMA because we must reduce the pulse width into one divided
hundreds or thousand in comparison with that in the STDMA system in order to satisfy
the quality of P, = 1073, However, even under the condition of 7/T, = 107* and
Apps = 0.4]erl/RBS], the received CNR of more than 40[dB] is obtained at the RCS.

Figure 4.6 shows burst loss probability and received CNR versus the RBS number
which is numbered from the RCS for the case of 7/T, = 1073. In case of no control, P,y
and CNR deteriorate as the RBS becomes farther from the RCS (as the RBS number
increases), because of the use of photonic switch to multiplex PAM/IM bursts. However,
we can easily add some RBSs without any troublesome change of the whole system only
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Figure 4.5: Required pulse width and received CNR as a function of average traffic per

RBS.

if we can put up with a little deterioration of burst loss probability and received CNR.
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Figure 4.6: Burst loss probability and received CNR versus the RBS number.
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4.6.2 Performance improvement due to CS, CS/CA, and vari-
able pulse width controls

Figure 4.7 shows the relationship between burst loss probability and RBS number for
three types of transmission control (with no control, CS, and CS/CA) when 10 RBSs
are connected to bus link. In this figure, the solid lines shows P, for the case that all
RBSs use the same pulse width by which the CNR of the farthest RBS, that is, the most
deteriorated CNR obtained in the system, can attain the required CNR of 40 [dB]. As
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shown in Fig.4.6, the burst from the RBS nearer to the RCS has a better received CNR
at the RCS, in other words, the narrower pulse width is sufficient for the nearer RBS to
obtain the required CNR. Thus, it is expected to reduce the burst loss probability due to
such pulse width reduction. Then, with the dashed lines this figure also shows the burst
loss probability for the case that each RBS uses the independent pulse width by which
each RBS can attain the required CNR (variable pulse width). It is also seen from Fig.4.7

._.
o
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[oory
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B
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[
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T
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.......... variable pulse width

[ C Agps=0.lerl/RBS ) ( required CNR =40@
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Burst loss probability Py

10-6

Figure 4.7: Burst loss probability and received CNR versus the RBS number with variable
pulse width and control.

that using variable pulse width is more effective to improve P, for the nearer RBS in
any types of control.

It is seen from the figure that we can reduce burst loss probability to the half of that
with no control by the use of carrier sense. On the other hand, the characteristic of P,
in the system with CS/CA is reverse to those of the systems with no control or with CS
because the further RBS has the higher priority to transmit bursts.

Comparing among all control types of control method, it is found that the CS method
with variable pulse width is the best choice in order to minimize the worst P,.s. And
from another viewpoint of system’s simplicity, the method without any carrier sense and
only with variable pulse width is effective.

Figure 4.8 shows the connectable number of RBSs versus pulse width in case of no
control or carrier-sense. The connectable number of RBSs is defined as the maximum
number of RBSs that can satisfy required burst loss probability of 1073 when all RBSs
use the same pulse width. It is seen that the system with carrier sense control can connect
double number of RBSs in comparison with the system with no control for any values
of pulse width. On the other hand, the received CNR decreases as the total number of
RBSs increases. But even when 50 RBSs are connected to bus link using pulse duty of
10~*, the CNR of more than 36[dB] can be obtained by calculations under the condition
Of BRF = 1.5MHZ.
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Figure 4.8: Maximum number of connectable RBSs versus pulse width in the network
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4.7 Concluding Remarks

This chapter proposed asynchronous time division multiple access bus link system for
fiber-optic radio access networks, which can remove the difficulty of time synchroniza-
tion control for time division multiplexing of signals and can provide the capability of
easy extension of networks. It was shown that the performance degradation due to col-
lision among signals occurs. Then the carrier sense control and the variable pulse width
technique were also proposed to improve the system performance.

We have theoretically analyzed the burst loss probability and the CNR performance
of the proposed system. Following results were obtained:

1. We can multiplex and transfer radio signals without any time synchronization among
RBSs with burst loss probability of 1072 and received CNR. of more than 40{dB] by

the use of photonic natural bandpass sampling technique.

2. The use of carrier-sense control reduces the burst loss probability to half of that in
case of no control.

3. Variable pulse width technique can improve the burst loss probability and it is more
effective for the performance improvement of the nearer RBS.



Chapter 5

Chirp Multiplexing Transform
Fiber-Optic Radio Access System

5.1 Introduction

The fiber-optic radio access networks have the potential to be universally used among
different kinds of radio service or different providers. The realization of such universal
radio access networks can reduce time and cost for infrastructures, keeping the advantages
of microcellular systems. Different kinds of radio service are ordinarily operated under
different frequency bands, and their RCSs probably locate at different locations. In order
to handle such multiple radio services universally, the fiber-optic radio access networks
need a routing node (RN) in the networks, which distinguishes kind of radio service and
switches each service signal into its desired RCS.

The conventional fiber-optic link to transfer radio signals is subcarrier multiplexing /
optical intensity modulation / direct detection (SCM/IM/DD) link, which has advantages
in simplicity and cost-efficiency of RBS configuration[9]. However from the viewpoint of
the feasibility of the RN, the SCM/IM/DD link has a primary disadvantage that it is
impossible to distinguish kind of radio service unless the optical signals are photodetected
because optical intensity includes the multiple radio services with subcarrier multiplexing
format.

In order to realize seamless routing of radio service, this chapter newly proposes the
new application of Chirp Fourier Transformer (CFT)[47] to the fiber-optic radio access
networks. We refer to the system as Chirp Multiplexing Transform (CMT)/IM/DD sys-
tem, where CMT equipped at RBS converts multiple service radio signals operated under
the different frequency bands into ones operated with TDM format before E/O conver-
sion. Therefore the RN composed of simple photonic switch can distinguish and switch
radio service in the optical stage. The Chirp Multiplexing Transformed signals (CMT
signals) can be demodulated with correlation demodulator or Inverse CMT.

As for the photonic time switching, there are progressing techniques such as self-
routing photonic switching[31] and we can expect the fast switch operation, the high
cost-efficiency and the large capacity. As the alternative to CFT, you may think of the
FDM-to-TDM conversion scheme using digital signal processing[48]. However it isn’t
suitable for our purpose because it spoils the flexibility of RBSs due to the requirement
of digital processing and can not handle broadband radio signals. On the other hand, the
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CFT realized by SAW (surface acoustic wave) devices is suitable for our purpose because
of its broadband characteristics and its function as a real-time analog Fourier transformer.

The CFT has been studied in many applications such as spectrum analyzer[47], time
compression of signal{49], and multiplexer and demultiplexer in satellite communications[50].
Especially group demodulator using the CFT has been proposed in [51][52], where the
CFT transforms FDM radio signals into TDM signal, and digital processing can demod-
ulate the transformed TDM signal. The bit error rate performance has been clarified
by using simulation analysis. However there has been no study of signal performance
applied for the CMT fiber-optic radio access system where CMT signals are transfered
via fiber-optic link. Therefore this chapter proposes a new type of the configuration of
CMT/IM/DD fiber-optic radio access system and theoretically analyzes the signal-to-
noise power ratio (SNR) performance on uplink considering the nonlinearity of LD, the
receiver noises in optical IM/DD link, and inter-channel interferences (ICI) and inter-
symbol interferences (ISI) caused by the CMT. Furthermore this paper shows that the
parallel use of CFT proposed in [52] is also effective to improve the SNR performance of
the CMT/IM/DD systems.

This chapter is organized as follows. Section 5.2 describes the principle of CMT.
Section 5.3 clarifies the characteristic of the CMT signal. Section 5.4 describes the di-
rect demodulation scheme for the CMT signal and theoretically analyzes signal to inter-
channel interference power ratio (S/ICI) and signal to inter-symbol interference power
ratio (S/IST). Next, Sect.5.5 proposes the parallel use of two CMTs to reduce ICI and
ISI. Finally Sect.5.6 theoretically analyzes SNR performance taking into account the LD
nonlinearity and overall performance including SNR, S/ICI and S/ISI. From the results of
analysis, the performance of the proposed system is compared to the conventional SCM
system.

5.2 Principle of Chirp Multiplexing Transform

control sation

-— - control sation
[E/0 & O]
MODEM a Photonic SWitCh‘@L E/Q & O/E]
CONT ] Routing Node MODEM
SERVICE B CONT
SERVICE A

Fiber-Optic link

base
station

Figure 5.1: Network configuration of CMT fiber-optic radio access system.

Figure 5.1 illustrates the network configuration of CMT fiber-optic radio access system
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and the principle of its operation for multiple radio services. The networks consist of RBSs
for the universal use among multiple radio services, RCSs prepared for each radio service,
an RN, and fiber-optic links to connect them. The main functions of RBS are CMT
and E/O conversion. The figure is illustrating the example case that RBS receives two
service frequency bands, A and B. The CMT converts such multiple radio services with
FDM format into ones with TDM format in electric stage. Afterward, the converted
signals are transmitted into a fiber-optic link with E/O conversion toward an RN. The
RN distinguishes the kind of radio service by its transmitted time and switches each
service signal into the desired RCS by the use of simple photonic switch.

Chirp filter | Xg1(©
h(t)

Chirp filter
h( X110

Figure 5.2: Configuration of CMT.

To investigate the operation of CMT, we assume the bandlimited signal r(¢).
r(t) = Relu(t)e’* 7] (5.1)

where u(t) is the complex envelope whose spectrum is bandlimited into |f] < E%m_ fo
is the center frequency of radio. The configuration of CMT is shown in Fig.5.2. The
fundamental process of CMT consists of two multiplications with a chirp signal and a
filtering with a chirp filter. However one process can converts only a T, time duration
signals at intervals of two times T.. Therefore two identical processes (upper and lower
processes in Fig.5.2) have to be operated in parallel in order to convert continuous signals
that are longer than 7, without any omission of signal.

The first process in CMT is the pre-multiplication of (¢) with an upchirp signal, C, ().
The term “upchirp” means that its frequency increases as time passes, while “downchirp”
means that its frequency decreases. An upchirp signal can be obtained as an impulse
response of an upchirp filter in which the higher frequency component is delayed longer.
Introducing a complex low-pass upchirp signal c(t), the upchirp signal with its center
frequency f,, C,(t), is given by[49]

C.(t) = Re[v2¢(t)e?? ! ' (5.2)
e T B

where (3 is the chirp slope in [Hz/s| and T, is the chirping dispersion time. Then we can
define the frequency range of sweep, AF, as

AF = 8T, (5.4)
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For the upper and the lower processes, we need two upchirp signals that are alternately
gated at the intervals of 27,, C,(¢) and Ci(¢). They are obtained by multiplying an up-
chirp signal with its period T, Y52 . Cu(t — kT,), by two alternate gating functions,
G(t) and G(t — T.), with their period 27, and duration T,:

G(t) = > g(t—2kT) (5.5)
k=~oc0
L —5<t< %
g(t) = {0 ;otﬁerwise ’ (5.6)

Then C,(t) and C(t) are respectively written by

Ct) = Y Cut—2mT) (5.7)
G = 3 Cult—(@m+1)TY) (5.8)

The radio signal r(t) is multiplied by the gated upchirp signals, C,(t) and Ci(t), re-
spectively on the upper path and the lower path as shown in Fig.5.2. The multiplication
generates two components of (fo— f,) frequency band signals and (fo+ f,) frequency band
signals. Any image frequency component and any overlap of the two frequency band sig-
nals are not generated in the case of |fo— f,| > (AF + Biota)/2 and f, > (AF + Biotar) /2.
Therefore we can use either of frequency band signals for the next filtering process with
a downchirp filter. However since the carrier frequency of radio signal fy is microwave or
millimeter wave band in recent trend, it seems comparatively difficult to realize a chirp
- filter with such high center frequency, (fo + f.). Consequently it is reasonable to use the
upchirp filter for the lower frequency band (fy — f,) in the filtering process. Hence,

r(t) - Cu(t) = Re| E —u ¢*(t — 2mT,)el2rlo=fe)] (5.9)
r(t) - Ci(t) = Re| _f: gu(t)c*(t — (2m 4 1)T,)ef?fo=falt] (5.10)

and the impulse response of the upchirp filter, A(¢), is given by

2 (B2 -AFt) | _j2n(fo—falt .
ht) = {Re[‘/ﬁé i erlhfi] 0 <t <ol

5.11
0 ;otherwise) (5:11)

Therefore, the outputs after the filtering process on each path, z,1(¢) and z,2(t) are
respectively written by

za(t) = {r()C ()}®h(t)

= Re Z e @) el )] (5.12)
zu(t) = {r t) ()}®h()
= Re Z gy )} (5.13)

LI =—00

~—~
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where ® denotes convolution, and U®)(#) and Cf}c)(t) are given by

f_%; u(T + ET.) e 2Bl = () Tel7 g ;—L <t —kT. < L
7
U(k)(t) _ | % 22 u(t + kT,)e 92 Blt=(k+1)Telr g 7;5 <t—- kT, < 3TC (5.14)
. .
JiZar, u(r)e ATy L <t —kT. <L
0 ; otherwise
\/ 2 . t— c 2 -
Oi(}c)(t) — 4ﬁey2wﬂl—ﬁk—§1ﬂl— . ei27(fo~fa)t (5_15)

Figure 5.3 illustrates the relationship between the input and the output signals of the
chirp filter in the time domain. The part of the output in the range of TC <t—-kT. < 3TC
in Eq.(5.14), that is, U®)(¢)g(t — (k +1)T,) is illustrated as the shadowed parts in Fig.5. 3
The part corresponds to the Fourier transform of u(¢) gated in the time range T, and is
necessary for our purpose. Then, the necessary parts from each path, z,,(t) and zp(%)
are extracted by gating functions, and summed. The result is written by z,(¢).

z2(t) = Re Z UBGCH ®)g(t — (k+1)T2) (5.16)
k=00
It is found from Eq.(5.16) that the center frequency of z2(¢) increases periodically due to

C(k)( t). z3(t) in which the effect of ngf)(t) is eliminated can be obtained by multiplying
$2(t) by a downchirp signal C,(¢) which is given by

C.(t) = Re[v2c*(t)e*™ ] (5.17)

After band-pass filtering z3(t) (= z,()-C.(t)) by the use of bandpass filter with its center
frequency fj, we finally obtain the desired Chirp Multiplexing Transformed signal (CMT
signal), V(¢).

Vit) = Refv(t)e’*™ ] (5.18)
o) = 3 UB()-g(t = (k+1)T) (5.19)
k=—00

where the amplitude constant 1/23/8 and the phase constant are dropped. U®)(¢) - g(¢ —
(k+1)T.) is referred to as Time Limited Fourier Transform (TLFT) signal in this chapter
because it is the Fourier transform output of u(t + £7.) - g(t) where the conversion of the
frequency axis to the time axis, that is, f axis to 5t axis is executed. The time waveform
of the TLFT signal represents the spectrum information of u(t + kT¢) - g(¢), but it is
further limited in the time range of T.. Consequently it is necessary that 7T, covers the
spectrum range of radio signals, Byy4;-

AF = ﬂTC 2 Btotal ) (520)

Under this condition, the CMT can successfully perform FDM-to-TDM conversion of
radio signals. On the other hand, we supplement that the spectrum shape of the TLFT
signal represents the time waveform of u(t + kT.) - g(t), and also bandlimited in the range

of BT, = AF.
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Figure 5.3: Input and output signals of the chirp filter.

5.3 CMT/IM/DD System for FDM-PSK Radio Sig-
nals

In this section,we discuss the characteristics of the CMT signal by assuming FDM-PSK
radio signals are applied to the CMT/IM/DD systems. The figure 5.4 shows the anal-
ysis models of CMT/IM/DD system and SCM/IM/DD system for a compared system.
In the CMT/IM/DD system, the CMT signal whose low-pass equivalent is represented
by Eq.(5.19) directly modulates Laser Diode (LD) and is transfered via fiber-optic link.
The receiver at the RCS detects the optical signal and directly demodulates the informa-
tion using the proposed demodulator described in Sect.5.4. On the other hand, in the
SCM/IM /DD system, the FDM-PSK signal directly modulates LD and is similarly trans-
fered via optic-link and their informations are demodulated by the optimum demodulation
using matched filter at the RCS. '

\
FDM radio signals /l/l '
B (a) CMT/IMDD link
N\

[0} O7F }{bemod]

(b) SCM/IMDD link

Figure 5.4: Performance analysis models of CMT/IM/DD system and SCM system.

The low-pass equivalent of FDM-PSK radio signals is written by

M o0
u(t) = S Y f(t —nT)elltmaittonl (5.21)
I=—M n=-0c0

where 6;,, is the n-th modulation phase of the [-th FDM channel and (2M+1) is the number
of FDM channels . T, Af, and f(t) are the symbol duration, the channel separation, and
the pulse waveform bandlimited into B, respectively. Then the total bandwidth, By, is
written by

Btotal - (2M+1)Af (522)
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We investigate the & = Oth TLFT signal in v(¢) when Eq.(5.21) is substituted into
Eq.(5.19). We represent it as vg(t).

volt) = /_

Assuming the perfect synchronization between the symbol timing of u(t) and the chirping
dispersion time T, vo(t) becomes

u(r)e I P17 47 T, (5.23)

bl

T;
Lt
5 St<

[NSRN@L]

wl(’;] “’I:l

M 00 ) T 3

vo(t) = Y. > Si(t)- et ?CgtS—Tc (5.24)
[=—M n=—c0 2

Sm(t) = BG(Bt)® [FIB(t — T.) — 1A fle™2rBt-T) =AM (5.25)

where G(f) and F(f) are the Fourier transforms of g(¢) and f(t), respectively. S, (t)
corresponds to the pulse waveform of the n-th symbol of the [-th channel. Note that
the words “channel” and “symbol number” described in this chapter consistently indicate
those in the original FDM-PSK radio signals defined in Eq.(5.21).

Equations (5.24) and (5.25) can be generally applied to any kind of pulse waveform,
f(t), and any value of Af. However we focus our discussion on the case that f(¢) is
‘pulse-shaped by the root Nyquist filter. Then F(f) is given by[53]

1 0 |fl< i
F(f) =1 cosl5Z(Ifl = 58) 52 <IfI< 3 (5.26)
0 ; otherwise

where « is the roll-off factor. Figure 5.5 illustrates the relationship between the original
radio signal u(t) and its spectrum U(f) and the resultant CMT signal vo(t) and its
spectrum Vp(f). It is seen from Eq.(5.25) and Fig.5.5 that the CMT signal consists
of multicarrier PSK signals with carrier spacing 8T, and pulse duration Af/8. The
different symbol in a certain channel is converted to the different carrier frequency in the
same time slot, while the different channel’s symbol is converted to the different time slot.
Furthermore, the CMT signal is rectangularly bandlimited into the frequency range of
AF, and its time waveform is limited into the time range of T, as described in Sect.5.2.

If the chirping dispersion time, T, is infinite (I, — o0), we can ignore the convolu-
tion with G(8t) in Eq.(5.25), thereby the set of S, (t)({ = —M,---,M;n = —o0,- -, 00)
becomes orthogonal set and no ICI and no ISI occur(see Appendix A). However it can be
seen from Eq.(5.25) and Fig.5.5 that in the resultant time domain, each pulse waveform
corresponding to a channel, F(8t — IAf) ® G(Bt), has a spreading sidelobe even if F(f)
is perfectly bandlimited. This spread causes interchannel interference (ICI). On the other
hand, in the resultant frequency domain, each spectrum shape corresponding to a symbol,
f(f/B —nT)-g(f/B), is partially truncated. This truncation causes intersymbol inter-
ferences (ISI) because of the imperfection of the orthogonality between different symbols
even if the set of f(t —nT)(n = —o0,:--,00) is orthogonal set.

Here in order to estimate the number of carriers to be considered in the following
analysis, we examine the symbol energy of S;,(t). Figure 5.6 shows the symbol energy
of Sg, versus the symbol number n in the case of T./T = 5.0. Each symbol energy is
normalized by the center symbol energy, Spo. It is seen that the energy of the symbols
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Figure 5.5: Radio signal and CMT signal.

out of center T./T symbols, that is, the energy of So_3 and Sos in this example, suddenly
decreases, and it is less than -36 [dB] of the energy of Sy in case of o = 1.0. Consequently,
we approximate the number of carriers to be considered in the following discussion as T, /7.
Then when T, /T is represented by (2p + L;p is a positive integer), vo(t) can be rewritten
as

vo(t) =~ (5.27)

M p )
Z Z Sln(t)ejel"
!

=M n=-p

5.4 Theoretical ICI and ISI Performance Analyses

Fig.5.7 shows the configuration of the proposed suboptimal correlation receiver. The term
“suboptimal” indicates that the waveform correlated with the received CMT signal at the
receiver is the waveform omitting the convolution term, G(5t), in Eq.(5.25). The demod-
ulator performs the multiplications of the received CMT signal with F(8t — [Af) and
e/?"1PnT1 which are followed by an integrator and a decision circuit. In the demodulation,
the perfect synchronization of frequency and phase, and the condition of “A fT' = integer”
are assumed. The latter condition is desirable to make the configuration of the receiver
simple. Under the condition of “AfT # integer”, the carrier phase in S;,(t) (Eq.(5.25))
changes according to the channel number [, therefore the receiver needs to control the
phase of multiplying carriers according to the value of [.

Furthermore, when the proposed receiver is applied to the case of asynchronous symbol
timing between channels, both of the phase and the frequency of the multiplying carriers
have to be changed according to the channel number /.
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Figure 5.6: Normalized symbol energy versus symbol number.

The decision sample of the demodulated n-th symbol of the [-th channel, Q;,,, is written
by

Qn = [ ul)Si (0

tia

= [ [Sw@)er™] stu(0)de + 5 Z/

tlb

eﬂ’ks S; ()dt (5.28)

b
Si(t) = FIB(t—T.) - IAf]errPt-T0eT (5.29)
te = T+ B(IAf—E) (5.30)
ty = T, +B(lAf+B) (5.31)

The first term of Eq.(5.28) represents the desired signal and the second term represents
ICT and ISI. Consequently when we demodulate the n-th symbol of the [-th channel, the
signal-to-ICI power ratio (S/ICI) and signal-to-ISI power ratio (S/ISI) are derived as

(5 (Re [ Su()S0)at])’

] 2 (5.32)
ICI), (Zl’t{‘,;;{” Re[ 1 Sn(t) Sy (2)d ])

5. - lelmsosod) -
LN e

Figures 5.8 and 5.9 show the S/ICI and the S/ISI performances of the centef channel
versus chirping dispersion time normalized by symbol duration (7,/T). The total number



50 Chap.5 Chirp Multiplezing Transform Fiber-Optic Radio Access System

Qip
Vo > Quin
: reorder
lexp j2m(FO+pBT)M ] | Qup-1) [the data [ AM-Dn
——*®—‘Integrater l"’%"'l Decision Hsequence
CMT 4 P QM-2)n

signal lexp[ j2n(fo+(p-1)B Tt 1] '
F(pt - IAD | ; Qs :
1—»@—&@/& > Gan

lexpl 27 (Fo-pB Tt 1]

Figure 5.7: Configuration of suboptimal correlation receiver.

of channels, 2M +1, is 3, and the roll-off factor « and the symbol number n are parameters.
In the figures, n = p indicates the highest frequency symbol in the CMT signal.
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Figure 5.8: S/ICI versus chirping dispersion time.

As described in Sect.53.3, the convolution of G(f5t) with F(3t) causes spreading side-
lobes of each channel’s pulse, therefore the ICI. Figure 5.8 shows the performance of the
most highest frequency symbol is most deteriorated and its S/ICI doesn’t change even if
the T becomes large, though the S/ICI of the center frequency symbol or the identical
frequency symbol is improved. The reason is that the larger spreading of sidelobe in the
time domain is caused by the larger truncation of spreading sidelobe in the frequency
domain, and the highest frequency symbol in the CMT 51gnal suffers from the largest
truncation (see CMT signal in Fig.5.5).
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Figure 5.9: S/ISI versus chirping dispersion time.

On the other hand, it is seen from Fig.5.9 that the difference of the roll-off factor
influences the S/ISI more than that of the symbol number, and o = 1 gives the maximum
S/ISI. The reason is that the spreading of each symbol’s spectrum shape in the CMT
signal becomes narrowest when o = 1, and it results in the smallest truncated part and
the smallest distortion.

5.5 Double CMT System

As shown in Sect.5.4, the S/ICI and the S/ISI performances of the highest and the lowest
frequency symbols in the CMT signal are most deteriorated and dominate the total system
performance. Figure 5.8 shows that there exists 34 [dB] difference between the S/ICI of
n = p and that of n = p— 1 when 7,,/T = 5.0 and a = 1.0.

Similar problem occurs in the Group Demodulation system using Chirp Fourier trans-
form for FDM signals. To solve this problem, the dual-parallel use of Chirp Fourier
transform has been proposed in [52]. In the system, the chirp sweep timings of the two
transformers are offset by half of the chirping dispersion time from each other, and only the
center k/2 symbols (k = T, /T) from each transformer output is used for demodulation.

The parallel use of Chirp Fourier transformer is also effective for our systems, and we
call the system “Double CMT systems”. However we are faced with the problem that
two fiber-optic links are required in order to transfer each output signals from two CMTs
and it increases the complexity of network configuration. This problem is inherent to our
applications where the CMTs and the demodulation functions are separately equipped
in the networks. Therefore we propose to multiplex the two parallel CMT outputs into
a single fiber-optic link with TDM format. Figures 5.10 illustrates the configuration of
the double CMT systems. It consists of two CMTs whose chirp sweep timings are offset
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from each other by half of the chirping dispersion time, T./2, in the case of “T,/T =
even integer”, otherwise by (T, + 7)/2 in the case of “T./T = odd integer”. Equation
(5.19) shows that when we enlarge the frequency range of sweep, AF, into more than
double of total radio bandwidth Biusa, we can reduce the time width of the TLFT signal,
U(t) - g(t — (k +1)T.), to less than T,/2. Consequently two CMT outputs can be time
division multiplexed by simply adding the two outputs.

Figure 5.11 illustrates the configuration of the receiver for the double CMT system in
the case of T, /T = 4.0 . At the receiver, we use only center T;,/21" symbols in the frequency
domain to demodulate and it is sufficient to prepare only 7./(2T) demodulation circuits
in the case of “T,/T = even integer”. The sampling process is executed at the interval of
the half of Af/B and the demultiplexing for two parallel CMT outputs is not required.
In the case of “T./T = odd integer”, we need (T¢ + T')/(2T) demodulation circuits.
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Figufe 5.10: Configuration of double CMT.
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Figure 5.11: Configuration of the receiver for double CMT system.

Another important merit of the double CMT system is robustness against the imper-
fect synchronization between the chirping dispersion time period and the symbol duration
assumed in Sect.5.4. The reasons are that the imperfection generates more truncated part
and performance degradation mainly to the highest or the lowest frequency symbol in the
CMT signal, and however the double CMT system doesn’t use the damaged symbol for
demodulation. '
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5.6 Theoretical Analyses of SNR and Overall Per-
formances

In this section, we theoretically analyze the signal-to-noise power ratio (SNR) obtained
by the suboptimal correlation detection in the CMT/IM/DD system. Here we assume
that T is enough larger than T', and we neglect the effect of the convolution with G(8t) in
Eq.(5.24). Under this assumption, the suboptimal correlation detection is considered as
the optimum detection scheme which maximizes the SNR because the signal for correlation
at the receiver is matched to the waveform of received signal.

In the CMT/IM/DD systems, the LD is modulated by the CMT signals. The output
optical intensity of the LD, P(t) can be characterized by the use of polynomial equation
when the non-linear characteristics of the LD is taken into consideration[54]. modulated

by the CMT signal is given by

P(t) = Bl +mV(t) + ax{mV(t)}* + as{mV ()}’ + -] (5.34)

where P, is the average transmitting optical power and m is the modulation index. When
this optical signal is received at the RCS, the output current of photo-diode (PD), I,(¢),
is given by

L(t) = aoP, (14+mV () 4+ Trin(t) + Linot(t) + Ln(t) + Lima(t) (5.35)

where P, and a, are the average received optical power and the responsibity of PD, re-
spectively. Irin(t), Isnoi(t), and I (t) are the relative intensity noise current, the shot
noise current, and the thermal noise current, respectively. I;,3(t) is the 3rd order inter-
modulation distortion current. Assuming that each noise current is white noise current,
the power spectrum density (PSD) level of each noise current is given by

nriv = RIN (a,P,) (5.36)
Nshot = 2€0,P, (5.37)
- ‘”‘c—’;’%@ﬁ (5.38)

where RIN, kg, Ti, and R are the PSD of relative intensity noise of LD, Boltzmann
constant, the noise temperature, and the load resistance, respectively. When N non-
modulated carriers with equal amplitude and equal frequency spacing are applied as V (%),
the IM3 power in the k-th carrier band, < IZ,5 >(w,i), is given by|[9][55]

1 3(2) 3 2 .
< Do = {8( azm® Df) ) + Fasm® D) (P) xig (5.39)

DR, = [N 2——{1— DV} (-1)9 (5.40)

E(N_k+1>+ H{v=3p—sh - S {1 - (DY MHE (4

p®
N.k) 9

( ]

The < IZ,3 > has the largest value at the center carrier frequency band. We take the
IM3 currents into consideration for the SNR analysis by translating the IM3 current into
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the bandlimited white noise current with its PSD level of n;,,s.

AF
0 2p+1<3

Nim3

(2p41)< >0pr1) .
{ A (5.42)
where 2p + 1 is the number of carriers represented by 2p + 1 = T../T.

The symbol energy E, is written by
E, = %(aop,,fm? [ P oo

B , 5, T
= gleb)m T

2
where the modulation index m needs to satisfy the following condition in order not to
cause the over modulation distortion at LD in Eq.(5.34).
1 T

K o = 5.44
TS rl T, (5.44)

(5.43)

It is seen from Equations (5.43) and (5.44) that the symbol energy E; decreases as AF
increases because the pulse waveform of the CMT signal becomes narrower, and that £,
also decreases as T, becomes large because the number of carriers, that is, T,/T increases
and m should be proportional to the inverse of it.

The SNR attained by the correlation detection, that is, the energy contrast, is given

by,

). - e

N NRIN + Nshot + Nen + Nim3

There exists the optimum modulation index m,, which gives the maximum SNR be-
cause nRIN, Nsho: and ny, are independent to the modulation index m, while E; increases
proportional to m?, and n;,3 increases proportional to m®. The Mopt 18 given by

(5.46)

1
NRIN + Nshot + Np \ °
Mopt =

2'n'imf)‘|7-n=1

where m,,; needs to satisfy the condition of Eq.(5.44) at the same time. Regarding the
frequency range of sweep, AF, we can choose any value of AF more than B (see
Eq.(5.20)), but since E, is proportional to the inverse of AF it should be the following
value to attain the maximum SNR:

Biotar  ;single CMT

s {2Bmaz double CMT (5.47)

Figure.5.12 shows the (S/N)m: versus the number of FDM radio channels for both
the single CMT scheme and the double CMT scheme, and for different values of the
normalized chirping dispersion time, T./T. In the calculation, the optimum modulation
index m,,; and parameters shown in Table 1 are used.

It is seen from the Fig.5.12 that the SNR decreases as the number of channels increases
and that the SNR of the double CMT is deteriorated than that of the single CMT scheme
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Table 5.1: Parameters used in calculations
RIN | -152[dB/Hz] | Tr | 300[K]

a, 0.8[A/W] R 509
s 0.01 7. [ -10[dBm]
1/T | 192 symbol/s | Af 2/T

60
SCM e
N = Double CMT
a=0.5
g 50 | TC / T = 50
AN
e T
N R NE S R
35, 10 20 w N K

number of channels

Figure 5.12: SNR versus the number of radio channels.

because the increase of the frequency range of sweep, AF, causes the decrease of the
symbol energy. It is also seen that the SNR for large T./T is degraded because of the
increase of the intermodulation distortion power, therefore it is desired to use small T,/T.
In the figure, the SNR performance of the conventional SCM scheme is also shown. It
is seen that the SNR of the SCM system more rapidly decreases in comparison with
the proposed system as the number of channels increases. The reason is that the IM3
power in the SCM system rapidly increases as the number of channels increases, while
the IM3 power in the CMT/IM/DD system is independent of the number of channels,
but dependent on the T./T. As a result, the SNR performance of the proposed system
becomes superior to the SCM system in the condition of large number of channels in spite
of the value T./T. In the case of T,/T = 5.0, the SNR of the single CMT system is
superior at the number of channels more than 6, and that of the double CMT system is
superior at the number of channels more than 8.

Figure 5.13 shows overall SNR performance of the proposed system in which the S/ICI,
the S/ISI and the SNR are taken into consideration. The overall SNR is given by

1

(75 = @) @) @] 549
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Figure 5.13: S/(N+I) versus the number of radio channels.

In the calculation of the (S/ICI) and the (S/ISI), a = 0.5 is assumed, and we examine the
performances of the most degraded symbol, that is, the highest frequency symbol in the
CMT signal. It is seen from the figure that the overall performance of the single CMT
system is always inferior to the SCM system in spite of value T, /T because it is dominated
by the low S/ICI performance. On the other hand, the double CMT system can much
improve the overall performance because it is dominated by the SNR performance shown
in Fig.5.12, and it is superior to the SCM system at T./T = 5.0 and the number of radio
channels more than 26. In the figure, 3 [dB] improvement of the overall performance is
obtained when the number of channels is 50 and T./7T = 5.0. This superiority is caused
by the fact the CMT system can decrease the number of carriers and is tolerable against
the LD nonlinearity. Consequently, the performance of the CMT system is superior to the
SCM system in the condition that the LD nonlinearity dominates the signal performance.
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5.7 Concluding Remarks

This chapter proposed the CMT fiber-optic radio access system suitable for fiber-optic -
radio access networks in the point of seamless routing of radio services, and theoretically

analyzed the SNR performance on uplink considering the ICI, the ISI, the LD nonlin-

earity, and the receiver noise inherent to IM/DD fiber-optic link. Furthermore in order

to decrease the ICI and the ISI, the double CMT system was proposed. The theoretical

analysis investigated the relationship between the SNR performance and the parameters

inherent to the CMT systems compared the SNR performance to the conventional SCM

radio access system. Following results were obtained:

1. The CMT can successfully transform multiple radio services with FDM format into
ones with TDM format. Then the CMT radio access system can provide more
simple and seamless radio access networks because an RN composed of photonic
time switch can distinguish and switch radio service in the optical stage in the
networks.

2. By the use of the suboptimal correlation demodulator, the CMT signal can be
directly demodulated with high (S/ISI) and high (S/ICI) performances, however
such performances are different according to the symbol number and the roll-off
factor of pulse shaping. In particular, the S/ICI performance of the highest and the
lowest frequency symbol in the CMT signal is most deteriorated, and the use of the
largest value of roll-off factor gives the highest S/ISI performance.

3. The double CMT system can improve the S/ICI and the S/ISI performance though
the SNR performance is deteriorated. The double CMT system obtains 32 [dB]
improvement of the S/ICI in case of T./T = 5.0 and o« = 1.0.

4. The SNR performance of the CMT radio access system is superior to the conven-
tional SCM system in spite of the value T./T when the number of radio channels
becomes large.

5. The overall SNR performance of the CMT radio access system is superior to the
conventional SCM system when the number of channels is large and the double
CMT is used. In case that the number of channels is 50, 7,./T = 5.0, and a = 0.5,
the improvement of the overall SNR performance was 3 [dB].
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Chapter 6

Asynchronous Time Division
Multiple Access Bus Link System
using Chirp Multiplexing Transform

6.1 Introduction

Asynchronous time devision multiple access (TDMA) bus link system was proposed in
Chap.4. The chapter introduced that the employment of the asynchronous TDMA bus link
for fiber-optic radio access networks can realize simple construction and easy extension of
the networks because the difficulty of time synchronization among RBSs can be obviated,
while the optical pulse loss occurs due to the asynchronous access of signals. In that
chapter, the asynchronous TDMA was realized by transforming radio signals into narrow
optical PAM/IM (pulse amplitude modulated / optical intensity modulated) pulses by
the use of photonic natural bandpass sampling technique.

This chapter proposes the asynchronous TDMA bus link system using Chirp Multi-
plexing Transform (CMT), in which radio signals are also transformed into narrow optical
PAM/IM pulses in order to allow the asynchronous access of radio signals with TDMA
format, however such transformation is executed by the use of CMT proposed in Chap.5,
not by the use of photonic natural sampling technique.

As described in Chap.5, the CMT can transform radio signals with FDMA format into
ones with TDMA format. Therefore the fiber-optic radio access networks using CMT
provide the possibility of universal use of the networks among different types of radio
service because it is able to distinguish and switch radio service signals in the optical
stage by the use of photonic switch at a RN in the network.

Besides such advantage of the use of CMT, if we can perform the time compression
of output signals from the CMT, the configuration of asynchronous TDMA bus link
combined with CMT system are allowed. Such combination of asynchronous TDMA
system and CMT system provides much universal and flexible fiber-optic radio access
networks because the advantage of each system are also combined. Fortunately, the CMT
has the ability to compress the output at the same time if enlarging the chirp sweep
bandwidth enough than the bandwidth of radio signal. Therefore in this chapter, the
asynchronous TDMA bus link system using CMT are proposed and discussed.

Another topic dealt in this chapter is the affection of traffic distribution on the pulse

59
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loss probability and the call blocking probability. The obtained results about them can
be also applied to the performance of the asynchronous TDMA bus link systems using
photonic natural sampling technique in Chap.4.

The remainder of this chapter is organized as follows. Section 6.2 describes the configu-
ration of the Asynchronous TDMA bus link systems using CMT. Section 6.3 theoretically
analyzes the pulse loss probability and the call blocking probability, considering traffic
distribution in the area covered by a bus link. Section 6.4 discusses the affection of traf-
fic distribution on the pulse loss probability and the call blocking probability, and the
relationship between them by showing some numerical results. Final part of the section
introduces one of manners to determine the area size covered by a bus link and the number
of RBSs connected to the bus link.

6.2 Asynchronous TDMA Bus Link System using
Chirp Multiplexing Transform

Chirp
Multiplexing
Transform 1. Digital

1, Header
--°)

Header I_LD fg_!_-_z-_-_-_-_-_ Header
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Figure 6.1: Asynchronous TDMA bus link systems using CMT.

Figure 6.1 illustrates the configuration of asynchronous TDMA bus link systems using
chirp multiplexing transform (CMT). Many RBSs and several RCSs are connected with
a fiber-optic bus link, and each RBS equips the Chirp Multiplexing Transformer (CMT)
that was proposed in the previous Chap.5. The CMT can perform the conversion of
received several radio service signals operated under different frequency bands into ones
with TDM format as described in Chap.5. Therefore the routing node (RN) included in
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the network can distinguish and switch radio service into the appropriate RCS by the use
of simple photonic switch. Besides such utilization of the CMT as a FDM-TDM converter,
the system proposed in this chapter utilizes the CMT as time compressor for radio signals
into narrow pulse format. The time compression of radio signals allows asynchronous
time division multiple access of radio signals into a fiber-optic bus link as introduced in
Chap.4.

The RBS receives several radio services and feeds them into CMT. Figure 6.2 illustrates
the configuration of CMT and the relationship between the received radio signals and
resultant chirp multiplexing transformed signal (CMT signal). In the CMT, input radio
signals, r(t), are pre-multiplied with a periodical chirp signal, passed a chirp filter and
post-multiplied with a chirp signal. The output of CMT, V(¢), is represented by the
following as described in Chap.5.

V(t) = Re] Z U(l)(t)eﬁ"ht] (6.1)
[=—00
I .
2 —j2nB[t—IT:]r T _ Tc
Uy = f_%; u(r +IT.)e dr ; <t—-IT. < (62)
0 ;0therw1se .

where u(t) is the complex envelope of input radio signals. 7. and AF' are the chirping
dispersion time and the frequency sweep range of CMT, respectively. § is the chirping
angle given by AF/T,. [ in the equation is an integer and fy is a center frequency of
the chirp filter. You can understand from Eq.(6.2) that the CMT executes the Fourier
transformation of original radio signals with every time-width of T¢, and outputs the
results as the function of time. Consequently, the one radio service with its bandwidth
Bpgr is transformed into periodical pulses with its pulse width Bgpr/8 and its interval T
as illustrated in Fig.6.2. Therefore, if we enlarge the frequency sweep range, AF', than
the bandwidth of radio signal Brr, we can compress its pulse width at the same time.
The relationship between the pulse duty of obtained pulse trains and the radio signal is
given by,

T _ B RF » ( 6 3)
T, AF
T,
<—>
treq freq
_._#3
B“F © Chicp 51g"31 #1 #0243 #1 #243
: Chirp + ddayl
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time Filter - Tc Eﬁf‘
Radio signals r(t) ——>®—-> \13 v(t) CMT signal
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Figure 6.2: Configuration of CMT.

Figure 6.1 illustrates the example case in which kth RBS is receiving three radio
carriers, fi, fa, and fs, that respectively correspond to radio service 1, service 2, and
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service 3. The CMT transforms them into TDM pulses whose time positions are different
from each other (7, 7, and 73 in the figure). Then the TDM pulses are transformed into
optical PAM/IM (pulse amplitude modulated / intensity modulated) pulses by directly
modulating Laser Diode (LD) and fed into fiber-optic bus link using photonic switch after
attaching digital header to recognize the start point of the TDM frame and the destination
address of included radio service signal. Then, each RBS transmits the generated optical
PAM/IM pulse trains without any the synchronization control to the other RBSs. In
other words, the PAM/IM pulses from many RBSs are asynchronously multiplexed in
fiber-optic bus link with TDMA format.

Such asynchronous TDMA bus link system has the advantage in the flexibility and the
simplicity of system because the network need no synchronization control among RBSs
and the networks can be easily extended. Furthermore it allows the unified transmission
of multiple radio services with TDMA format, therefore the switching of radio service in
the optical stage can be executed. We consider that such capability of photonic routing
of radio service provides the possibility of the universal use of fiber-optic networks among
different types of radio service. However one of the problems inherent to the asynchronous
TDMA bus link systems is that a PAM/IM pulse is lost if several RBSs transmit ones
into a bus link at just the same time. Then the pulse loss probability will be discussed in
Sect.6.3.

Another problem to be studied is the degradation of received signal power due to pulse
width narrowing and many optical devices passed in the transmission. Therefore in the
asynchronous TDMA bus link systems, it is required to compensate such the degradation
of received signal power by the use of optical amplifier with inline type of insertion as
illustrated in Fig.6.1, and that can also realize to balance the signal power received at
the RCS among every RBSs. The topic about carrier-to-noise power ratio performance
of asynchronous TDMA bus link and CMT systems have already dealt in the previous
Chapters 4 and 5 in detail. Therefore this chapter does not refer to that topic anymore.

At the RCS, optical PAM/IM pulses received from several RBSs are detected by a
photodetector (PD) and demultiplexed into the signal from each RBS by the use of switch.
Inverse CMT (ICM) with the same configuration as transmitting CMT’s regenerates the
original radio signals or the information data conveyed on the radio signal can be directly
demodulated by the use of correlation demodulator as described in chapter 5.

6.3 Theoretical Analyses of Pulse Loss and Call Block-
ing Probabilities

Since the PAM/IM pulses from many RBSs are multiplexed asynchronously in the fiber-
optic bus link, some of the pulses may not be able to reach the RCS and lost when several
RBSs transmit ones at just the same time. The pulse loss probability in asynchronous
TDMA systems was studied in Chapter 4, however in which only the uniform traffic
distribution model was considered in the analysis and the affection on it of the traffic par-
tiality have never been clarified yet. Therefore in this chapter, we theoretically analyze
the pulse loss probability and the call blocking probability considering the traffic partial-
ity in the area covered by a fiber-optic bus link. As for the traffic distribution model,
Gaussian model is the most simple and popular one[56] because the traffic partiality can



6.3 Theoretical Analyses of Pulse Loss and Call Blocking Probabilities 63

be simulated by only two parameters, its mean and variance, and it is also suitable for
us to investigate the fundamental affection of the traffic partiality on the call blocking
probability or on the pulse loss probability.

[172-k/NIX -+~ -
172-(k-1)/N]X

Figure 6.3: Traffic density distribution.

Figure 6.3 illustrates the one dimensional Gaussian traffic model used in the analysis.
The fiber-optic bus link covers the service area with its size X, and it is equally divided
into N radio zones. RBS is numbered from the nearest one to the RCS. The traffic density
at the distance = from the center of the service area, f(z), is given by,

Ay [z

F(@) = —exp [—

(6.4)

T oV2n 202

where m is the position with the peak intensity and o is the standard deviation. By
modifying these values, the various state of traffic partiality can be simulated. Further-
more in order to fairly study the affection of the traffic partiality on the call blocking
probability or the pulse loss probability, A is determined in the manner that the total
traffic covered by the service area, [—%, -}25], is fixed to a;. Thus, by solving the equation
of I%fx (z)dz = a;, A is given by, ’

Gy
A (6.5)
X/2-m -X/2—m
7 lerf (F577) — erf (Z55757))]
Consequently the traffic generated in the kth zone, ay, is given by,
iy Elx '
ar = /[ ’ kNl] f(z)dz
[-3+551x
as [erf <—-2—M——[—L+f/]§x"m) —erf (_2__L__[-l+k_-\/li]x-m>]
= - - (6.6)
X/2-m =X/2—-m
Jent (2257) — ext (<2552)

Figure 6.4 shows some example states of traffic distribution in case that 10 RBSs are
connected and a; = 3.0. The parameters o and m are normalized by the service area size
X. For example, o/X = 0.15 and m/X = 0 is the state that the center 30% area of
the service zone includes 70% of the total traffic. However the difference of value of m
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Figure 6.4: Traflic versus the RBS number.
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causes the difference of peak intensity even if the same value of o/X is used, because of
the assumption of fixed total traffic in the service area.

We assume that the capacity of every RBS is fixed to n channels, and the radio
channels available in each radio zone are multiplexed with FDMA format. The initial call
blocking occurs if call connections over the channel capacity n are requested at the same
time in the radio zone. The call blocking probability in k-th zone, Ry, is given by the use
of Erlang B formula[37] as,

an

_k'_ .
Rk = L o (67)
?:0 _Z;h

Therefore, the average traffic virtually accepted by RBS can be estimated as a;(1 — Ry).

We assume that the traffic accepted by RBS is equally assigned to each channel in average.

Then, the average traffic per channel at kth RBS, ay_, is given by,

o = BU-FR) (6.8)
n

Figure 6.5 illustrates the mechanism of pulse loss. The pulse loss occurs at the stage
of photonic switch multiplexing. If jth RBS transmits its PAM/IM pulse when the kth
RBS’s pulse are passing the photonic switch, the transmission of kth RBS’s pulse are
terminated and the pulse is lost. Therefore the RBS which is nearer to the RCS has the
priority in the transmission of pulses, and the pulse loss probability performance of the
further RBS is more deteriorated.

As described in Sect.6.2, the CMT at a RBS transforms one radio carrier into com-
pressed pulse trains with its pulse duty ]‘ZLF‘? and its repetition interval 7T,, while under the
condition that RBS is receiving several carriers, such pulse trains are generated as much
as the number of receiving carriers. Under the condition that jth RBS is receiving only
one carrier when kth RBS’ pulse is passing the photonic switch, the probability that the
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Figure 6.5: Mechanism of PAM/IM pulse loss.

pulse loss occurs is given by 27/T, because the occurrence time difference between the jth
and the kth RBS’s pulse can be modeled as an uniform distributed random variable in
the interval [—7C, —5—] as'described in Chapter 4. The probability that jth RBS is receiving
carrier on a channel at arbitrary time is given by a; . Let Ay; denote the event that one
PAM/IM pulse transmitted from the kth RBS isn’t lost at the stage of photonic switching
of jth RBS (j < k). Considering n channels are independently operated in radio zone,
the probability of the event Ay; is given by,

Py = [1-Fa] G<n (6.9)

Furthermore since the traffics in all radio zones are mutually independent, the probability,
Py, , that the PAM/IM pulse from kth RBS successfully reach the RCS without any pulse
loss is obtained as

Pthk = H (AkJ

7=1

= T [1 — —akc]n (6.10)

n;'_"[

Therefore, the ”pulse loss probability in fiber-optic bus link for the kth RBS’s radio signal,
Pyss, 5 is given by

Plossk = 1- Pthk (611)

6.4 Numeriéal Results of Pulse Loss and Call Block-
ing Probabilities

This section shows some numerical results of the pulse loss probability and the call block-
ing probability. It is consistently assumed that radio bandwidth per carrier, Bgrp, is
300 [KHz| and the maximum number of carrier received at an RBS, that is, the channel
capacity n, is 4.

Figures 6.6 and 6.7 show the pulse loss probability versus the RBS number for different
value of 0/ X and m/X, respectively. An RBS transmits PAM/IM pulses using photonic
switch, and the pulse loss occurs when a PAM/IM pulse from any another RBS further
from the RCS tries to pass the switch of the RBS which is in its transmitting time.
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Figure 6.6: Pulse loss probability versus the RBS number.

Therefore the PAM/IM pulse of nearer RBS has the priority in the transmission and
especially the PAM/IM pulses of the 1st RBS are never lost. Then it can be seen from
the figures that the pulse loss probability is degraded as the RBS number increases. Its
degradation curve is different according to the value of o/X or m/X. The pulse loss
probability of kth RBS depends only on the traffics covered by RBSs nearer to the RCS
than that. Therefore in Fig.6.6, the pulse loss probability of RBS which is located nearer
to the RCS than the position of the peak intensity (m/X = 0) is much improved as o/X
decreases. Also in Fig.6.7, the pulse loss probability of nearer RBS is improved as m/X
decreases. However the performance of the RBS furthest from the RCS, that is, the worst
performance in this system, have little dependence on the parameters /X and m/X.

Figure 6.8 shows the pulse loss probability and the call blocking probability versus the
number of connected RBSs. The increase of RBSs means the radio zone size reduction
and the decrease of traffic per RBS. Both of the performance depend on the RBS number.
Thus, This figure is indicating the worst performances obtained in all RBSs. The total
traffic in the service area, a;, is the parameter. In the condition that more than 4 RBSs
is connected, the pulse loss probability has little dependency on the number of RBSs. On
the other hand, the call blocking probability is much improved by enlarging the number
of RBSs. As a result, lines of the two characteristics cross at 14 number of connecter
RBSs at a; = 3.0, and 20 number of RBSs at a; = 5.0. From our point of view, the pulse
loss may cause the intercept of communications and it seems to be serious problem than
the initial call blocking. Therefore the pulse loss probability has to be smaller or much
smaller than the call blocking probability. In the case of Fig.6.8, the connection of more
than 10 RBSs are allowed in case of a; = 5.0.

Consequently, we should determine the network size covered by a bus link in the
manner that the included total traffic satisfies a required pulse loss probability. On the
other hand, we should determine the number of connected RBSs, that is, the number of
radio zones, in the manner that a required call blocking probability is satisfied though it
depends on the standard deviation of traffic distribution.

Figure 6.9 shows the total accommodated traffic versus required pulse loss probability
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Figure 6.7: Pulse loss probability versus the RBS number.

for different values of frequency sweep range of CMT, AF. When required pulse loss prob-
ability is reduced, the total traffic which can be accommodated by a bus link decreases,
however enlarging AF can improve the pulse loss probability or the accommodated to-
tal traffic, a;. For example, if we assume 10~2 of pulse loss probability is required, the
networks have to be constructed in the manner that a bus link includes 1.6 traffic when
AF = 1[GHz].

On the other hand, the reduction of pulse duty of PAM/IM signal, that is, the enlarge-
ment of AF, causes the degradation of carrier-to-noise power ratio (CNR) performance
of signals detected at the RCS. The relationship between the pulse duty and the received
CNR was theoretically analyzed in Chapter 4, and in the case of AF = 1[{GHz] and
Brr = 300 [KHz], the pulse duty is reduced to 3.0 x 107* from Eq.(6.3), but the CNR
more than 50 [dB] is obtained at the pulse duty as shown in chapter 4.

Figure 6.10 shows the required number of RBSs to satisfy the call blocking probability
of 1072 versus the normalized standard deviation o /X. It is seen from the figure that the
required number of RBSs has much dependency not only on the total traffic but also on
the standard deviation. For example, under the conditions of /X = 0.15 and a; = 3.0,
the connection of more than 10 RBSs is required.
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6.5 Concluding Remarks

This chapter proposed asynchronous TDMA bus link system using chirp multiplexing
transform (CMT'). The performance of the proposed system was investigated by the theo-
retical analyses of the pulse loss probability and the call blocking probability considering
the traffic partiality in the area covered by a fiber-optic bus link. This chapter investigates
the relationship between the pulse loss probability and the call blocking probability, the
affection of the traffic partiality on them, the the total allowable traffic covered by a bus
link, and the required number of connect RBSs. Following results were obtained:

1.

Asynchronous TDMA bus link system can be constructed by the use of CMT tech-
nique. Since kind of radio service can be distinguished by its transmitted time in
the proposed system, the switching of radio signals according to its type of service
can be performed in the optical stage by the use of photonic time switch.

The pulse loss probability performance depends only on the total traffic in the area
covered by a bus link, but is independent of the traffic partiality, the position of
peak traffic intensity, and the number of connected RBSs.

The call blocking probability performance is improved by increasing the number of
connected RBSs, thus the number at which the call blocking probability becomes
smaller than the the pulse loss probability exists. This systems should be operated
under that number of RBSs.

The pulse loss probability can be improved by increasing the bandwidth of CMT or
decreasing the total traffic in the area covered by a bus link.

. One of the manners to determine the area size covered by a bus link and the number

of connected RBSs was introduced. The area size covered by one bus link should
be designed in the manner that the covered traffic satisfies the required pulse loss
probability performance. On the other hand, the number of connected RBSs should
be determined in the manner that it satisfies the required call blocking probability
considering the traffic partiality.



Chapter 7

Fundamental Experiments on
Fiber-Optic Radio Transmission
System using Photonic Natural
Bandpass Sampling

7.1 Introduction

This chapter reports and discusses the results of fundamental experiments on fiber-optic
radio transmission system using photonic natural bandpass sampling. The principle of
photonic natural bandpass sampling transmission is experimentally confirmed and its per-
formances of carrier-to-noise power ratio (CNR), spurious free dynamic range (SFDR),
and carrier-to-distortion power ratio (CDR) are investigated. Each performance is com-
pared to that of the conventional IM/DD transmission system, and the penalty of each
performance due to sampling transmission is discussed from experimental results and
theoretical viewpoint. Section 7.2 describes experimental setups, Section 7.3 shows and
discusses the experimental results, and Section 7.4 derives system parameters from the
experimental results and estimates the system capacity.

7.2 Experimental Setup
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Figure 7.1: Experimental setup.
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Figure 7.3: Inside view of receiver.
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Table 7.1: Specifications of devices used in experiment.
Laser Diode Module Fabry-Perot multimode Laser
( ORTEL 5515B ) wavelength A : 1.3um
output power P,: 0.7 [dBm]
RIN <-151 [dBm/Hz] (1-2 [GHz])
: input impedance : 50 [Q]
LN modulator insertion loss < 5 [dB]
(Sumitomo TMZ1.3-2.5) on-off power ratio > 20 [dB]
' 3[dB] bandwidth > 3 [GHz]
half-wave voltage <.3.5 [V]
PD _ sensitivity a, : 0.83 [A/W]
(NEC NDL5481P2C)
total insertion loss of
LN modulator and polarization cont. : L, | 5.1 [dB]

sensitivity of LD module : r 1.26 x 1072[W/A]
total sensitivity of receiver : oy 75 [A/W]

total link gain in 50% pulse duty

(transmission loss = 0 [dB]) -20 [dB]

load impedance of receiver : R 50 [©]

bandwidth for noise power expression : B | 300 [kHz]

Figure 7.1 illustrates the experimental setup, and Fig.7.2 and Fig.7.3 shows the photos
of its external appearance. Table 7.1 are summarizing the specifications of devises used.
The Fabry-Perot Laser Diode with 1.3 um wavelength was directly modulated by RF
signals generated from a Standard Signal Generator. The RF signal with the frequency of
1.9 [GHz] is used in the experiment to estimate the performance in case that the Japanese
PHS radio service is applied to the photonic natural bandpass sampling transmission sys-
tem. The obtained optical intensity modulated signal was sampled by the use of a LiNbO3
(LN) intensity modulator. The modulation depth of LN modulator has dependency on
the input optical polarization state, thus a polarization controller was inserted between
the Laser Diode module and the LN modulator to obtain the maximum on-off power ratio
of output optical signal.

Figure 7.4 shows the relationship between driving DC voltage on the LN modulator
and obtained output optical power. The half-wave voltage was 1.95 [v] and the peak-to-
peak (on-off) power ratio was 28 [dB]. From these data, we drove the LN modulator by
rectangular bipolar pulses of 1.95 [v] peak-to-peak voltage with 2.8 [v] DC bias voltage in
order to execute on-off optical switching.

Figure 7.5 illustrates the states of transmitted optical intensity in two transmission
schemes. One is the conventional IM/DD transmission without sampling (in no use of
LN modulator), and the other is the sampling transmission with 50% pulse duty. The
average intensity in the IM/DD transmission always fixed on P, = 0.7 [dBm)], while
that in the sampling transmission is on-off switched into rectangular pulses. Furthermore
the peak intensity in the sampling transmission suffers from L, = 5.1 [dB] power loss
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Figure 7.4: Output optical power versus driving voltage on LN modulator.
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Figure 7.5: Output optical power of transmitter.

in comparison to that in the IM/DD transmission due to the insertion of polarization
controller and LN modulator. Therefore the average power of the sampling transmission
was typically around -7 [dBm)] in case of 50% pulse duty.

At the receiver, received optical pulses were simply photodetected by the use of pho-
todiode and amplified with wideband RF amplifier. The sensitivity of LD module, and
receiver, and the total link gain at 1.9 [GHz] frequency band were measured by the use
of lightwave component analyzer (HP8565E), and the Table 7.1 also includes the results.

Figure 7.6 shows the waveform of receiver output in the case of sampling frequency of
600 [kHz], which was measured by a digitizing oscilloscope. You can see that the radio
signal sampled with 30 [%] pulse duty was obtained. Figure 7.7 shows the spectrum of
receiver output when sampling frequency was 10 [MHz]. As proved in theoretical analysis,

the spectrum is symmetric about the radio frequency and the carrier appears at intervals
of sampling frequency.
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7.3 Measured Received CNR and CDR Performances
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Figure 7.8: CNR performance versus optical transmission loss.

Figure 7.8 shows the experimental results of the CNR performance versus optical
transmission loss L;. In the figure, the CNR performance of the photonic natural band-
pass sampling transmission is compared to that of the conventional IM/DD transmission.
The various transmission loss, L;, was simulated by the use of optical attenuator in the
measurement. The average received optical power in case of L; = 0[dB] was -6.3 [dBm)]
in the 50{%] pulse duty transmission, and 0.7 [dBm]| in the IM/DD transmission. It was
observed that the received RF signal power is degraded in proportion to the optical loss
L; to the 2nd power. It is seen in the Fig.7.8 that the received RF signal in the sam-
pling transmission suffers from the power penalty of 16 [dB] in total, in comparison to
the conventional IM/DD transmission. Therefore the CNR performance of the sampling
transmission suffers from penalty of 16 [dB] in the region where the transmission loss is
large, that is, where the thermal noise limits the CNR performance. On the other hand,
in the region of low transmission loss, the CNR performance is limited by the relative
intensity noise (RIN) and the saturation of the CNR performance was observed because
the power of the RIN also increases in proportion to the received optical power to the 2nd
power. In case that optical transmission loss, L;, equals 0 [dB], it was observed that the
penalty of the CNR performance was about 12 [dB].

Received power of RF signal (P, ), thermal noise (Pi), RIN (Pring), and shot noise

(Pspot) are respectively written as follows from theoretical viewpoint.

1 /ma,P,\% /T\? /RG
e = 5(550) () (F) 71
Py = kTaFGB (7.2)
aoPN\? T\ {RGB . '
Pa = RIN(22) (7) (557) 73
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e = 2032 (£) (290

where F,, L,, a,, R, and B are the average transmitted optical power of LD, the insertion
loss of LN modulator, sensitivity of PD, load impedance of receiver, and bandwidth
for noise power expression respectively, and their specifications in the experiment are
described in Table 7.1. and m are the pulse duty, and modulation index, and ky, T},
and F' are the Boltzmann constant, noise temperature, and noise figure of receiver. G is
the total electrical amplification gain after photodetection.

From the theoretical comparison of the sampling transmission to the conventional
IM/DD transmission, the loss of L, = 5.1[dB] and the pulse duty of T'/T, = 1/2 results in
16.2 [dB] penalty of RF signal power, and this result matches to the experimental result.
As for the noise power, the power of RIN in the sampling transmission should have been
degraded by 13 [dB] than that in the IM/DD transmission due to the L, and 50% pulse
duty. However in the measurement, the noise power degradation observed at L; = 0
[dB] was 6 [dB]. Even if we consider the effect of thermal noise power, the noise power
degradation seems to be small. The reason of that can be explained by assuming the
RIN in the sampling transmission increases by 4 [dB] due to the insertion of polarization
controller and LN modulator as calculated in the following Sect.7.4.

Sampling freq. = 20 [MHz]
pulse duty = 50 [%]
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Figure 7.9: SFDR degradation due to received optical power degradation.

Figures 7.9 shows the the power of fundamental RF carrier, 3rd order inter-modulation
(IM3), and noise versus driving RF power to LD. The figure shows the performances in
two cases of L, = 0 [dB], and L; = 10 [dB]. The sampling frequency is 20 [MHz]. The 3rd
order inter-modulation power was measured by modulating a Laser Diode with two RF
tones. An example spectrum of received signals in the two-tone measurement is shown in
Fig.7.10, where center two tones are fundamental carriers and the other two tones outside
of them are IM3 components.
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Figure 7.10: Spectrum of a receiver output in the CDR measurement.

Spurious free dynamic range (SFDR) is one of the important factors to determine the
dynamic range performance of fiber-optic radio transmission systems. The SFDR is the
range of RF input powers for which a two-tone RF input signal can be cleanly distinguished
from noise and nonlinearities at the link output. The minimum RF input power is defined
as the power which results in the received signal just reaching the noise floor generated
by receiver noise and laser relative intensity noise (RIN). The maximum RF input power
is defined as the power at which the in-band 3rd order intermodulation power generated
by laser nonlinearities just reaches the noise floor. The theoretical expression of SFDR
for a direct-detection analog optical link is derived in [10].

You can see from this figure that 55 [dB] of the SFDR, that is, 91 [dB-Hz?/®] of the
SFDR, was obtained in case of L, = 0 [dB] and 45 [dB] of the SFDR, that is, 81 [dB-Hz*/?
of the SFDR, was obtained in case of L; = 10 [dB]. Consequently, it was observed that
10 [dB] degradation of received optical power causes 10 [dB] degradation of SFDR.
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Figure 7.11: CDR performance versus RF input power.

Figure 7.11 shows the experimental results of the carrier-to-distortion power ratio
(CDR) performance versus RF input power in cases that sampling frequency is 10 [MHz]
or 20 [MHz] (DC bias plus bipolar pulse drives LN modulator), and in case that no
sampling is applied (only DC bias drives the LN modulator). The driving DC bias voltage
to the LN modulator was fixed among all the cases, therefore the average received optical
power was same among all cases.

The CDR is defined as the power ratio of the fundamental carrier and the IM3 Each
measured power of them is also shown in the figure. From the Fig.7.11, you can see that
the obtained CDR performance does not depends on the sampling frequency, but the use
of sampling transmission causes the increase of IM3 power by 2[dB]. It is guessed that
this increase is due to nonlinearity of LN modulator (photonic switch). The exact reason
of this phenomena should be further studied.

Figure 7.12 shows the experimental results of the carrier-to-noise plus distortion power
ratio (CNDR) performance versus RF input power when the sampling frequency was 20
[MHz]. The power of received signal carrier increases in proportion to the inputted RF
signal power, while the IM3 power increases in proportion to the power of inputted RF
signal to the 3rd power. As a result, it was measured that the lines of the CDR and the
CNR cross, and the existence of the optimum optical modulation index was observed. In
the case of L; = 0 [dB], 53 [dB] of the CNDR performance was obtained when the RF
input power equals to 3 [dBm].

Figure 7.13 shows the experimental results of the CNR versus sampling pulse duty.
The power of received optical power, RF power, and noise power are also shown in the
figure. It was observed that the received RF power is proportional to the pulse duty
to the 2nd power. From the theoretical viewpoint, the reduction of pulse duty into a
half deteriorates the CNR performance by 3 [dB] in the condition of the RIN limitation
or by 6 [dB] in the condition of the thermal noise limitation. However it was observed
that reducing 80 [%] pulse duty into 40 [%)] deteriorates the CNR performance by 4 [dB]
because the thermal noise power level was close to the RIN power level in the measurement
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condition.

7.4 System Parameters Estimation from Measured
Data

In this section, RIN, modulation index m, sensitivity of LD module, and 3rd order nonlin-
earity coefficient of LD’s input-output characteristic are derived using the experimental
results.” The electrical receiver gain, G, is derived by the measured receiver sensitivity of

a;=75 [W/A] divided by the sensitivity of PD of ,=0.83 [A/W].
G = 39[dB] (7.5)

Then, using the experimental results of received noise power in case of Ly = 0 [dB], and
the above gain (G, we derive the equation,

2
P+ Pin = kIwFGB 4+ RIN (aZPO> (£> (E—G—B>

= —71[dBm] - (7.6)

where, P;;,=-80.2 [dBm)] from the experimental results, Tls = 2, R = 509, and B = 300
[kHz], and we are neglecting the contribution of the shot noise current because the power
of it is enough small than that of others. Solving this equation, we get the value of RIN

in the sampling transmission, RIN;,.
RIN, = —133[dB] (7.7)

In the similar manner, the RI N in case of the conventional IM/DD transmission, RIN;,
can be also derived by using the parameter of Tl =1 and L, = 0 [dB], and the equation,
Py, + P.in = —65.4 [dBm]|. The value of RIN; is derived as,

RIN; = —137[dB] (7.8)

Consequently, the increase of the RIN due to the insertion of LN modulator is 4 [dB].
The measured sensitivity of the LD module is r = 1.26 x 10"%W/A]. Thus, the
modulation index m in case that the RF input power equals 10 [dBm] is derived as,

ri
"= 3
1.26 x 1072[W/A] x 0.02[A]
- 1.17 x 10-3[W]
= 0.215 (7.9)

On the other hand, the theoretical expression of the CDR is given by[9][55],

1,2
2m

2
L(3 3
2(4a3m)

CDR = (7.10)
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Thus, using the above modulation index and the experimental results that CDR is 42.3
[dB] when RF input power is 10 [dBm], a3 can be derived as,

as = 0.221 (7.11)
In the similar manner, the a3 in the transmission without sampling is derived as,

as = 0.176 (7.12)

7.5 Estimation of the system capacity
Using Equations.(7.1)-(7.4), the CNDR is theoretically given by,

2 2
l 2 OloPo _’1;
2 (LoLt) (T)

C ) _
(73 [RIN (32)" +2¢ (322) + BBE] (£) B+ < s >vir ()

_(7.13)

where, < 12,5 >(n) is IM3 power in the k-th carrier band when N carriers modulate LD
with equal amplitude and, and it is given by[9][55],

1{(3 () 3 2 aoPo 2 .
<Posww = | 5 (Gem DRy +JemDin,) (B8) N 23 7y
’ 0 N <3
1 1
@ _ = 9 _ = _(_1\N1_1)k
Dy =5V =2~ 5 {1 = ()"} (-1)"] (7.15)

D= BN —k+ 1)+ (V=3 5} — g {1 - (~DV} (- (1.16)

The optimum modulation index that maximize the CNDR performance is obtained by

solving the equation, d(CNDR)/dm = 0 about m.

[RIN (%2)2 + 2e (%ZE) + 4kb£tb£] B g
Mopt = (3) \2 2 (717)
(tesm? Dy + Besm® D) (22)' (2)

Figure 7.14 shows the results of calculations about the CNDR performance versus the
number of radio carriers in case of L; = 0 [dB], where a; = 0.221 and RIN, = —133 [dB]
derived in the previous section are used, while figure 7.15 shows the results of calculations
about the CNDR performance versus the optical transmission loss in cases that the number
of carriers is 5, 10, or 15. In the calculations, the optimum modulation index in Eq.(7.17)
is used and that transformed into input power per carrier is also shown. From Fig.7.14,
you can see that the system used in this experiment can accommodate 7 radio carriers
under the condition that = = & and CNDR = 30 [dB] is required. You can also see from
Fig. 7.15 that 10 [dB] transmlssmn loss is allowed under the condition that 5 carriers are
transmitted and CNDR = 30 [dB] is required. The allowance of 10 [dB] transmission
loss roughly corresponds to the allowance of about 50 [km] fiber transmission.
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7.6 Concluding Remarks

This chapter have reported and discussed the results of fundamental experiments about
photonic natural bandpass sampling transmission of radio signals. The CNR performance
in the photonic transmission system was experimentally compared with that in the conven-
tional IM/DD transmission system. The penalty of the CNR in the photonic transmission
system was 17 [dB] in the thermal noise limited conditions, and 12 [dB] in the RIN limited
conditions. Next the CDR performance was measured by using 2 RF tones into trans-
mitter. We measured that the the photonic sampling transmission causes the penalty
of the CDR by 2 [dB]. Furthermore the existence of optimum optical modulation index
that maximize total CNDR performance was experimentally confirmed. The degradation
of CNR performance due to pulse duty reduction was experimentally measured and we
measured that the reducing pulse width into a half degrades the CNR performance by 4
[dB]. Finally the system parameters of RIN, modulation index, and the 3rd nonlinearity
coeflicient, were derived from the experimental results, and system capacity of number
of carriers accommodated and transmission loss allowed were calculated using the de-
rived parameters. We concluded that the system used in the experiment allows 50 [km]
transmission of 5 carriers when pulse duty is 20 [%] with more then the CNDR of 30 [dB].



Chapter 8

Conclusions

This thesis proposed and studied several types of photonic time division multiple access
systems for fiber-optic radio access network. The self-synchronous TDM bus link system
and the asynchronous TDMA bus link system were proposed in order to solve the difficulty
of time synchronization control for photonic TDM signals among many base stations, and
their performances were investigated by the theoretical analysis of the CNR performance
or the burst loss probability performance. The chirp multiplexing transform (CMT)
fiber-optic radio access system was proposed in order to provide the possibility of the
universal use of radio base station and fiber-optic radio access networks among different
radio services, and the overall SNR performance of detected radio signals was theoretically
investigated. Furthermore the asynchronous TDMA bus link system that combined with
the CMT system was proposed and discussed. Finally fiber-optic radio transmission
system using photonic natural bandpass sampling was experimentally demonstrated, and
its CNR and CDR performance were investigated on experiment.
Through our analysis, following results are obtained:

e The proposed photonic self-synchronous TDM bus link system needs no synchro-
nization control to assign time slots to RBSs connected with a fiber-optic bus link
and can realize the sharing of a single laser source among RBSs. The two system
configurations of fiber-space multiplexing utilization and polarization multiplexing
utilization were investigated. The splitting optical power ratio used at each RBS
was optimized to balance the CNR performance of all RBSs, and the relationship
among the CNR, number of connected RBSs, transmitting optical power, and pre-
amplifier gain were theoretically clarified. The numerical results of the theoretical
analysis concluded that the fiber-space multiplexing utilization can attain the higher
CNR performance, and that the use of optical pre-amplifier is effective to improve
the received CNR performance. The CNR performance of 40 [dB] can be attained
when 12 RBSs are connected.

e The proposed photonic asynchronous time division multiple access bus link system
can remove the difficulty of time synchronization control for photonic TDM. The
performance degradation due to the radio bust loss was theoretically investigated.
It was concluded that radio signals were multiplexed and transmitted with burst
loss probability of 10~2 and received CNR. of more than 40[dB] by photonic natural
bandpass sampling transmission.
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e The carrier sense control and the variable pulse width technique were also proposed
to reduce the burst loss. Theoretical analysis of the burst loss probability clarified
that the use of carrier-sense control reduces the burst loss probability to half of that
in the case of no control. It was also clarified that the variable pulse width technique
can improve the burst loss probability.

e The proposed CMT fiber-optic radio access system allows the transmission of FDM
multiple radio services with photonic TDM format. Different radio services can
universally use radio base stations and fiber-optic networks because radio service
can be distinguished and switched in the optical stage by the use of photonic time
switch.

Considering the ICI, the ISI, the LD nonlinearity, and the receiver noise, SNR per-
formance of detected radio signals was theoretically analyzed. Furthermore the
double CMT system was proposed in order to decrease the ICI and the ISI. It was
concluded that the double CMT system combined with the proposed suboptimal
correlation demodulator can improve the SNR of detected radio signals in compar-
ison to the conventional SCM system when the number of radio channels is large.
3 [dB] improvement of the SNR performance was obtained in case that the number
of channels is 50.

o The proposed asynchronous TDMA bus link system using CMT can provide the
combination of advantages of the asynchronous TDMA bus link system and the
CMT system. The pulse loss probability and the call blocking probability were
theoretically analyzed considering the traffic partiality in the covered area. It was
concluded that the pulse loss probability performance was independent of the traffic
partiality, the position of peak traffic intensity, and the number of connected RBSs,
while the call blocking probability performance is much improved by increasing the
number of connected RBSs. It was found that the number of connected RBSs when
the call blocking probability becomes smaller than the pulse loss probability is inde-
pendent of the total traffic, and this result means that the proposed asynchronous
TDMA system should be operated under that number of RBSs.

o The fiber-optic radio transmission using photonic natural bandpass sampling tech-
nique was demonstrated. The CNR performance and the CDR performance were
experimentally measured and compared to those of the system without photonic
natural bandpass sampling. The penalty on the CNR was 17 [dB] in the thermal
noise limited condition, and 12 {dB] in the RIN limited condition, and 2 [dB] of
the penalty on the CDR was confirmed. The existence of optimum optical mod-
ulation index to maximize total CNDR performance was found. The degradation
of CNR caused by the reduction of pulse duty was experimentally investigated. It
was observed that reducing pulse duty into a half degrades the CNR performance
by 4 [dB]. Finally the system capacity of the number of carriers accommodated and
the transmission loss allowed were estimated from the experimental results. It was
concluded that the system used in the experiment allows 50 [km] transmission of 5
radio carriers when pulse duty is 20 [%] with the CNDR of more than 30 [dB].

The fiber-optic radio access networks will become more and more important key tech-
nology in the infrastructure for future radio communication systems in which the univer-
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sality and the flexibility to various kinds of multimedia radio services are important. The
photonic time division multiple access systems treated in this thesis will become one of the
candidates for the systems applied to such universal and flexible radio access networks.
The author sincerely wishes that the present research contributes to the future fiber-optic
radio access networks, and hopes for further progress of the research and the development
aiming at the universality and the flexibility of fiber-optic radio access networks.
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Appendix A
Proof of the orthogonality of Equation (5.25)

In this section, we prove the orthogonality of S (t) = F[Bt — A fle”2"Pt=IAMRT where
G(pt) is removed from Si,(t) in Eq.(5.25). Generally for the two waveforms, v;(t) and
Pi(t), to be orthogonal, they must fulfill the orthogonality constraint of the Equation,

i

/_ D (i(t)dt = Kby (i, k: integer) (A1)

S = {(1) Ei;elizivise) (A2)

where T, and K; are the symbol duration and constants respectively. The orthogonality
of §,(t) among different [ is obviously satisfied because F'(f) is bandlimited. Then, we
investigate the following complex correlation function R, to investigate the orthogonality
among different n.

Re = [7 suisuoya

o &

W)

=[5 pppgpeienstig (a3

T28

where, d;x = ¢ — k and 0;; = 6; — 0. The real part of Ry is given by

Re[Ry] = / | FIBA cos[2mdiBt]dt - cos[0i]

T 2B
+ /% |F[3t]|? sin[27d ;1. Bt]dt - sin[6;x] (A.4)
T2

Because of the integration of the odd function F[f] given by Eq.(5.26), the second term
in Eq.(A.4) comes to be zero. Then Re[R;] can be calculated as

Re[Ry] = 2 /0 T cos(2nTdse f)df

1ta
5T o T l—a
- LN dt
+2 /12_; cos(2nT'd;i f) cos [2a (¢ 5T )]
1
_J 7 (dx=0)
_{ 0 (otherwise) (A-5)

Consequently, we have proved that S, (t) is an orthogonal signal set.
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