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Abstract

This thesis presents several alternatives for fibre-optic local and metropolitan arca
networks. The issues considered are mainly related to the physical layer of the net-
works, i.e., the topology and the optical communications problems.

The following approaches were considered in more detail: photonic switching us-
ing spatial light modulators; subcarrier-multiplexing techniques using direct optical
detection, and in particular the transmission of 64-QAM signals by optical fibre; and
subcarrier-multiplexing techniques combined with coherent optical detection.

The spatial light modulator appears to be one of the most promising means for
building a large-size (e.g., 1000 X 1000) optical space switch. The main constraints are
the attenuation of the optical signal and the crosstalk between the channels. Other
problems such as fan-in and fan-out are also addressed.

Theoretical and experimental results are presented on the fibre-optic transmission
of microwave 64-QAM signals at 90 Mb/s rate. Two important methods of improv-
ing the system performance are discussed and demonstrated: laser reflection-induced
intensity noise minimization, and error-correction coding using a self-orthogonal con-
volutional code. The applicability of this transmission technique to the distribution
of digital video services is assessed.

The concept of photonic networks which use subcarrier-multiplexing techniques
together with coherent optical detection is presented. The different radio and optical
modulation formats that can be used are investigated and compared for several system

modes of operation. The effects of laser phase noise on the system performance are

it



also addressed. An S-port homodyne phasce-diversity receiver is analyzed theoretically.

ey
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Chapter 1

Introduction

1.1 Motivation

The information needs of the modern society are increasing faster than ever. Con-
sequently, the transmission capacity required from communication networks is also
growing rapidly. There is general agreement in the research and business communitics
that fibre optics is one of the most promising technologies that can help in providing
the required transmission capacity [1]. The total usable bandwidth (i.c., within the
low-loss optical spectrum) of a single optical fibre is in the order of 20 THz. The
challenge is to find practical ways of accessing this abundant bandwidth, since there
are presently no electronic devices with such a large bandwidth.

During the last two decades, significant advances have been made in the field of
fibre optic communications, especially in long-haul point-to-point transmission. There
are still many problems to be solved in this area, but the main challenge now is to
utilize the potential of the optical fibre to its full extent in the local and metropolitan
area networks (LANs and MANs). Shortly after the introduction of the optical fibre
as a communication medium, many LAN and MAN designers were able to appreciate
some of the attractive features of the optical fibre: low transmission loss, light weight,

immunity to interference, high-speed transmission capacity, etc. Several experimental



designs of such networks using fibre were implemented. A list is provided in Table 1.1
(after [2]). Judged by traditional network standards, the performance characteristics
of these networks are quite impressive. However, they still use only a tiny fraction
of the transmission capacity of the optical fibre. The fibre is used essentially as a
replacement for the copper wire (or coaxial cable), and the access techniques are
directly borrowed from conventional LAN design. The speed of the electronics is still
the capacity-limiting factor.

Utilizing the bandwidth of the optical fibre is not a goal in itself, and certainly
not the only issue in opﬁca.l fibre communications. The transmission characteristics
of the fibre are in general so much superior than those of the other media, that a
radically new way of thinking is possible, and even necessary, in fibre-optic network
design. There is a strong trend towards passive architectures, i.e., with no electronic
components in the communication path, except at the user-network interface. Such
passive architectures are made possible by the low signal attenuation in the fibre which
permits extensive splitting and branching of the optical signal. Another direction of
thinking is that one can trade bandwidth efficiency for simplified network control.
The argument is that the usable bandwidth of the fibre is so large, that one can
afford to utilize it inefficiently, provided that this opens new poséibilities for network
organization. An example of such an approach is the spread-spectrum networking
concept which will be discussed in more detail in Chapter 2. Some other possibilities
for fibre-optic network design will also be discussed in Chapter 2.

To emphasize again, in this thesis our attention is directed towards ways of ex-
ploiting the inherent properties of the fibre, in order to achieve concurrency (multiple
independent connections between network users) in the network. The goal of modern
fibre-optic network design is to utilize to 2 maximum the bandwidth of the fibre, to
minimize the optical-to-electrical and the electrical-to-optical conversions that create
bottlenecks, to simplify the access protocols, and to provide flexibility and multiple

concurrent heterogeneous services.



Network Tepology Access Bit Rate | Span | No. of
Mb/s km. | Nodes
Fibernet 11 active star CSMA/CD 10 25 | 1000
Codenet passive star CSMA/CD 34 2.3 | 1000
Hubnet star hub hub access 50 open | 65,536
Two-Way Bus loop-bus TDMA 100 — 13
D-Net several “locomotive” | 100 — —
Loop 6770 active ring token 32 2.0 126
(NEC) passing
NASA/ITT || passive star TDMA 100 20 16
Hara’s PBX active star | circ.-sw. TDMA 10 — —
FACOM 2881 | active ring TDMA 4 96 32
(Fujitsu)
FACOM 2883 || active ring TDMA 33 576 54
(Fujitsu)
H-8644 active ring token 32 100 50
(Hitachi) passing
Loop Network || active ring TDMA 32 2.0 -—
(Hitachi)
Loop 6530 active ring hybrid 32 7 —
(NEC)
Loop 6830 active ring hybrid 32 12 | —
(NEC)
BRANCH 4800 tree “CSMA/CD 10 1.0 | —
(NEC)
Prototype passive star CSMA/CD 10 1.5 —
(Toshiba)
SIGMA active ring TDMA 32 20 | 64
(Hitachi)
BILNET passive ring TDMA 50 — —
(Mitsubishi)

Table 1.1: Comparison of various conventional fibre-optic LANs. The bit error rate

is presumably better than 10~° in all cases. CSMA/CD stands for carrier-sensing
multiple access with collision detection.



In our work, we analyze the possibilities offered by the optical fibre technology to
provide concurrency mainly in the optical LAN and MAN environments. We consider
issues related to distribution networks (where the information flow is mostly from one
source to many destinations), multiple-access networks (where the information flow is
gencrally the same in all directions), and integrated services networks (where scveral
types of traffic patterns can exist simultaneously). We will concentrate our attention
to the physical layer of the networks (topology and transmission problems), making
only occasional references to protocol issues.

There are several possible approaches for achieving concurrency in a fibre-optic
network. We discuss them briefly in Chapter 2. It is impossible to predict at present
which approach will prevail in the future. It depends on the progress of fibre-optic
technology in general. However, based on our extensive research, we consider certain
approaches more promising than others. We have concentrated our efforts on three

(arguably the most promising) of them:
1. Space switching using spatial light modulators

9. Subcarrier multiplexing with direct optical detection, and in particular the

transmission of microwave 64-QAM (quadrature amplitude modulation) signals
3. Subcarrier multiplexing with coberent optical detection.

The merits and the implementation difficulties of each approach will be discussed in
subsequent chapters of this thesis.

1.2 Contribution

The contributions of this thesis are in the following areas:

1. The investigation of the potential of spatial light modulators (SLMs) for pho-

tonjc switching in the context of network interconnection devices.” We have



discussed the fundamental limitations of this approach, and the problems that

must be solved for its successful practical implementation. Our findings were

reported in {3].

. We carried out theoretical and experimental work on fibre-optic transmission of
microwave 64-QAM (quadrature amplitude modulation) signals. This was the
highest-level fibre-optic QAM transmission experiment at the time of the publi-
cation [4,5]. The previous highest level was 16-QAM [6]. We also introduced the
notion of effective optical modulation index in multi-level QAM transmission.
We show as well the potential of multi-level QAM subcarrier fibre-optic trans-
mission for the distribution of large volumes of data or digital high-definition

TV (HDTV).

. The introduction of the novel concept of a multiple-access photonic network
which uses subcarrier-multiplexing techniques in combination with coherent
optical detection. We have investigated the topology, the modulation meth-
ods (both radio and optical), and several implementation issues. The results

were reported in [7].

. We presented, for the first time, a comparison of optical modulation methods
suitable for photonic networks using subcarrier multiplexing and coherent opti-

cal detection. Qur results were reported in [7,8].

. We presented a discussion of the effects of laser phase noise on the performance

of subcarrier-multiplexed coherent photonic systems. The results were reported
in [9].



1.3 Outline of the Thesis

Chapter 2 of the thesis presents an overview of the alternatives for providing con-
currency in a photonic network. The advantages and disadvantages of various tech-
niques such as TDMA (Time-Division Multiple Access), SS (Space Switching), CDMA
(Code-Division Multiple Access), WDM/FDM (Wavelength/Frequency Division Mul-
tiplexing), and SCM (Subcarrier Multiplexing) are discussed. More emphasis will be
put on SCM, in order tc provide a background for the discussions in Chapter 6.

Chapter 3 gives an introduction to coherent optical communications. Different
recciver types are discussed briefly. The advantages of coherent detection over direct
detection in terms of sensitivity and spectral resolution are highlighted. The problems
of phase noise, polarization fluctuations, and intensity noise are outlined, together
with techniques for their solution.

In Chapter 4, we present our work on spatial light modulators as crossbar switch-
ing elements for photonic networks. We have investigated the feasibility of such
an approach, and provided some guidelines about what is achievable and the areas
where technological progress is needed. Some of the specific problems addressed are
the power splitting loss, the inter-channel interference due to the finite contrast ratio
of the spatial light modulator, the fan-in and fan-out implementation, and some other
implementation issues. |

Chapter 5 presents theoretical and experimental results on fibre-optic transmis-
sion of 64-QAM microwave signals. We discuss the system degradation due to laser
intensity noise (intrinsic and reflection-induced), and the one due to laser nonlinear-
ities. The use of 2 convolutional self-orthogonal error-correction code is shown to
improve the system performance significantly. |

Chapter 6 introduces the novel concept of photonic networks using both subcarrier
multiplexing and coherent optical detection (SCM/CD systems). The topics discussed
are topology issues, comparison of optical modulation methods, potential number of

users, and various implementation problems.

6



In Chapter 7, we present a discussion of the impact of laser phase noisc on the
performance of SCM/CD systems. Different types of optical and radio medulation
formats are evaluated in terms of their immunity to phase noise.

In Chapter 8, we give some theoretical results about the performance of an 8-
port phase-diversity homodyne receiver for FSK (frequency shift keying) SCM/CD
systems which uses delay-and-multiply demodulators. The factors that influence the
receiver performance are laser phase noise, optical modulation depth, and frequency
deviation.

Chapter 9 summarizes the results of the thesis and gives suggestions for further
research in this field.



Chapter 2

Alternatives for Photonic

Communication Networks

2.1 Introduction

We may classify photonic networks based on the general principle for achieving con-
currency. We need not explicitly consider the topology, or circuit/packet switching
issues, although these issues are often intimately related to the method of providing
concurrency.

We classify photonic networks in six broad categories:

1. Time-division multiplexing (TDM). The individual channels are assigned sepa-

rate time slots within a frame.

2. Code-division multiple access (CDMA). The information in each channel is
coded using code words that are unique to the particular channel.

3. Wavelength/frequency division multiplexing (WDM/FDM). The individual

channels use separate optical wavelengths for transmission.

4. Space switching (SS). The channels are physically sepa_ra.ted optical waveguides.



5. Subcarrier multiplexing with direct optical detection (SCM/DD). The individ-

ual channels use separate radio frequency channels.

6. Subcarrier multiplexing with coherent optical detection {SCM/CD). Same as
SCM/DD, but the optical detection is coherent.

These techniques are discussed in more detail in the subsequent sections of this
chapter. It should be mentioned that sometimes the distinction between the different
types is blurred, and a combination of two, or more, techniques may be used. For
example, some CDMA network architectures require the use of a space switch, and

subcarrier multiplexing can be used together with wavelength division multiplexing.

2.2 Time-Division Multiplexing

Synchronous TDM has become the favorite approach for electronic multiplexing. In
this approach, every network user is assigned a specific time slot for its transmission
within the frame structure of the aggregate signal which is transmitted throughout
the network. Therefore, each user terminal is required to operate at the aggregate
network speed. In order to increase the total throughput of the network, and con-
sequently the available capacity per user terminal, it is necessary to increase the
speed of transmission. Since the user-network interfaces are electronic, there is an
obvious bottleneck created by the limited speed of the digital (or even analog) elec-
tronics. The achievable switching speed limit for digital electronic components is ex-
pected to be about few tens of Gb/s. Therefore, this approach has major limitations
for use in ultra-high speed photonic networks [10,11]. The projected transmission
speeds (hundreds of Gb/s) will require the use of all-optical components, ¢.g., mul-
tiplexer/demultiplexers, time-slot interchangers, etc. These devices arc difficult to
build, because photons do not interact with each other, therefore it is impossible to
control directly a light beam with another light beam. Usually some intermediate

process has to be used, e.g., nonlinear optical effects, or electro-optic effects, etc.

9



Synchronization (i.e., all-optical clock recovery) will be a very difficult problem
to solve. Insert-drop operations would require the user terminals to operate at the
aggregate line speed. Even with the use of all-optical components, there will be a
limiting point in speed, due to fundamental physical Limits [12].

In spite of these limitations, much work has been done in this area [10,11,13]: gen-
eration of ultra-short optical pulses, multiplexing and demultiplexing using electro-
optic switches, optical tapped delay lines for correlators, etc. TDM could be useful
for near-term, lower-speed applications.

2.3 Code-Division Multiple Access

In the literature on photonic networks, CDMA is often referred to as Spread Spectrum.
It unifies several possible techniques, the common thing being that each information
bit is coded with a specific sequence of shorter pulses {14]. In this respect, it is similar
to what is known in radio communications as direct-sequence spread spectrum. The
two most widely known approaches are CDMA with self routing and random-carrier

CDMA, which are discussed in more detail in the following subsections.

2.3.1 CDMA with Self Routing

This technique, advocated by Prucnal and other researchers [15,16], uses the coding

in tandem with optical correlators to decide where each bit of information should be

directed. Each signal bit carries the source and destination information coded in a

specific way. The actual switching of the optical path requires the use of a space
switch.

Thé disadvantage of such an approach is that, as the pumber of users increases,

the transmissisa overhead due to coding increases even faster [14]. There is 2 need to

- generate extremely narrow optical pulses (femtosecond duration) and multiplex them

together. This technique shares the same problems with the synchronous TDMA,
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together with the problems of space switching. Therefore, its future as a long-term

research direction is unclear.

2.3.2 Random-Carrier CDMA

This approach was described in a recent publication [17]. It uscs a combination of
coherent detection techniques and CDMA techniques. Its advantage is that it does not
require the locking of the laser transmitter sources to any strictly specified wavelength;
in fact their individual wavelengths are allowed to drift in a random manner. The
control is distributed, which winkes the network very robust. The advocates of this
approach predict the possibility to implement a network with thousands of uscrs
transmitting at 10 Mb/s each, simultancnusly.

The challenges that remain are:

¢ Frequency acquisition

o Optical power level nonuniformity
e Polarization control

e Statistical distribution and temporal evolution of laser frequencies.

2.4 WDM/FDM Approach

As the name suggests, WDM uses transmission on different optical wavelengths, in
order to achieve concurrency. The most advantageous topology from power budget
point of view is the passive star. The channel selection is done with optical filtering
~ techniques like diffraction gratings, prisms, selective couplers, etc.. The detection is
direct. The advantage is the relative simplicity of the transmission/detection meth-
ods. The number of channels achieved so far is not very large (few tens), due to the

poor selectivity of the optical filters.

11



Some recent work on Fabry-Perot optical filters by Kaminow et al. [18] suggests
that better selectivity can be achicved, providing hundred or more separate optical
channels. An experiment with 128-channel transmission has been reported recently
[19].

The name FDM is used to denote an approach using very densely spaced optical
carriers. This is probably the ultimate photonic network [20] and the only method
allowing the possibility to use the full bandwidth of the fibre [20,21]. It presents the

following advantages:

e Uses passive star topology (broadband optical amplifiers can be used to offset

attenuation)
e Promises a large number of users — up to several thousand
e Great flexibility — each channel can operate at a different rate

e The electronic equipment in each individual channel is not required to work at

the aggregate speed
o The control of the network can be distributed
e Very suitable for integrated services networks.

On the other hand, there are many problems to be solved before such a net-
work becomes a reality. FDM requires coherent optical detection (for more informa-
tion see Chapter 3), which is complex and expensive. This will result in expensive
user terminals, unless considera.blé progress is made in integrated opto-electronics.
Narrow-linewidth, frequency-agile lasers will be needed too. The specific difficulties
of coherent detection will be discussed in Chapter 3.

A global network problem that still remains unsolved is the frequency referencing
of the lasers. There are techniques proposed [22,23], but they are uot satisfactory for

large network sizes. More will be said on this topic in Chapter 3.
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Another consideration to be taken into account is the nonlinearities that occur in
the fibre at high power levels, which is the case when the number of users is large.

Fortunately, it appears that this will not impose a major limitation on the network

performance [24].

2.5 Space Switching

Space switching derives its name from its principle of operation, where the light signal
is switched from one input optical fibre to a physically scparate output fibre. The
major attractiveness of this approach is that once the connection is established, the
link can carry a very high rate signal. Several associated technologics have been
investigated recently: directional coupler switching matrices; bulk optics; and spatial
light modulators.

2.5.1 Directional Coupler Switching Matrices

The directional coupler is an electro-optic device which can couple (or switch) the
optical signal from one input optical waveguide into any of two output optical waveg-
uides. It has two input and two output waveguides (and therefore is denoted as a
2 x 2 switch). When operated in a digital mode, the device can have two states:
straight-through, or cross-connect. The switching of the device is controlled by an
electrical signal. Note that this device can be operated as a digital intensity modu-
lator (on/off key). By combining several 2 x 2 devices, it is possible to build larger
switching arrays.

Most modern implementations of directional couplers are integrated optics devices.
A substantial amount of work has been done on Ti:LiNbO; (i.e., waveguides formed
in a LiNbOj substrate by diffusion of Ti) directional coupler switches [10,11] during
the last several years. Some impressive results have been achieved for applications

as modulators and mux/demultiplexers, achieving modulation and switching speeds
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in excess of 20 Gb/s. On the other hand, the largest-size optical switching arrays
implemented so far are 16 x 16 and this size already approaches the limits of the
technology. There are several obstacles in the way of implementing larger array sizes.
The first one is the size of the individual couplers used to build the crossbar, which
is relatively large {on the order of several mm), whereas the size of the wafer is
limited. Other major obstacles are the insertion loss and the crosstalk, which become

unacceptable for large array sizes [25].

2.5.2 Bulk Optics

This approach uses bulk optical components. Bulk optics is a term used to make a
distinction from integrated optics. For example, a lens, a crystal, an optical fibre, are
all bulk optical components. 7

There are a number of proposed approaches to use acousto-optic deflection [26]
and other beam deflection techniques for optical switching, but it is unclear at present
how many channels can be achieved. A 4 x 4 switch using acousto-optic Bragg cells
has been demonstrated [27]. Another 1 x 16 switching element was reported in [28].
These devises are in a rudimentary stage of development, and it is not clear how many
channels they can support. In addition, precisely because the devices are bulky, they
can pose severe reliability problems, due to misalignment, vibration, temperature

dependence, among many others.

2.5.3 Using Spatial Light Modulators

The spatial light modulator is a two-dimensional array of optical cells (pixels) which
can be either transparent, or oblique. Normally (but not always), the state of each cell
can be controlled individually. These devices have been used extensively for optical
signal processing. In our opinion, they offer one of the few possible alternatives for

the design of a large-size space switch.
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Figure 2.1: Principle of operation of an optical crossbar switch using an SLM.

The idea of using spatial light modulators for optical space switching and intercon-
nection is not new [26,29,30,31]. But, to the best of our knowledge, no evaluation has
been done of the ultimate performance capabilities of the SLMs for optical switching.

The principle of operation of an optical switch using an SLM is illustrated in
Fig. 2.1. The light from each input channel is spread out to illuminate an entire
column of the two-dimensional matrix. On the other side, the light from each row is
focused on one of the outputs (could be vice-versa). By making the appropriate cell
transparent, a connection can be established between any input-output pair. More-
over, broadcasting capability is inherently obtained, a fact that is of great importance
for integrated services networks.

In a recent paper [3], we investigated the feasibility of such an approach. The
conclusion of this paper is that a 1000 x 1000 space switch could be constructed.
Many technological problems must be solved before we can talk about a real device.
More details on the topic are presented in Chapter 4.
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2.6 SCM/DD Networks

The SCM/DD technique uses separate RF (radio frequency) subcarriers for the indi-
vidual channels. The SCM/DD approach is intended to be a short-term, inexpensive
solution to network problems. Several independent channels can be transmitted using
only one laser. It employs direct detection, which is a simple and well understood
way of optical detection. Broadband microwave equipment is already developed for

radio communications, whereas the speed of electronic switches is still limited to a

few GHz.

2.6.1 Basics

The basic idea of multi-channel SCM transmission is illustrated in Fig. 2.2. A number
of N different information streams z;(t) (i = 1,... N) are transmitted simultaneously
using NV separate microwave carriers at frequencies f;. The modulation of the subcar-
riers can be digital, or analog. The sum of all microwave carriers is used to modulate
the intensity of the light source (light-emitting diode (LED) or laser diode (LD)):
P(t)=PF, [1 + %mis;(t)] (2.1)

=1

where:
P, — optical power when the input signal to the laser is zero,
m; — i-th modulation index,
s;(t) — i-th modulated subcarrier.

An RMS (root-mean-square) modulation index can be defined as:

N
My = ,\Zm‘? (2:2)
i=1

Note that the modulation of the optical source is analog.
After transmission through the fibre, the optical signal is detected by a photo-
diode. The individual channels are again separated in frequency and can be demod-

ulated by conventional radio techniques.
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Figure 2.2: Principle of Subcarrier Multiplexing.
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The SCM approach has been successfully used for the distribution of analog video
[32], data [33), a mixture of analog and digital channels [34), and for the transmission
of microwave signals [35,6).

A major problem in analog optical transmission is the nonlinearity in the rcla-
tionship between the driving electrical signal and the optical power output [36,37].
Appendix A of the thesis provides information about nonlinear distortion. There is
a trade-off between modulation index and nonlinearities. From a power budget point
of view, the modulation index should be as large as possible. On the other hand, the
nonlinearities impose a lower modulation index, in order to avoid distortion. When
m; is small, the regime of operation is quasi-linear. |

Another severe problem in analog transmission is the intensity laser noise. This
noise is a result of the statistical nature of the electrical carrier re-combination and
the photon-generation process within the gain medium of the laser. We are going to
elaborate on this topic in Chapter 5.

A third drawback of SCM transmission is that the total usable bandwidth, when
operating on a single optical wavelength, is limited by the bandwidth of the microwave
electronics and by the electro-optic conversion processes. This was one of our main
motivations to investigate the transmission of 64-QAM signals. This shall be discussed
in more detail in Section 2.6.3 of this chapter and in Chapter 5 of the thesis.

2.6.2 Multiple-Access Networks

Darcie [38,39] has proposed a multiple-access photonic network based on subcarrier
multiplexing. Fig. 2.3 illustrates the idea. The network is built using 2 passive star
coupler. The star topology is proven to be the most advantageous in terms of power
budget for passive networks. Every user receives the optical signals transmitted by
all other users of the network, including its own transmission. The desired channel
 selection is done by tuning the radio frequency (RF) receiver to tbe appropriate
subcarrier frequency. The subcarriers are digitally modulated. The analysis that we
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Figure 2.2: Multiple-access network using subcarrier multiplexing and direct detection,
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present follows Darcie’s work {39].

The intensity-modulated optical signal transmitted by user j can be described by:
P;(t) = Poc;fl + mja;(t) cos(wijt + 85(t))] (2.3)

where:
Ppc; — the average optical intensity of laser j,
wi; — subcarrier frequency in channel ¢ coming from user j,
a;(t) — amplitude modulation of the subcarrier,
¢;(t) — angle modulation of the subcarrier.
If the star coupler of size N x N (where N = 2"} is built by using 2 number of 3-dB

couplers, then the power loss is given by:
L=n83+L)+ dB (2.4)

where I, (in dB) includes the excess loss of the 3-dB couplers and the fibre splice loss,
and Iy (in dB) is the fibre propagation loss.

A network user interested in receiving the information transmitted by user 7 on
subcarrier channel  will receive a root-mean-square (RMS) current signal:

i = ﬁ&’\/g_"—m"m*’m (2.5)
where Ry is the responsivity of the photo-diode.

When using direct optical detection in a point-to-point transmission, the signal-
to-ﬁoise ratio (SNRY) is limited mainly by the dark current of the photo-diode and by
the thermal noise of the receiver electronics. In the case of this particular network,
however, the SNR will be limited by the shot noise due to the total received optical
power coming from all users, even unwanted ones. This is especially true for a large
number of users N transmitting at the same time. The shot-noise process is due to
the statistical nature of the photon/electron conversion process.

The total average photo-current at any receiver is:

N
I, = Rol0~L%" Ppc; (2.6)

=1
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Here we assume that all N users are transmitting at the same time, which is the

worst-case situation.

The shot noise can be modeled as a zero-mean white Gaussian current noise signal

(e.g- [40]), with variance given by:

2, = 2qI,B (2.7)

where:
g — electron charge,
Iy — average photo-current,
B — receiver bandwidth.

Thus, the mean-square current noise in our case is:

- N
24 = 21, B = 2qReB1072/° )" Ppc; (2.8)
J=1
From (2.5) and (2.8), we cun find the signal-to-shot-noise ratio:

1:2-- _ RO(PDcJ-m,-)"’lO‘”“’

R, = =L = 2.
SNR, 12, 4qBJ‘Pz ( 9)
where: N
P, =% Ppc;
Jj=1

Assume that all users have identical Ppc;, m;, and Bj. In this case we can write:

_ PD'-cRomzlo-L/lo
NB = 49SNR,

(2.10)

This equation gives the shot-noise-limited total usable bandwidth N B that is available
to the network. All the values on the right-hand side of 2.10 should be known to the
system designer. Darcie [39) gives an example using the following values: Ro = 0.5
Af/W; SNR, = 16 dB; m = 0.5; Ppc = 2 mW; [. = 0.3 dB; [; = 2 dB. The
results obtained are shown in Table 2.1. Compared to the present-day LANSs, this
network offers impressive performance and could be a near-term approach. However,

considering the potential of the fibre-optic technology, this is only a small fraction of
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[ N ] Coupler loss (dB) | NB 3 (GHz) | B (MHz |

28.4 T 142 |

31.7 6.63 13
35.0 3.10 3.0
38.3 1.45 0.71

Table 2.1: Number of users and available bandwidth in an SCM/DD network.

the available optical bandwidth. Moreover, the number of users is severely limited By
the excess shot noise.

In estimating the number of users and the total bandwidth N B, Darcie assumes
narrow-deviation Frequency-Shift Keying (FSK) modulation of the subcarriers. Thus,
B is twice the data rate in each channel. There are no guard bands between the
channels. The last assumption seems a rather optimistic one to use. In reality, a far
greater (e.g., several times) bandwidth than NB may be required from the receiver
front end, in order to avoid crosstalk between the channels.

2.6.3 Technological Requirements

From the preceding discussions in this section, it is clear that, in order to accommo-
date a large number of subcarriers, it is necessary to have wide-band lasers, photodi-
odes, and electronic devices — amplifiers, mixers etc..

Steady progress is made in the fabrication of laser diodes that can be modulated
at high speeds. There are lasers that reportedly have modulation bandwidths larger
than 22 GHz [41]. This figure will probably be extended in the future.

External electro—optic modulators can also be used. The bandwidths achieved
with tra.vehng—wa.ve modulators exceed 20 GHz [42,43]. There are expectations that
new organic electro-optlc materials will allow the achievement of 50 GHz bandwidth,
or more.

Photodiodes can be fabricated with extremely large bandwidths — up to 100 GHz.
Steady progress in GaAs technology will make the use of very wide-band electronic

22



devices practical [44].

As discussed before, the lincarity of the optical modulation is of crucial impor-
tance. Good linearity will contribute to both increased usable bandwidth and higher
power budget.

The requirements for the laser spectral characteristics are quite relaxed for this
kind of network. In fact, it is desirable that the lasers have a short coherence time
(i.e., large linewidths), so that they do not beat with each other in a manner similar

to coherent detection, thus creating undesirable interfereuce.

2.7 SCM/CD Networks

The concept of the SCM/CD networks is very new. At the time this rescarch began,
there were very few publications [45,46], dealing with coherent detection of :ma.Iog
optical signals. Since then, several other results were published by R. Gross and R.
Olshansky [47]-[50] which address multi-carrier SCM/CD transmission. The available
publications on multiple-access SCM/CD networks are [7,8].

The SCM/CD networks use subcarrier-multiplexing techriques in combination
with coherent optical detection at the receiver. The intention is to combine the
advantages of both techniques (or, to put it differently, to overcome certain difficulties
and shortcomings of the other techniques). The advantages of the SCM/CD approach

are as follows:

e Compared to SCM/DD techniques, the receiver sensitivity can be greatly in-
creased

e Can provide multiple channels on a single optical wavelength, thus avoiding the

need for frequency agility of the lasers and the frequency registration problem

e Provide a way to overcome the limitations from excess shot noise from unwanted

users in multiple-access network configurations
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o Will be compatible with future FDM coherent networks.

On the other hand, SCM/CD networks are more complex than SCM/DD net-
works, because they still have to cope with some of the difficulties associated with

coherent optical detection, namely:
¢ Polarization fluctuations in the fibre
e Laser phase noise.

More information about the difficulties of coherent optical detection will be given in
Chapter 3.

In order for the SCM/CD networks to become practical, the advantages must
outweigh the difficulties. Our goal in Chapters 6 and 7 this thesis Is to address

potential problems and to propose possible solutions.
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Chapter 3

Background on Coherent Optical

Communications

3.1 Principles and Receiver Types

The field of coherent optical communications has received considerable attention since
the beginning of the 1980’s. This is due to the potential for a large increase in
receiver sensitivity and fine spectral resolution. Historically, the idea of coherent
optical detection was born almost immediately after the discovery of the laser (511
However, the enthusiasm did not last very long, because the laser sources were bulky,
expensive and not very reliable. The renewed interest is stimulated by the progress
made in the production of laser diodes, as well as due to the advantages that coherent
detection (CD) offers, compared to direct detection (DD).

At this point, a clarification of our definition for coherent detection is necessary. In
conventional communications theory “coherent detection” means that at the receiver
there is a local oscillator which is phase-locked to the carrier of the received signal. In
optical communications, this is not necessarily so. “Coherent detection” most often
means that there is a local laser at the receiver, but it is not always phase-locked to

the incoming optical carrier. The term “coherent” refers to the spatial coherence of
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Figure 3.1: Principle of photo-mixing.
the optical signals.

Thus, our definition of coherent optical detection is one that uses a local laser
oscillator. To denote the case of phase locking, the term “synchronous detection” will

be used throughout this paper.

3.1.1 Photomixing

Photomixing is at the heart of coherent optical detection. Fig. 3.1 illustrates the
principle.

The two optical signals — received signal and local oscillator signal — are mixed
on the surface of a photo-diode. There must be a good wavefront and polarization
matching between the optical signals, in order to achieve efficient mixing.

To a very good approximation, the photo-diode exhibits the characteristics of a

square-law device, i.e., its output current is proportional to the square of the incident
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electrical field of the optical wave:
i~ E?

Let us define the electrical ficlds of the signal as:

E, = \/E cos(w,t + ¢,) (3.1)

and of the local oscillator (LO) as:

Epo = y/Pro cos(wrot + é10). (3.2)

Noting that the frequency term wgo + w, is in the optical range, and thercfore far
away from the passband of the photodiode, for the output current of the photo-diode

we have:

i(t) = Ro (Pa + Pro + 2y/P,Procos [(wro —ws)t — &5 + ¢Lo]) (3.3)

where:

Ry — detector responsivity,

w, = 27y, — the signal angular frequency,

wro = 2xvro — the LO angular frequency,

P, — signal power,

Pro — LO power,

¢, — signal phase,

¢ro — LO phase.
Usually Pro 3> P,, therefore P, can be ignored in (3.3). The information-carrying
signal is:

i (2) = 2Ro\[ Py Pro cos [(wo — wa)t — s + 10) (34)

This latest equation shows that the coherent optical detection retains the phase and
the frequency of the signal, relative to the local oscillator. It also shows that the
amplitude, rather than the power of the signal, is detected. This is not significant for
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digital systems, but is of crucial importance in analog systems, as will be demonstrated
in subsequent chapters.
The signal i;,y(2) is in the electrical frequency region, and from that point on radio

communication techniques are applied for its further demodulation.

3.1.2 Receiver Types

Equation (3.4) shows that the coherent detection allows for the use of amplitude
modulation/demodulation, as well as angle mod./demod.. This represents one criteria
for receiver classification. Another criteria is the difference wpo —ws. fwro —ws =
wrr # 0, then the receiver is called heterodyne. If wpo = w,, ie. wir =0, then it is
a homodyne receiver.

Heterodyne detection requires only frequency locking of the local laser to the opti-
cal signal, whereas homodyne detection usually requires phase-locking. To illustrate

that, for the homodyne case using (3.4) we can write:

ia‘l\f(t) = 2R0 \/ Ps(t)PLO COS[¢LO - ¢s(t)] (3'5)

where P,(t) and ¢,(t) are now functions of time to indicate possible amplitude or
angle modulation. Thus, phase locking of the local laser to the incoming signal
is necessary, otherwise a complete signal fading can occur. Optical phase locking is
rather difficult, but fortunately enough, a new technique has been introduced recently
called phase diversity, which avoids the need for any phase-locking. This technique
will be discussed later in more detail.

A summary of receiver types is given in Table 3.1 (after [52]).

The advantages of homodyne detection compared to heterodyne are: a) that better
sensitivity can be obtained and b) less receiver bandwidth is necessary, since the signal

is brought to base-band.
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3.2 Sensitivity Improvement

In this section, a brief and simplified explanation will be given of the sensitivity
advantages that coherent detection offers, compared to direct detection. A complete
and comprehensive treatment of the topic is given in [40,51,53].

It can be shown that the sensitivity of direct detection can be very close to the
theoretical limit, provided that the optical receiver is ideal, meaning an ideal photo-
diode with zero dark current, and electronics without any circuit noise. Under these
ideal conditions, the signal-to-noise ratio (SNR) is governed only by the shot-noise
process. This limit is called shot-noise limit, or quantum limit, and the ideal SNR is
[40]:

Py

where:

P, — received signal power,

h — Planck’s constant (=1.38 x 10~ I.s),

v — optical frequency,

Bpp — receiver bandwidth for direct detection (DD) case. The quantum efficiency
7 is assumed equal to 1.0. In practice, it usually varies between 0.9 and 1.0.

In practice, the noise contribution of the dark current and the thermal noise cannot

be neglected. The SNR in continuous-wave (CW) operation is given by:

;2
3

SNRpp = ——2%—— (3.7)

2+ 85+ 22
where:
12 = (RoP,)* — MS (mean square) signal current,
12,5, = 2qRoP,Bpp — MS shot-noise current,
i-?i = 2¢qI3Bpp — shot noise due to dark current,
12 = 4kTFBpp/ R, — MS thermal noise curreat,
I; — dark current,

k — Boltzmann’s constant,
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F — noise figure of the receiver,

T — absolute temperature in K°,

Ry — PD biasing resistor.
The contribution of 22 is so large that in practice the SNR is often more than 20 dB
worse than the quantum limit. The situation is worse at longer wavelengths, i.e. from
1.3 to 1.6 um, where Ge PD’s and III-V compounds must be used. These devices
produce large dark currents {compared for example to Si semiconductors).

Now, consider the SNR for coherent detection in CW operation. It is given as:

SNRep = Ping 3.3)
R JES; JT 3.

where:

24y — MS signal current.

From (3.8) it can be seen that, at least in principle, almost shot-noisc limited
detection can be achieved if sufficient local oscillator power is available, so that 2y

and 12, are negligible, compared to i2,,. We can also write:
23, = 2qRo(Pro + P)Bep = 2qRoProBep (3.9)

since Pro > P,. Bep is the receiver bandwidth. For a heterodyne receiver, from
(3.4), (3.8), and (3.9) we have:

-~ 2RgPaPLO . ROP.:
SNReo = 3 g ProBon - 1Bon

Knowing that Ro = 7g/kv, where 7 is quantum efficiency and is assumed to be 1, we

(3.10)

have:

P,
hvBcp
This expression differs from (3.6) by a factor of two, but knowing that Bep =2Bpp,

SNRep =

(3.11)

it shows that, with sufficient LO power, ideal shot-noise limited detection can be
achieved with coherent detection, regardless of the non-ideal receiver components.

The heterodyne receiver achieves roughly the same performance as an ideal direct

31



[ Modulation/Detection Type _No. of Photons/Bit

ASK heterodyne 72
ASK homodyne 36
FSK heterodyne 36
PSK heterodyne 18
PSK homodyne 9
Direct detection 21
quantum limit
practical DD receiver 400-4000

Table 3.2: Theoretical sensitivity of different optical modulation and detection
schemes and probability of error 1079, (after [54])

detection receiver, whereas the homodyne receiver can achieve an additional 3 dB
better sensitivity. The necessary power levels are already available from semiconduc-
tor laser diodes. There is a practical limit though — not to exceed the current that
the PD can handle without damage.

Table 3.2 (after [54]) summarizes the receiver sensitivity results for different mod-
ulation formats and detection methods. Analysis of receiver sensitivity and bit-error

rate (BER) performance for different receiver types can be found also in [55,56,57,58).

3.3 Spectral Selectivity Improvement

As mentioned in Chapter 2, the coherent detection provides a very good spectral
selectivity. This is because the IF signal is in the radio frequency domain, where
electrical filtering can be applied. At these much lower frequencies, the filters can
have sharp cut-offs. The situation is analogous to heterodyne (super-heterodyne)

radio communications.

The good spectral selectivity of coherent detection is particularly attractive for

LAN/MAN-related applications, where it can provide a large number of independent
channels, thus increasing the total throughput of the network. For the time being,

semiconductor lasers with narrow linewidth, combined with wide tuning range, are
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not available. But considering the substantial research effort in this direction, the

problems will be solved in the not so distant future.

3.4 Problems in Coherent Communications

In this section, we discuss briefly the major problems that designers of coherent optical
communications face. The most promising techniques for solving these problems are
outlined. Our intention is not to analyze in detail all the issues, but rather to evaluate
the practical limitations of coherent optical communications, which will be uscful in

discussing our proposed network structure.

3.4.1 Phase Noise

In the early experiments with coherent optical communications, laser phase noise
was considered as probably the single most important problem. This is still the
case for homodyne systems. On the other hand, progress in laser technology (more
specifically linewidth reduction), and the use of suitable modulation techniques have
largely alleviated this problem in heterodyne systems.

The phase noise is due to the spontaneous emission in the laser gain medium.
It causes spectral broadening of the laser emission and random phase fluctuations.
The total phase noise power at the intermediate frequency (IF) of the receiver is the
sum of the phase noise powers of the signal and of the local oscillator. It is a very
difficult task to design a phase-locked loop (PLL) that can track and eliminate the
phase noise [59]. Such a PLL is needed for homodyne systems. The loop bandwidth
should be wide enough to permit tracking of the phase noise variations, and at the
same time narrow enough to filter out the data modulation from the carrier. These
are contradictory requirements, and the PLL bandwidth needs careful optimization,
and a large ratio of modulation rate to laser linewidth. A simple relationship has

been derived between the phase-noise variance, laser linewidth, and PLL bandwidth
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[54):
Ay, + Avro

s)
2By (3.12)

0'2 =
where:

o2 — phase-noise variance,

Ay, — signal linewidth,

Avio — LO linewidth,

By, — loop bandwidth.

By, can be optimized and varies between 0.1 and 0.35 B (the bit rate) [54]. Equa-
tion (3.12) shows that, in order to keep o3 small, the ratio Av/By must be kept
small. This can be achieved by either making Av small, or increasing By, (which
means increasing the sﬁeed of transmission).

First, let us consider the laser linewidth Av. Presently commercially available
distributed-feedback (DFB) semiconductor lasers have linewidths between 10 and
50 MHz, occasionally individual samples have linewidths down to 1 MHz. Some
experimental devices have sub-megahertz linewidths. Still, these values are too large
for most synchronous demodulation formats. Obviously, one research direction is io
design laser sources with narrow linewidths.

Another approach is to injection lock the semiconductor laser to a narrow-
linewidth optical source, e.g., a gas laser. Encouraging results have been achieved,
but it is hardly justified to have a bulky gas laser at every user location. A centralized
reference source can be a viable alternative. Problems may occur with the tunability.

A powerful method of achieving a narrow linewidth is by using an external cavity
coupled to the laser, as shown in Fig. 3.2. Both laser facets are anti-reflection coated.
The linewidth is approximately given by the equation [60]:

K

Ay = ﬁ (3.13)

where:

K — constant, depends on the laser construction,
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Figure 3.2: External-cavity laser.

P — laser power output,

L — optical cavity length.

Linewidths of 2 to 27 kHz have been achieved with cavities from 25 to 7 cm long.

The cavity shown is somewhat bulky and could be unreliable. But there arc more
elegant ways of implementation. The “cavity” can be an integrated optic waveguide,
or simply a piece of fibre with reflective coating at the end.

External-cavity lasers can achieve very narrow linewidths, but they may suffer
from occasional frequency hopping and are difficult to tune. If tunability is not
required, then this technique can be very useful.

A very promising laser for coherent communications is the diode-pumped ring
laser [61] which has linewidths of just a few kHz.

A more radical approach to avoid the adverse effects of phase noisc is to use asyn-
chronous modulation/demodulation techniques [62,63]. The most robust schemes are
asynchronous ASK and FSK. They can tolerate linewidths as large as the transmis-
sion rate. There is a penalty of about 2 — 3 dB, due to the fact that the IF filter

bandwidth is larger than the optimum one (when phase noise is not present) [63].
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Figure 3.3; Two-branch phase-diversity homodyne ASK receiver.

Until recently, it was thought that homodyne receivers cannot use asynchrono-
us demodulation and always require an optical PLL. Fortunately, a new receiver
structure was introduced, called phase-diversity receiver [52,64,63,65]. The principle
of operation is shown in Fig. 3.3. For simplicity, only a two-branch ASK receiver is
shown, although theoretically a2 multi-branch receiver can be implemented.

The signal and the LO have the same optical frequency. The role of the optical
hybrid is to introduce a 90° relative phase shift between the signal and the LO in the
two output branches. Assuming identical photo-detectors and using (3.5), we have

for ‘the PD currents in branches 1 and 2:

iy = Boy/P,Pro cos() (3.14)
iz = Roy/PuPag sin(4) | (3.15)

Thus, if ¢ changes, #; and iz will not fade at the same time. After the squaring and

summation operations, the result is:
%= RgP,PLo (3.16)
and is independent of ¢.
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The number of electronic components is doubled, but it is worth the effort, in
order to avoid the optical PLL.
There are modifications of the phase-diversity technique that switch the phase of

the LO twice during each bit period and average over the whole duration [66].

3.4.2 Polarization Fluctuations

As mentioned earlier in this chapter (Section 3.1.1), the state of polarization (SOP)
of the signal and the LO must be aligned, for efficient photo-mixing to take place.

Ordinary optical fibres do not maintain the SOP [40]. Polarization-maintaining
fibres have been introduced, but they are still quite expensive and considerably more
lossy than ordinary fibres. For the moment, they are used only for very short (few
metres) connections. This situation may change in the future.

Polarization control techniques (e.g., fibre squeezers) were used in the carlier ex-
periments with coherent detection [51,56,57]. These techniques may not work in all
circumstances.

Another approach is to use polarization-diversity receivers [65,67]. The idea is
illustrated in Fig. 3.4.

The LO Light is split in the two orthogonal SOP’s which are mixed separately with
the incoming signal. The two mixed signals are detected and demodulated scparately,
and then added together. The two channels fade in opposite directions, so that the
output of the receiver is essentially independent of the SOP of the input signal.

A modification of the polarization-diversity receiver is described in [68]. The
authors propose a scheme, where the SOP is switched twice (or more times) during
each signal bit, either at the transmitter, or at the receiver (the LO). The decision
variables are averaged over the whole duration of the bit. Thus, the polarization
diversity is implemented not in space, but in time. This approach has the advantage

that it does not require two separate branches, thus simplifying the receiver design.
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3.4.3 Intensity Noise

Intensity fluctuations are present both in the transmitted signal and at the LO. The
so-called Jalanced receiver can help in reducing the adverse effect of the LO fluctu-
ations [54,59,69,70,71). Fig. 3.5 shows the simplified receiver structure. The 130°
optical hybrid is usually just 2 3-dB coupler. The relative phase difference between
the signal and LO is 0 and 180° respectively at the two output ports. In this way, the
subtraction eliminates the large DC component due to the LO power (see eqn. 3.3).
This technique proves to be very useful in multichannel optical networks [72].

3.4.4 Other Considerations

It should be pointed out that the techniques discussed so far are often combined within
one receiver design. There are studies of balanced polarization-diversity receivers [65],
polarization- and phase-diversity receivers [73,74], etc.. The analysis of such schemes

= is often quite complicated and not very well understood. A lot of research effert is |
_nceded in this direction.

38



SIGNAL
B —— | _______*
130*
OPTICAL

VA

g
¥
—p

Figure 3.5: Balanced coherent optical recciver.

There are other problems that nced further investigation. For example, the penal-
ties in multi-channel networks [72,75,76] and the use of optical amplifiers in coherent
optical systems [77,78,79,30]. However, we feel that the discussion presented was

sufficient for our range of interest.
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Chapter 4

Space Switching Using Spatial
Light Modulators

4.1 Introduction

In this chapter, we present a feasibility study of SLMs as photonic switching elements
for fibre-optic networks and systems. We address the problems of optical power
division loss, crosstalk between the channels (Section 4.2) and implementation issues
(Section 4.3).

Space switching is attractive, because once established the optical connection can
carry a very high rate data stream. Simple transmission techniques can be used,
like on-off keying (OOK) with direct detection, or fixed wavelength coherent trans-
mission/detection. Most of the research la.fely has been concentrated on directional
coupler switches built using Ti:LiNbOj; technology [11,25]. Unfortunately, the size
and the insertion losses of these devices make the implementation of large switching‘

architectures impractical.
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4.2 Limitations Due to Attenuation and

Crosstalk

For the purpose of clarity, in this section we consider only the attenuation due to
power division in the optical switch and the crosstalk produced by the finite contrast
ratio of the SLM. Other detrimental factors will be addressed in the next section.
The contrast ratio is defined as the ratio between the intensities of the light passing
through a cell of the SLM in ON and OFF stales.

The principle of operation of the SLM-based switch was illustrated in 2.1. The
attenuation arising from power division is quite obvious to analyzc from Fig. 2.1. It
is equal to 10log M dB, where M is the number of output channcls.

The effect of the crosstalk is more difficult to analyze, especially in digital systems,
because it depends on the signal statistics of all interfering channels. However, when
the number of interfering channels (N = 1) is relatively large, and the contribution
of each interferer is small and independent from the others then, accotding to [81],
we can interpret the interference as additive white Gaussian noise as a direct result
from the Central Limit Theorem. Thus, the power of the Gaussian noise is equal to
the sum of the average powers of the individual interferers. For simplicity, we assume
that all users transmit with the same average power. Then the interference is given
by:

N-1

I= = P, [power units] (4.1)

where C is the contrast ratio of the SLM and P, is the average optical power of cach

chanrel (ignoring absorption in the material, since it is the same for all the channels).

Consequently, the signal-to-interference ratio (SIR) is:

h_ C (4.2)

SIR=I o1

In order to obtain binary transmission error probability of 1072, it is necessary that

SIR > 16dB. A simple example using C = 10° (which is a rather good contrast ratio

41



for present devices [82]) shows that N should be less than 25 in order to meet the error
rate requirements. This is a relatively small number of channels. The attenuation for
25 channels is only 14 dB, which is not a limiting factor in this case. This example
suggests that some alternatives must be found to reduce the crosstalk. An obvious one
is to increase the contrast ratio of the SLM. The other is to use multistage switching.
Here we present the analysis for a three-stage non-blocking N x N Clos switch [83,84]
shown in Fig. 4.1. For non-blocking operation, it is necessary that £ =2n — 1.

With careful inspection of Fig. 4.1, it can be seen that the attenuation of the
signal is:

A=kx%xn=(2n—1)N (4.3)

It increases linearly with 7 or N. The case n = 1 is equivalent to a single-stage
switch.

Since the attenuation from power division is the same for the signal and the

interferers, then the interference at the output of the switch is given by:
P
I= E“[(n 1)+ (N/n=1)+(k-1)] (4.4)

Consequently:
_ C
T (n-D+N/n=-1D+(k=-1)
If N is kept fixed, then the optimum value of n which minimizes the interference is
n=./N/3.

Very useful expressions for the relationship between N and n can be obtained if
fixed values for A and SIR are used. From (4.3), for the attenuation we obtain:

SIR (4.3)

A
N k) (4.6)
From (4.5), for the interference we have:
N =n(4+ C/SIR) —3n? (4.7)

As mentioned before, SIR must be greatér than 16 dB (i.e. 40). Equations (4.6) and

(4.7) form a systen},'&ﬁh two unknowns. Solving the system would give the optimum
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Figure 4.1: A three-stage Clos switching matrix.
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value of n and the maximum number of channcls N for specified attenuation 4 and
contrast ratio C. A graphical representation is much morc comprehensive. Fig. 4.2
shows plots of (4.6) and (4.7) for two different values of A and C, respectively. The
points corresponding to a realizable system must be located below both of the pair of
curves that are determined by the chosen values of A and C. It can be seen that for
C = 10° and A = 30 dB the maximum number of channels is determined solely by
the interference curve, and is approximately 70 for n = 5. The attenuation in that
case Is: '

A=(2n—1)N =630 = 23dB

For the combination of A = 30 dB and C = 104, we see that Npoz = 400 for n = 2.
If an attenuation of 40 dB is tolerable, then the total number of channels could be as
high as 1000 for n = 3.

Note: In interpreting the graphs, it should be clear that n and N can assume only

integer values. Moreover, it is desirable that N is an integer multiple of n and also

n < N/

4.3 Implementation Issues

4.3.1 Attenuation

Attenuation of 33 or 40 dB may scern too large at first, but such high losses are quite
common in passive lightwave systems (e.g., passive star or bus topologies). Optical
amplifiers (OAs) could be used to solve the attenuation problem [85]. An optical
amplifier can boost the signal power by 26 dB. For éxample, if OAs were used after
cach stage of the switch in Fig. 4.1 the signal would be amplified by 60 dB. On the
other hand, the number of amplifiers needed to do this would be:

N
Nog=—xk+kx£+£xn=£(5n—2) (4.8)
n n o n n
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Figure 4.3: Alternatives for fan-out and fan-in.

Depending on n, we have:

3N < Npa < 5N.

Thus, the number of QAs can become very large. Therefore, it would be very useful
to have a method of amplifying several channels using a common pump laser, or
being able to use large arrays of semiconductor OAs. Caution must be taken also to

consider the noise contribution of the optical amplifiers.

4.3.2 Fan-in and Fan-out

‘A great challenge for the implementation of the proposed switch are the fan-out
and fan-in problems. Fig. 4.3 summarizes the approaches that can be used. The
optical interconnections have been studied for a variety of applications: inter-chip

and inter-processor connections [$6,87], optical computing and neural networks [88,
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§9,90], optical memory [91]. Holographic techniques seem to be suitable for fan-
out applications, as demonstrated in [91,92,93]. Optical fan-out has also recently
been demonstrated using a slab waveguide [94]. We fecl that stacked slab waveguide
tapers can be used for both the fan-out and the fan-in. The idea is illustrated in
Fig. 44. The refractive indices of the guiding layers and of the reflecting layers
are denoted by n; and ng, respectively. It is necessary to provide for a low crosstalk
between the adjacent layers. A promising approach for this application is the ARROW
(Antiresonant Reflecting Optical Waveguide) [95,96].

There is another limitation on the maximum size of the single-stage switch —
the length of the optical taper. Since the taper must be very gradual, in order to
avoid losses, its length can become prohibitive. The length of the optical taper can
be expressed as:

L= -g—cot(9/2) (4.9)

where H is the width of the SLM, and 0 is the taper angle. For example, il 0 = ?.°l
and H = 1 cm, then L = 57 cm. It is clear that d should be small, so that thc overall
size of the switch remains practical for relatively large N. This condition is better
satisfied by using single-mode fibres.

There is a possibility to provide an elegant solution to the attenuation problem.
This can be done by adding rare-earth dopants to the output tapered waveguides, and
pumping the entire medium with a powerful laser, thus achieving optical amplification
of all output channels at the same time. This approach requires that all channels

operate within a narrow optical spectral region.

4.3.3 Other Problems

The analysis of the three-stage switch can be extended to switch architectures using a
larger number of stages. However, our opinion is that such architectures would not be

advantageous, because the interconnection problem would become very complicated.
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The losses from splicing, insertion, fan-out and fan-in will increase dramatically. Com-
pactness and reliability will suffer too. As a matter of fact, it is desirable to have as
few stages as possible, preferably just one. By using a multistage switch, we trade
attenuation for immunity to interference. For the above reasons, it is necessary to
fabricate an SLM with the highest possible contrast ratio.

In [82] a comparison between different types of SLMs is presented. It is shown
that the most promising devices are based on the magneto-optic effect. Currently
available commercial devices from Semetex Corp. [97] exhibit a 10° contrast ratio
with the potential to increase this value to 10%. The size of the array could be made
as large as 2048 x 2048 cells [98)], the cell size varying largely between several pm
and several hundred pm. The switching time for an individual cell is 100 ns which is
adequate for interconnection purposes. All cells can be accessed individually and in
parallel.

Presently available SLMs are mainly used for two-dimensional signal processing.
They are optimized to work with light in the visible spectrum. For use in the optical
communications field new devices are necessary which will operate with light in the
spectral region around 1.3 - 1.55 pm wavelength.

Polarization could also be a problem. The magneto-optic SLM, for instance,
uses two crossed polarizers to operate. Thus, the polarization of the input light is
crucial for the operation of the device. One way to deal with this problem is to
use polarization scrambling and accept the 3 dB power penalty that will result from
the rejection of half of the incident optical energy. Other techniques for polarization
control could zlso be used. ,

A hybrid approach of implementing the switch is also possible. By hybrid we
mean 2 system which uses different types of switching elements. From Fig. 4.2 it
can be seen that the optimum value of » (the number of channels in a subgroup) is
relatively small. Thus, it may not be practical to use SLM in the first and the third
stages. On the other Hand, directional coupler switches fabricated by Ti:LiNbOj



technology can be used to implement these stages quite easily. A decision must be
made whether to preserve the broadcast capability of the switch in this case or not.
The crosstalk analysis must be modified, because the directional couplers may have
different crosstalk characteristics than the SLM.

A potential bottleneck for the operation of the switch could be the control mech-
anism, i.e., call setup, arbitration, etc., especially if fast circuit or packet switching is
required. We are not going to elaborate on this issue. Some architectural and control

considerations can be found in [99,100,}01].

4.4 Summary

In this chapter, we have demonstrated that it is possible to anticipate the feasibility
of a photonic crossbar switch using spatial light modulators. The number of channels
could reach 1000 x 1000. Advances are needed in the fabrication of SLM, particularly
in increasing the contrast ratio. Optical amplifiers are also needed. Fan-out, fan-in
and polarizatior. problems must be solved. Whenever possible, the use of a single-
stage switch is preferable. We were unable to pursue experimental research due to

lack of facilities. -
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Chapter 5

Fiber-Optic Transmission of

Microwave 64-QAM Signals

5.1 Introduction

Lately, fibre-optic analog transmission of microwave signals has reccived considerable
attention from researchers. This is due to several reasons, among them the high
capacity of the fibre as a transmission medium, the availability of rclatively low-
cost microwave components, the ease of the subMa multiplexing (SCM) approach,
compared to time-division multiplexing (TDM), etc.. Technological progress, mainly
in the production of high-speed lasers [41], has also contributed to increased interest
in SCM systems.

The optical analog microwave transmission is intended to be a near-term, low-
cost implementation of wideband networks. The possible applications are numerous:

analog video distribution {102]-(103], transmission of digitally-modulated RF (radio

frequency) carriers [6,35,104], transmission of a mixture of digital and analog channels

[34], multiple-access networks [39], etc.. There is little doubt that video distribution is
the main motivation for the anticipated wide-spread penetration of the optical fibre in

the local loop. Moreover, the fibre-optic transmission is probably the only alternative
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in sight for the distribution of digital HDTV (high-definition TV). A recent paper by
Kanno and Ito [105] describes a subcarrier-multiplexing approach for the distribution
of digital HDTV. The adventage of the digital TV transmission is that the quality of
the transmission is much better than in analog systems.

The purpose of our work in this chapter is two-fold. First, we want to demon-
strate, in general, the practicality of fibre-optic transmission of a microwave signal
digitally modulated using a 64-level quadrature-amplitude modulation (64-QAM) for-
mat. Second, we like to assess the usefulness of the multi-level QAM (M-QAM) format
for digital HDTV distribution. M-QAM has been widely accepted for terrestrial mi-
crowave communications, hence simple interfacing between radio and fibre systems
is possible. Another advantage of the M-QAM format is its spectral efficiency. Al-
though the total bandwidth of the optical fibre is very large, in the SCM systems the
available bandwidth is limited by the electronic components, and it should be used
efficiently. Of course, wavelength-division multiplexing (WDM) can be used together
with SCM [106], but this is a separate issue.

We conducted an experiment at 90 Mb/s transmission rate. This transmission rate
was chosei not because it was particularly tailored to digital HDTV distribution (to
the best of our knowledge, there is no universal standard for digital HDTV formats
yet.), but because of the availability of radio equipment, namely 90 Mb/s C-band |
microwave digital radios.

The chapter is organized as follows. In Section 5.2 the experimental setup is
described. In Section 5.3, the theoretical SNR and bit-error rate (BER) analysis is
- presented. The effects of thermal noise, intrinsic laser intensity noise, and reflection-
" induced laser noise on the system performance are discussed, together with methods
for improving the performance: minimization of reflections and the use of error-
correction coding techniques. Measurement results are presented and interpreted
in Section 5.4. Seciion 5.5 deals with the possible applications of the transmission

technique under investigation. In Section 5.6, the problem of laser nonlinearity is
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addressed and some theoretical results are presented.

5.2 Experimental Setup

A block diagram of the experimental test set is shown in Fig. 5.1. The RF signals from
two 90 Mb/s 64-QAM radio transmitter units, after being attcnuated, are combined
and used to intensity modulate a laser diode. A polarization controller (or optical
isolator) is used to reduce the reflection-induced laser intensity noise. An optical
attenuator is used to simulate the optical path loss. At the receiver end, the optical
signal is detected and down-converted to an intermediate frequency (IF), where white
Gaussian noise is added from a noise gencrator. By adding a controlled amount of
Gaussian noise, it is possible to obtain experimental data about the BER as a function
of bit energy per noise spectral density. After the IF stage, a 90 Mb/s 64-QAM
receiver recovers the digital information and sends it to 2 BER test set (which also
generates the pseudo-random bit sequence provided to the transmitter).

The radio system is equipped with an error-correcting codec using a shortened
rate 18/19 self-orthogonal convolutional code similar to the one described in [107].
The effective coding rate is R. = 12/13. As will be demonstrated in subsequent
sections, the error correction capability greatly enhances the system performance.
The experimental setup permits the measurement of the error probability before error
correction decoding (using a cyclic redundancy check error-detecting code embedded
in the transmitted bit-stream for frame synchronization), as well as after decoding,
using the BER test set.

The parameters of the 90 Mb/s 64-QAM digital radio system are as follows:

carrier frequency = 4 GHz;

overall bit rate = 95.96 Mb/s;

RF bandwidth = 20 MHz;

IF frequency = 70 MHz;
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Figure 5.1: Experimental system setup in laboratory.



symbol rate = 15.99 Mbaud;

spectral efficiency = 4.8 b/s/Hz;

receiver noise figure = 4.5 3B.

The laser diode has a central wavelength of about 1.3 um and a full-width-half-
maximum (FWHM) linewidth of about 2 nm. Its 3-dB bandwidth is at 6 GHz, and
the relaxation oscillation freguency is near this point. The photo-detector used in the
experiment has a respor:ivity of 0.6 A/W.

The polarization con’roller reduces the effect of the reflected light in the following
way. The polarization of the light in the direct path is rotated by 45°. On the
reflected path, it is rotated by another 45° in the same direction (the material used is
not isomorphic). Therefore, the polarization of the reflected beam becomes practicaily
orthogonal to that of the light beam on the direct path. Hence, the intensity noise
effect is reduced. Even better results can be obtained by using an optical isolator.

5.3 SNR and BER Analysis

There are several sources of noise in this system: recciver thermal noise, Gaussian
noise added at the receiver IF stage, lascr intensity noise (intrinsic and reflection-
induced), dark-current noise, and shot noise. The dark-current noisc is negligible,
compared toj;.he others, therefore it may be neglected. For the moment, we concen-
trate on the case of a single subcarrier, so that the effects of harmonic distortion,
intermodulation and cross-modulation distortion can be set aside.

Laser intensity noise has long been recognized as a major detrimental factor in
analog fibre-optic transmission. A very comprehensive analysis of the effects of the
laser-diode intensity noise on system performance is presented in [108]. A detailed
theoretical and experimental study of the characteristics of the intensity noise itself
can be found in [109,110]. The intrinsic intensity noise is determined by the laser

design and cannot be improved subsequently. However, measures can be taken to
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minimize the reflection-induced intensity noise. In our subsequent discussions, we use
the notioa of laser intensity noise minimization as applied to the reflection-induced
noise.
A quantitative measure cf the laser intensity noise is the RIN (relative intensity
noise), defined as [6,108]:
AP®
RIN = 7 dB/Hz (5.1)

0

where P, is the time-averaged laser light intensity and AP’ is the mean-square in-
tensity fluctuation spectral density of the light output. The RIN spectrum exhibits a
maximum at the laser relaxation oscillation frequency, but within 2 relatively narrow
frequency band (such as a modulated subcarrier), it can be assumed to be flat. For
a laser ‘diode biased well above threshold, the inténsity noise can be assumed to have

* Gaussian distribution [109,110].

The optical modulation index is defined as:
o P, mer F, 0

m, =
Py

where P.... is the peak transmitted light power and Py is the average transmitted

(5.2

light power.
The symbol ertor rate on one rail (in-phase or quadrature-phase) of an M-QAM
signal is given by [111]:

Pio= 1 - ) et (V=) 53)

where 7, is the average signal-to-noise ratio defined for QAM symbols, and:

erfc(z) = % j:' e dt (5.4)

Considering the peak power of the corner points in a 64-QAM signal constellation,
it is important to define an effective value for the optical modulation index (m.). For

" now, the SNR at the output of the photo-diode, conditioned on a given 64-QAM level

Tiy iS:

SNR,, = SNRor? - - (5.5)
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where
1,272
EmoID

SNRo = T BF Ry + 3elpB + RINIGB + NoB

(5.6)
where:

Ip — average detected photocurrent,

B — receiver IF bandwidth (double-sided),

k — Boltzmann’s constant (1.38 x 10~ J/° K},

T — absolute temperature (290 ° K},

e — electron charge (1.602 x 10~ C),

F — electronic receiver amplifier noise figure,

R;, — photo-diode load resistor with a 50 2 nominal value.

The effect of the Gaussian noise added at IF is shown in (5.6) by the term NoB
in the denominator, where Ny is the equivalent spectral density height.

In a symmetrical 64-QAM signal space, the maximum amplitude belongs to the
corner signal points. For an adjacent-point signal spacing d, it is:

{
maxr; = ﬁ

For proper optical intensity modulation, it is necessary that:

d (5.7)

0<mr; <1 (5.8)

for all . To assure this, we assume a normalized peak value 1 for r;, that is:

\/i

Now, the average SNR for the 64-QAM signal is:
= SNRo (£ 5°+7) = Z2sNR, = 25NR, (5.10)
"= a5 )" 2 -7 >
Therefore: -
3 x 3mg x Ip (5.11)

¥ = IETBF|RL + 2elpB + RINIEB + NoB
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In (5.11), m, is the optical modulation index whose value can be between zero and
one. The effective modulation index is m, = \/3_/_7711.,. For example, for m, = 0.3,
the effective modulation index m. = 0.196. Therefore, the effective index is less than
\/ﬁ 2 (.65 for a distortion-free signal constellation.

Equations (5.1) to (5.11) can be used to find the BER analytically as a function
of SNR, or the received optical power, knowing that:

Ip = RyPs (5.12)

where Ry is the responsivity of the photo-diode in Ampere/Watt.
We present part of our results in terms of bit energy-to-noise density E;/No in the
forthcoming sections. E,/No can be related to the SNR T, by:

_E, R
I,= Ne x5 (5-13)

where R, is the bit rate.

The usefulness of error-correction techniques in fibre-optic systems has been rec-
ognized and exploited [112,113]. Forward error-correction coding (FEC) is 2 particu-
larly valuable approach to compensate for power-dependent BER impairments [1 14].
It can also be used to reduce error-rate floors and/or relax the stringent technological
requirements otherwise present for various optical and electronic components.

The performance of the type of error-correction code used in this experiment is
described in detail in {107). Self-orthogonal codes are a class of convolutional codes
that are rather simple to implement, and they can be decoded with majority-logic
decoding. The particular code used in this experiment can correct up to 2 bit errors
within a constraint length N, = 949 bits. The parameter that is most needed for
the present analysis is the relationship between the input and the output BER of the
decoder, and it can be found in [107,115] as:

12 1 Ne N, . : .
P < 0 ¢ —— £ Ne—i .
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where P, is the bit error probability after decoding, and p is the BER at the decoder

input. Expression (5.14) is a reasonable approximation for values of p less that 107,

5.4 Measurement Results

The optical modulation index m, is 0.3 throughout all experiments. The first mea-
surement is the average BER on one rail of the QAM signal versus the Ey/No, without
intensity noise minimization. The reccived average photocurrent is kept constant at
0.6 mA. The value of E,/N, is controlled by inserting the appropriate amount of
white Gaussian noise at the IF of the receiver. The results obtained are shown in
Fig. 5.2. The ideal performance of the 64-QAM signaling (i.c., with only the Gaus-
sian noise source) is plotted as a rcference. The large penalty duc to intensity noise
is clearly seen from the error rate curve at the decoder input. This is measured by a
cyclic redundancy check code that performs error detection for frame synchronization.
The error-correction decoding improves the performance of the system dramatically,
bringing it very close to the ideal one down to an error probability cqual to 10-C.

Fig. 5.3 shows the results of a test, where the Gaussian noise source is removed,
and the optical signal is gradually attenuated. No intensity noise minimization took
place. In this case, the RIN is worse than in the previous measurcment. This is
due to the presence of the optical attenuator which introduces more connectors and,
consequently, more reflections. One can clearly see the occurrence of an error floor for
large values of received optical power. Again, the performance at the decoder output
is substantially better.

In the next experiment, intensity noise is minimized using a polarization controller.
The same measurements of BER versus E;/Np are taken, both before and after error-
correction decoding. The results are shown in Fig. 54. Clearly, the situation is
much better than in the previous two experiments. The curve, which is closest to the

reference one, represents the case of the measured back-to-back performance of the
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radio, i.e., when the optical parts are replaced by an RF attenuator such that the same
nominal power is received by the radio receiver. There is about 1 dB implementation
degradation at an error probability of 107%. In the same experiment, another radio
is added for simultaneous transmission. The power budget of the system will change,
of course, but the important fact is that there is no sign of BER degradation {rom
interference, or nonlinear distortion, at least for two 64-QAM signals. The guard
band between the two signals is equal to the receiver bandwidth, i.e., 20 MHz, and
appears to be adequate.

The results of the fourth experiment are shown in Fig. 5.5. The BER versus
received average optical power is measured in the case of minimized intensity noise.
Down to a BER=10"%, there is no error floor, even on the error rate curve measured
at the decoder input. However, this floor will still occur at higher optical power levels,
since the intrinsic intensity noise of the laser is still present.

We note that the values for the RIN are quite high, even when the reflections
are minimized. The reason for this is the relatively high microwave input power
transferring low-frequency noise into the transmission band (e.g., sce [108]). The
intrinsic RIN of the free-running unmodulated laser, as specified by the manufacturer,
is typically about -129 dB/Hz. This figure can get larger by up to 10 dB, in the case
of a high RF power at the laser input. In our case, 8 dBm of RF power was nceded
to achieve mp = 0.3. To avoid the above-mentioned effect, the RF power must be
reduced to below 3 dBm, and then mgy < 0.17.

The experimental results are generally in good agreement with the theorctical
predictions. The occasional larger differences are due to system imperfections not
accounted for. One should also keep in mind that the decoder input error rate is not
measured by the BER test set, and therefore, cannot be very accurate. Also, (5.14) is
an approximate expression that gives accurate results only under conditions specified
in the previous section.

Fig. 5.62 shows the received RF spectrum and signal constellation when two signals
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are transmitted simultancously. The RIN was minimized. The optical power was kept
constant at 0 dBm. Fig. 5.6b, ¢, and d correspond to different levels of added Gaussian
noise. Fig. 5.6d corresponds to a BER = 4 x 1074,

Next, we want to assess the performance of the system when a laser with a lower
RIN is used. Fig. 5.7 shows a comparison for two values of the RIN: ~120 dB/liz and
—155 dB/Hz. The second value has been achieved with good semiconductor lasers.
It can be seen from Fig. 5.7 that the error floor docs not appear, cven at BER =
10719 for the —155 dB/Hz case. It can also be observed that the RIN affects the
performance of the system after the decoder to a much lesser degree than before the
decoder. This demonstrates the robustness of the error-correction scheme. We can
be fairly confident in our theoretical projections for the BER at -155 dB/Hz RIN,
because the theoretical model was proven to achieve results in good agreement with

the experimental data.

5.5 Potential Applications

As mentioned in the introduction, the optical transmission technique under investi-
gation is suitable for various kinds of digital information. Our intention though, is to
assess the applicability of the findings to digital HDTV distribution networks. The
transmission capacity required for an uncompressed digital HDTV signal is about
1 Gb/s. With sophistica.ted image coding techniques, a transmission rate of about
150 Mb/s is possible, without significant picture-quality degradation. Work is under
way on 45 Mb/s transmission of digital HDTV using inter-frame coding. Therefore,
each of our carriers can transmit two digital HDTV channels. A tentative power
budget can be found using Fig. 5.5 and the following assumptions: la.mched optical
power by the transmitter = 0 dBm; fibre loss including splicing and connectors =
0.6 dB/km. This results in a repeaterless transmission distance of 25 km. More-

over, the optical modulation index can be increased from 0.3 to 0.6, provided that
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Figure 5.6: Received two-channel signal with minimized intensity noise, Fp = 0 dBm:
a) RF spectrum with two radio signals received; b) Reference received signal constella-
tion for error-free (BER < 10~%) received bitstreams; ¢) Received signal constellation
with increased eye-closure compared to case-b; d) Received signal constellation for
BER =4 x 1074. '
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| I] Transmission distance (km) |

No. ofchannels | 2 | 4 | 8 16 | 32 | 64 128
m, = 0.3 251201 15§10} 5 - -
m, = 0.6 35(30| 25| 20| 15 | 10 5
. Total bandwidth (MHz)
20 [ 60 | 140 | 300 [ 620 | 1260 | 2540

Table 5.1: Transmission distance and total required bandwidth as a function of the
number of HDTV channels. There are two TDM-multiplexed TV channels per sub-
carrier.

nonlinearities cause no problem. This will increase the power budget by 6 dB.

If transmission of many (e.g., more than 5) TV channels is required, then the

individual subcarrier modulation indices can be selected so that their values satisfy

the relationship [34}:
l N
=1

where N is the number of subcarriers, m;’s are the individual modulation indices,

and m, is the total modulation index. Assuming all m;’s are equal:
me = miVN (5.16)

This means that the power budget for an N-carrier transmission is decreased by
101log,o N dB, compared to a single-carrier transmission. Table 5.1 gives the point-
to-point transmission distance as a function of the number of channels for two values
of m,, under the previous assumptions. In the same table is also given the required
bandwidth for transmission, assuming guard bands between the carriers equal to the
recciver bandwidth. The spectral efficiency of the scheme is evident. It should be
mentioned here, that the FEC increases the required bandwidth slightly, whereas
the BER improvement is significant. The codec can be built using standard TTL
integrated circuits [107], or advanced CMOS chips.

The use of optical amplifiers [32,103] can substantially increase the system power

budget, resulting in longer transmission distances and/or larger number of users.
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If higher than 90 Mb/s bit-rates are required, then two alternatives are possible:
a) increase the transmission rate of the individual subcarriers, or b) use several sub-
carriers per channel, as in [108]. Since m; and m; are related as in (5.16), the two
approaches are equivalent in terms of power budget. The first approach will need
less receiver bandwidth, since fewer guard bands will be necessary, but the logic must
work at a higher speed. Approach b) is less bandwidth-efficient, but in return can
use lower-speed digital electronic circuits. The optimum trade-off is a task for the

system designer.

5.6 Nonlinearitjr Considerations

Laser nonlinearity has been a major source of concern in subcarrier multiplexed pho-
tonic systems [36,37,116,117]. Appendix A of this thesis provides a brief background
on nonlinearities in communication systems.

Because of the spectral efficiency of the 64-QAM transmission format, single-
octave (SO) mode of operation is most likely to be used in the system under consid-
eration. The definition of single-octave and multi-octave mode of operation is given
in Appendix A. In SO mode of operation, tne dominant source of distortion are third-
order intermodulation products (IMPs), and the channel worst affected is the middle
one. For a reasonably large number of channels (e.g., 10 or more}, the number of
IMPs is qﬁite large, therefore the interference can be treated as additive Gaussian

noise. The noise contribution of the third-order IMPs can be expressed as:
03y = IhmiA ks Ky (5.17)

where:
Az is a nonlinearity coefficient,
K, is the number of IMPs falling within the passband of the middle channel,

ks is a coefficient that determines how much of the IMPs power falls within the

passband of the channel (see Appendix A).
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Therefore, for the j-th channel we have:
3 x 3mj xIp

Vi = 4XTBF|RL + 2elpB + RINILB + [zmS AshsKs

(5.18)

Consider N = 40 subcarriers (corresponding to 80 TV channels in the previous
example). Using information from Appendix A, we can determine that K3 = 551, and
ks 22 1/+/3 = 0.577. The data sheet of the laser diode that we used in oxr experiment
provides information about the linearity of the device. In a three-tone test, at P, =0
dBm RF power, the third-order IMP is 50 dB below the carrier. From this value, we

can deicrmine Az = 5.8 x 1073, The j-th modulation index is determined as:

mg 0.6
=% = = 0.0 19
=N Va0 (5.19)

Now we can determine the BER for the worst channel as a function of the received
optical power. The results are shown in Fig. 5.8, where for comparison are also shown
BER curves of a distortionless system. The distortion penalty is clearly present, but
it is not an overwhelming problem. When error-correction coding is applied, the

penalty is less than 0.5 dB at a BER = 10~%.

5.7 Summary

From the results presented in this chapter, it is evident that the fibre-optic transmis-
sion of a2 64-QAM microwave signal is feasible and practical. Two important ways
of improving the system performance were discussed and demonstrated — laser in-
tensity noise minimization, and the use of error-correction coding. The transmission
technique investigated is suitable for many different types of digital information. It
could be particularly attractive as a cost-effective é.pproach to the distribution of

digital video services.
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Chapter 6

SCM/CD Networks

6.1 Intrbduction

In this chapter of the thesis, we address SCM/CD systems. We discuss the system
topology, the optical and RF modulation methods that can be used, the possible
number of users, and several implementation issues.

There has been a limited number of reports on SCM/CD systers in the literature.
The topics investigated include completely analog systems [45,46}, as well as systems
with digitally modulated subcarriers [48]-[50].

In a conventional SCM/DD system, optical intensity modulation (IM) is used. In
SCM/CD systems there are some unique problems. Because of the spectral selectivity
property in coherent optical detection, the individual channels (subcarriers) must be
separated in the optical, 2s well as in the RF (radio frequency) domains. This can
be achieved by appropriate optical modulation, which w111 create optical sidebands
carrying the information. Fig. 6.1 helps to illustrate the principle of creating optical
channels by using the sidebands that result from optical modulation. Another way of
looking at tbis process is as a frequency shxftmg of the optical signal. From commu-
nication theory, we kno& that amplitude modulation (AM) preserves the spectrum
of the baseband (modulating) signal. Hence, it would be most suitable to use AM
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for optical modulation. Unfortunately, to the best of our knowledge, true optical AM
has not been demonstrated yet. Therefore, optical IM or angle modulation must be
used, in order to achieve “quasi-AM” performance. This is the approach in [48]-[50],
where optical PM (phase modulation) is used.

The problem with using the IM or PM is that they are inherently nonlinear, and
the associated distortions degrade the system performance. The penalties occurring
when using PM are discussed in [48]-[50] Our intention in this paper is to extend
the analysis found in these papers to include the case of optical IM. Distortion penal-
ties due to nonlinearities in the case of DD have been investigated by a number of
researchers [34,36,37,77,78],[116], including the use of external modulators [117,118].
In the case of coherent detection, the analysis is quite different, as it will be seen later
in this chapter.

Our research has shown that direct IM offers no advantage in terms of linearity,
compared to PM. Moreover, modulating the laser injection current causes optical
frequency modulation which is unwanted and difficult to suppress. Because of the
cited reasons, we are going to discuss only external IM using electro-optic modulators.

There are several possibilities to be considered: multiple subcarriers per laser, or 2
single subcarrier per laser (for multiple-access networks); single-octave versus multi-
octave operation; opf'.ical intensity modulation (OIM) versus optical phase modulation

(OPM), etc.. For the purpose of clarity, other system degradation factors, such as

laser phase and intensity noise, polarization fluctuations, etc., are not considered for

the moment.

This chapter is organized as follows. In Section 6.2, the general concepts of multi-
carrier (distribution) and multiple-access SCM/CD networks are presented. Sec-
tion 6.3 addresses the details of the system performance for multi-carrier networks.
Section 6.4 deals with multiple-access networks. Section 6.5 gives an estimate of the

number of users for each system configuration. The problems of polarization control

. are discussed in Section 6.6. In Section 6.7, some other general considerations are
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presented. Finally, our findings and conclusions are summarized in Section 6.8

6.2 General System Concepts

Fig. 6.2 illustrates schematically the multi-carrier SCM/CD transmission. In this
architecture, N RF subcarriers modulated by analog and/or digital sign-als, arc com-
bined together and used to modulate an optical carrier by means of an external
electro-optic modulator. Note that the optical modulation is always analog in this
case (because the modulating signal is an RF waveform), whercas this is not neces-
sarily so fqr the RF one. At the receiver end, the incoming optical signal and the
light from a local laser oscillator are mixed on the surface of a photodiode. Hence, the
optical signal is down converted to the RF /microwave domain, where the individual
subcarriers can be selected using conventional radio techniques. Such a system uses
ouly one laser to transmit many channels, and it can offer significant savings when
compared to the systems that use a separate laser for cach channcl. Such a system
will typically be used for distribution of services.

Next, we present a multiple-access photonic network that combines both subcar-
rier multiplexing and coherent optical detection. Fig. 6.3 illustrates the idea. M
network users are connected by a passive M x M star coupler. All users transmit
at the same single optical wavelength. There is only one tunable RF subcarrier per
user. At the receiver, a subcarrier can be selected by tuning either the local laser, or
by tuning an RF oscillator. This way, a communication channel can be established
between any two users in the network. A similar concept was proposed by Darcic in
[39], the difference being that in [39] direct detection was assumed. A major limita-
tion on the number of users in [39] is the excess shot noise produced by the optical
power coming from all users, including unwanted ones. In our SCM/CD system, this
limitation is overcome, since in coherent systems the major source of shot noise is the

local laser. The effect of the excess shot noise is quite small [75].
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The spectrum of the combined optical signals from all users looks like Fig. 6.4.
There is a strong component at Qo (the lasing frequency in CW mode) duelto the
sum of all unmodulated optical carriers. The power left in the unmodulated carriers
depends on the type of modulation and the optical modulation index. One can see
that the individual channels remain spectrally separated in the optical domain. After
the mixing with the LO light, the spectrum will be shifted down again to the RF
domain, where the desired chanrel can be selected using RF' techniques.

In the case of SCM/DD networks, the wavelength of operation of the individual .
transmitting lasers is relatively unimportant within a broad range of optical frequen-
cies. In the proposed SCM/CD network this is a crudal issue. As mentioned in
Chapter 3, absolute laser frequency stabilization has always been a difficult problem.
Fortunately, several solutions a.;'e available that are suitable for our particular case.

The first possible alternative is to distribute to all users a stable optical reference
coming from a centrally-located, powerful, narrow-linewidth laser source. The local

lasers can be locked to this reference. Even if the reference optical frequency drifts, all
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local lasers will drift accordingly, thus preserving the spacing between the channels.
In the case of two different wavelengths Ag and Ay, for the transmitting laser and for
the LO respectively, there are techniques [22,23] to tune and lock another laser to a
wavelength that is at a specified spectral distance from the reference one.

Another possible approach does not use a distribution of an optical rcference.
Instead, atomic or molecular absorption spectra are used as an absolute reference at
each user location. There have been reports of a successful implementation of this
technique [119].

Yet another possibility is to use Zeeman lasers which can be tuned to a desired
wavelength without an external reference [120].

In all three cases the implementation is greatly facilitated by the fact that wide-
range high-speed tunability is not required from the lasers when the network is oper-
ated as a stand-alone, i.e., not a part of an optical FDM system.

The performance of the proposed system is inferior to that of coherent FDM
systems with tunable la.sefs, because a significant part of the optical power is “lost”
in the unmodulated carrier which does not carry information (as mentioned before,
the information resides in the sidebands). The number of channels will also be smaller.
However, it can offer an intermediate step between operation on a single wavelength
and a full FDM system. The frequency registratior. problem in coherent FDM systems
has not been completely solved yet. The proposed SCM/CD system can provide many
independent channels on a single wavelength. The concept can be extended to users
transmitting on several wavelengths in 2 WDM (wavelength-division multiplexing)
system, however, more sophisticated interconnect protocols are needed. As mentioned
before, the SCM/CD system outperforms the SCM/DD significantly, as will be shown
later in this chapter.
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6.3 Multi-carrier Networks

In a way similar to [50], the carrier-to-noise ratio (CNR) for one modulated subcarrier
filtered out at the receiver can be expressed in terms of the mean square (MS) value

of the current components at the output of the photodiode:

2 2
CNR = fj{ fg:f; = (6.1)

where:

R— photodiéde responsivity,

Pro — local laser oscillator power,

P, — average received signal power,

m, — effective optical AM index,

o2, — shot noise power,

o%, — thermal noise power,

o3, — second-order distortion power,

o3; — third-order distortion power,

A — constant.

Also, .

o= (62)

where:

k — Boltzmann’s constant,

T° -~ absolute temperature (290 °K),

B — receiver noise bandwidth,

F — amplifier noise figure,

Rr — photodiode load resistance (50 ),

and:

o2 = 2eRP;oB (6.3)

where:
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e — electron charge,

Pro — local laser power.

The values of m,, 03;, and o3, remain to be determined for each particular case.
All noise sources, including the distortion terms, are assumed to be Gaussian. This
assumption is reasonable, except for a few cases that will be specified subsequently.
We assume that the adjacent-channel crosstalk is negligible.

The receiver photo-current can be expressed as:

i() = R{Pro + P.(t)+ 2/ProP ) cosl( — o)t + 48]} +7()  (64)

where:

. — optical carrier angular frequency,

Qro — local laser oscillator angular frequency,

#(t) — optical angle modulation,

7(t) — additive noise.

In the OPM case, P, is not a function of time, whereas with OIM ¢(t) does not
carry any information, i.e., it represents phase noise which can be neglected under
the assumptions in the introduction.

For the optical PM we have:

N
$(t) = ; B; coslwt - z;(1)] (6-5)
where §; is the individual phase modulation index of the j-th subcarrier. Throughout
the paper, we assume that the individual subcarriers use narrow-band FSK (frequency

shift keying) modulation format, as in [50]. Therefore, for the j-th subcarrier:

a()=2nfi [ Saglr - Tr (69

where:
f4 — peak frequency deviation,

a; — binary information,

81



g(t) — rectangular pulse, and
T — bit period.
We assume that all subcarriers have the same §; and f;. Ignoring the DC terms

in (6.4), which do not carry useful information, we can write [50,121]:

ipm(t) =

RProB, 3 o 3o T (B duy(B) cos {( — Quo)t+

ny=-00 nN==00

mfoit +2y(2)] + -+ + nnfwnt + zn(8)]} +0(2) (6.7)

where J,, denotes a Bessel function of the first kind of order n. Another assumption
to be made is that the optical detection is heterodyne, i.e., only one of the optical
sidebands is used. From {6.7), we can express:

mepn = J{(B) (BN (6.8)

For B small, m, = B/2. For 62, and 02, we have:
034 = 2h2 K: R* P, PoJ} (B) [ Jo(B)P" (6.9)

o3 = 2ha K3 R* P, ProJ7 (B)[Jo(B)*" ~° (6.10)

where:

K; — number of second-order intermodulation products (IMPs),

K3 — number of third-order IMPs,

ks and hg — coefficients that take into account the spectral form of the IMPs and
the receiver filtering [50], i.e., the spectral overlap between the useful channels and
the interference.

For more details see Appendix A. The procedure for calculating K> and K3 is
given in [116,122], and in Appendix A. Finally, Apys = 2.0.

The second modulation method to be considered is external electro-optic IM. The
driving-voltage-to-light intensity relationship is given (e.g., see [43,123]) by:

—pen?(% K)
P, = P:sin (2 x77) (6.11)
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where:

P, — output light intensity,

P; — input intensity,

V — driving voltage, and

Ve — voltage that causes a phase shift of = of the light passing through the
material.

This equation applies to intensity modulaters that use a phase modulator and
a polarizer/analyzer pair. For the Mach-Zehnder interferometric modulators, the
relationship (6.11) is given by “cos®” which is essentially the same nonlinearity and

the treatment for it is similar. The received optical power can be expressed as:

P,(t) = P, sin® [%“— + % X %y(t)] (6.12)

where:

P,, — hypothetical maximum received optical power (i.e., the power that would
be received if the modulator output were set to a maxirmum),

o — coefficient which determines the bias of the modulator,

V;n — voltage amplitude of each subcarrier (all assumed to have equal V,, values),
and

y(t) — sum of N modulated subcarriers with unit amplitude:

N
y(t) = ; cosfw;t + z;(2)] (6.13)

The RMS (root-mean-square) amplitude of the optical field is:

VB = A() = Prsin [ 5 + L x %y(t)] (6.14)

The voltage-intensity curve is shown in Fig. 6.5a, and the voltage-amplitude curve
is shown in Fig. 6.5b. In SCM/DD systems, the modulator is usually biased at the
inflection point of the voltage-intensity curve, which eliminates the second-order dis-

tortions. The voltage-amplitude curve, however, does not have an inflection point.
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As scen from Fig. 6.5b, the linear zone is at lower bias voltages. But reducing the
bias voltage restricts the dynamic range (or the total modulation depth) of the sys-
tem. Therefore, the modulator bias is a crucial parameter in SCM/CD systems using
intensity modulation, and needs optimization.

After power series expansion, (6.14) becomes:

Alt) =
\/P_,,. {sin (9;1) + m.y(t) cos (%T—) -
bimaersn () ol en(F)+} 9
where:
mep = 2 X E—';‘ T (616)

The terms in (6.15) of order higher than 3 are ignored, as insignificant. From (6.4)

and (6.15), the receiver photocurrent becomes:

im(t) =

RP,(t) +y/ProPa {sin () +mery(t)cos (3F) -

1 . 1

i[mdy(t)]z sin (%) + 3—!'[m,:;:r.(t)]3cos (%) + .- } X

cos [(Q —Qro)] +7(2) (6.17)
Nonlinearity of the polynomial type as in (6.15) has been analyzed in [116,122,124]
and is discussed in Appendix A. As shown in Appendix B, the second-order IMPs

power is determined as:

oy = -;-thngPum sin? (%) ml, (6.18)
Similarly, for the third order IMPs, the power is expressed as:
Ry = ;—2h31{332pmpm cos? (%) me; (6.19)

The average received optical power is:
Py = Py, sin? (i‘;ﬁ) (6.20)
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Finally, also from Appendix B:

A = % 2 (?) . (6:21)

Two additional problems exist when using intensity modulation. First, there is
the direct detection term RP,(t) (e.g., see (6.17)) which can fall within the passband
of certain channels. In most practical cases, however, it will be 20 to 30 dB below the
coherent detection term. Moreover, with careful intermediate frequency selection, one
can adjust this interference to fall within the guardband between subcarriers. The

second problem is the fact that m,; is restricted not only by distortion considerations,

but should not exceed the limits for proper IM. The condition is:

aVe 9
< m or mMe < m (6.22)

In order to be specific, in our analysis we assume certain system parameters. The

Va

IMPs power depends on the frequency allocation plan for the subcarriers, the optical
and the RF modulation formats, and the number of channels. The main system
parameters used in all subsequent calculations are: FSK index D = 2f,T = 0.75, bit
rate per channel = 100 Mb/s, channel spacing = 200 MHz, receiver bandwidth =
120 MHz, receiver noise figure = 3.8 dB, local laser oscillator power Po = 0 dBm,
wavelength of operation = 1.3 pm. The subcarriers are situated at odd multiples of
100 MHz {e.g., 2.1, 2.3, 2.5, ... etc. GHz). The reason for this is to minimize the
effect of the second-order IMPs [50].

6.3.1 Multi-Octave Operation

In the case of multi-octave (MO) operation (i.e., when the bandwidth allocated to
the subcarriers starts from frequency f; and extend beyond freqﬁency 2 f1; for more
information see Appendix A), the worst channel is the first one, where second-order
. IMPs dominate the distortion penalty. The best channel is the middle one, with only
third-order IMPs. When using PM, the difference in CNR (or receiver sensitivity)
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N 20 [ 40

[ K,, ch. 1 (worst) [ 19 [ 39 |
K3, middle ch. [ 126 [ 551
K3, ch. 1 81 | 361

Table 6.1: Number of intermodulation products.

between the best and the worst channel can be several dBs [50]. Here, we show that
by using the option of variable bias, we can make the IM-based system more linear
and thus improve the system performance.

We find that the receiver sensitivity is 2 more useful measure of performance than
the CNR, because it provides a better way to optimize the system performance when
maximum transmission distance is required. If the CNR is kept constant, (6.1) can
be solved for P, (or P,,). For the OPM case, we have:

o7 + o,

P, = = v 5 (6.23)
2R2PL0 {(mepM/CNR) -— thgmePM -_— KshamepM}
Similarly, for the OIM case we obtain:
_ ot + ol o
Fm Y Dl K:ﬁ:'inz(%;)”‘:r _ Kaha@"(%)mfr] (6--4)
32

R*Ppo [E—é'mg‘—l - 8
Fig. 6.6 shows the receiver sensitivity in the case of opticaliM as a function of
m,; for the first (worst) and the middle (best) channels, for different values of «.
The CNR is assumed fixed at 18 dB (which is enough to achieve 10~? bit-error rate,
given the Gaussian nature of all the sources of disturbauce in this work), N = 20,
ha = 0.24, and the values for K> and K3 can be found in Table 6.1.

Reducing a improves the performance of both channels considerably, particularly
channel No. 1." For @ = 0.6, both channels have the same sensitivity within 1 dB
difference. One can show that & = 0.6 is optimum for this particular system. Further
reduction of ¢ will be counterproductive, because m,; will also decrease, and the
thermal noise will dominate.

Fig. 6.7 shows 2 direct comparison between PM and external IM. For fair com-
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parison, P, should be used as received optical power when calculating the receiver
sensitivity in the IM case. Both P,;as and P, arc shown. The sensitivity when using
IM falls in between the best and the worst channel for PM. The overall performance
of the IM system, determined by the worst channel, will be better.

As the number of channels increases, the performance of both modulation schemes
will remain generally the same, relative to each other. We have verified this numeri-

cally for V = 40. The results are shown in Fig. 6.8.

6.3.2 Single-Octave Operation

In single-octave (SO) mode of operation, second-order IMPs are not present. The
CNR degradation is due to third-order IMPs. The worst channel in this casc is -
the middle one. The results for SO operation can be seen from Fig. 6.6, Fig. 6.7,
and Fig. 6.8 by considering the middle channel. The number of third-order IMPs is
the same for SO or MO mode of operation. One can see that the PM offers better

performance than IM in SO mode of operation.

6.3.3 BER Performance

In order to evaluate the BER performance, we need to assume a specific receiver
structure. Due to the simplicity of its implementation, and good performance, FSK
delay-line demodulator receivers, shown schematically in Fig. 6.9, have gained in-
creasing popularity [39,50,125]. We also chose this receiver model for our analysis.
When ignoring the laser phase noise, the expression for the BER is given by [125]:

P =.{\/ 14sin®y
*= (1 —sin9)(8sin¢)

where p is the signal-to-noise ratio, and:

Y= ﬁl—;ﬂ-)- ' (6.26)

exp[—p(1 — sin9)] (6.25)

for0 < D < 1. Using (6.25) and the formulas for the CNR, the BER can be calculated.
Fig. 6.10 shows plots of P, as a function of the received optical power for the OIM
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Figure 6.9: Schematic diagram of an FSK receiver with delay demodulation.

and OPM for N = 20 in muiti-octave operation mode. The points arc experimental
data from [50]. The parameters used for the theoretical calculations for PM are the
same as in [50]. The theoretical and experimental results for OPM are in a very good
agreement.

The effective AM index and the bias « for the OIM case are selected to be the
optimum ones, as indicated by Fig. 6.6 (m.r = 0.1, a = 0.6). The overall performance
(i.e., the worst channel case) of IM is superior to PM. Here we can show a possibility
to improve somewhat on the performance of the PM case. In [50], the optimum OPM
index B8 is selected under the assumption of —30 dBm received optical power and a
maximized CNR. It is found that 8 should be 0.13. This approach does not give the
maximum achievable receiver sensitivity. When using the plots of receiver sensitivity
versus m, (Fig. 6.7), we find that §,,; = 0.05. Fig. 6.11 shows plots of BER for
this value of 8. The performance of channel one (worst) of the OPM case is slightly
better, but the OIM still retains its superiority. |
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6.4 Multiple-Access Systems

Since in this scheme there is a pair of sidebands created by one subcarrier per trans-
mitter, the nonlinearity problem is considerably less severe. There are no interfering
intermodulation products, only harmonics. The amplitude of the harmonics is less
than the amplitude of the IMPs, and their number is also much smaller. The receiver
scnsitivity for any particular channel depends in general on the transmitted power
from each user and on the optical power loss between each transmitter and the re-
ceiver under consideration. In order to make the problem tractable, we assume that
all users transmit with the same average optical power, and that the optical path loss

is the same between any two users.

6.4.1 Single-Octave Operation

In single-octave operation, the modulation index is not restricted by any nonlinearity
considerations. Hence, in order to maximize the power budget, the maximum achiev-
able effective AM index should be chosen. For the OPM case, as seen from (6.8), the
effective AM index is simply J:(8), and its maximum value is = 0.58 for § = 1.8. For
the OIM case, the maximum m,, and the optimum value of & are determined from
Fig. 6.12. Note that in Fig. 6.12 the received optical power considered is P,rps. As
mentioned before, the total shot noise at the receiver is due to the local laser oscillator
and to the optical power received from all network users. The additional shot noise
power is dependent on the number of transmitting users at any particular time, and
the contribution of each of them. For simplicity, we assume that the excess shot noise
power is half of th‘é.t due to the LO. This is a rather conservative estimate.

Using the parameters assumed above, and the ones assumed in the previous sec-
tions, we can determine the receiver sensitivity. For the OIM case, the best sensitivity
P,rp = —46.3 dBm is obtained for « = 0.6 a.nd'm.,; = 0.46. From this and (6.20), we
obtain Prjmin = —39 dBm for the OIM case. Also, Pyjmin = —49 dBm for the OPM
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case. We can see the advantage of PM for multiple-access networks.

6.4.2 Multi-Octave Operation

In multi-octave operation, the channels with the worst CNR are the ones affected by
second harmonic interference. The frequency allocation plan assumed previously will
ensure that the second-order harmonics (SOH) will fall in the guardband between
the channels. The maximum number of SOH is two. For such a small number of
interferers, the assumption of Gaussian statistics for the interference power is not
accurate. Nevertheless, the Gaussian approximation can still be used, because it
gives reasonably good estimates [72], and simplifies the analysis considerably.

By inspection of (6.7), we determine the second-harmonic interference for the PM
case:

aghPM = 2Rz.PLoP,K2h2[J2(ﬁ)]4 (6-27)

Using information from Appendix B, for the IM case we have:
a‘f‘hIM = -;—RzPLoP.thzm:IM sin2 (%) (6-28)

These values of 02, can be used in the formulas for calculating the CNR and the
receiver sensitivity. Note that K; = 2 and k, = 0.24.

The same method for finding the optimum bias of the intensity modulator is used
once again. All relevant system parameters are the same as before. Fig. 6.13 shows the
result: agpe ¢ 0.6. This value is used for direct comparison with the OPM. Fig. 6.14
shows the receiver sensitivity for the OIM and OPM cases as a function of m.. The
sensitivity for single-octave operation is also shown in the figure for comparison. The
results of the comparison are clearly in favor of the OPM. Moreover, the difference
in both cases between SO and MO mode of operation is not very pronounced. This
is because the nonlinearity is 2 lesser problem in the case of a single subcarrier per

laser.
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1 CASE I OPM 1 OIM |

Multi-channel, single-octave P, = =30.5 dBm P, = =23 dBm
N=20 256 < M < 512 M = 256
Multi-channel, multi-octave P, = —33.5dBm P, = -27dBm
| N=20 64 < M < 128 128 < M < 256
Single-channel, single-octave P, = —49 dBm P, = —395 dBm
B 16,384 < M < 32,768 | 2,048 < M < 4,096
Single-channel, multi-octave P, = =47 dBm P, = =38 dBm
M=16,384 M < 2,048

Table 6.2: Projected number of users of SCM/CD systems of diffcrent types.

Fig. 6.15 shows plots of BER versus received optical power when all system pa-

rameters are optimized for each case. The same receiver model, as before, is used.

6.5 Number of Users

In this section, we present an estimate of the potential number of users for cach of
the cases discussed so far. We introduce some assumptions about the power loss in
the network. First, we assume that the star coupler of size MxM is built by using n

stages of 2x2 couplers (M = 2*). The maxirqum number of stages is given by:

_ Pt(dBm) = Pslmt’n(dBm) - II(dB)
il 3+ 1(dB)

where P, is the transmitted power from each user, Pyjmin is the receiver sensitivity, I

(6.29)

is the fibre loss, and I, is the coupler excess loss. Then:
My = 2nttrmes) (6.30)

where int[*] denotes the integer part. We assume P, =0 dBm, {; =3 dB (ic., = 6
km), I, = 0.1 dB. Table 6.2 shows the summarized results.

A comparison of the results for the multiple-access networks with the direct-
detection ones in [39] shows that the SCM/CD networks allow for a significantly

larger number of users. The use of optical amplifiers in the DD networks is going to
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help only partially, because the excess shot noise is going to increase as a result of

the amplification.

6.6 Polarization Control

The need for good polarization matching between the optical signal and the LO was
discussed in Chapter 3. All polarization control techniques can in principle be used
for the SCM/CD network. However, some of them are more suitable for our purposes
than others.

For instance, one can use polarization-maintaining fibres (PMF). In a 'LAN en-
vironment the higher losses of the PMF, compared to a regular fibre, may not be a
significznt disadvantage. For this approach to work, the star coupler and the other
optical components must also preserve the polarization of all the optical signals. This
could be a very difficult requirement to satisfy.

Polarization-tracking techniques are often rather complicated and in most cases
do not provide endless polarization control, i.e., more than 360°. For this reason, we
favor polarization-diversity techniques. Since we are inclined to use phase-diversity
techniques, in order to avoid excessive complexity and too many processing branches,
it is attractive to use polarization switching [68] (discussed in Section 3.4.2). The
transmission rate in the individual channels is not very high, so it is not a problem

to switch the polarization of the LO laser a few times during each bit interval.

6.7 Other Considerations

So far, we did not address the possibility to balance the performance of all channels in
the OPM multi-carrier SCM/CD system by using different optical modulation indices
B; for different chanrels. Such a technique would make the theoretical analysis of the
system performance more difficult. The tuning and operation of such a system will
also be difficult in practice. We feel that the use of optical IM can considerably
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simplify both. Moreover, the response of the intensity modulator could be further
linearized by electronic means, alleviating the need for reducing the bias. This could
lead to an even better power budget for the case of OIM.

It is possible to use optical frequency modulation (OFM) to create the sidebands.
The theoretical analysis will be very similar to that for the OPM. The attractiveness
of using FM is that it can be achieved by direct modulation of the laser. However,
several problems exist. First, the obtica.l FM index of every channel depends on
the frequency of the respective subcarrier, thus requiring individual tuning of each
channel. Second, the nonuniform FM response of semiconductor lasers can present
significant difficulties. The maximum achievable FM modulation speed may not be
enough for many SCM applications. In view of the above difficulties, we think that
FM is not a suitable optical modulation method for SCM/CD systems.

The effect of the laser phase noise will be addressed in the next chapter.

One should note that the number of users of the multiple-access networks is not
necessarily the same as the number of channels. The former is determined by the
available power budget (i.e., the power losses and the receiver sensitivity) and net-
working limits, whereas the latter is restricted by the available system bandwidth and
to some extent by the processing speed of the control electronics. It is likely that the
number of users will exceed the number of channel pairs. Therefore, contention may

be allowed in the network, which must be resolved by appropriate protocols.

6.8 Summary

In this chapter, we presented a theoretical analysis of two optical modulation methods
that can be used for SCM/CD networks — OPM and external OIM. It was shown
that OIM has the potential for improved performance, compared to the OPM, when
used in multi-carrier (distribution) networks and multi-octave mode of operation.

This is due to the possibility of improving the system linearity by properly adjusting
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the modulator bias.

We also presented a multiple-access SCM/CD network conceptually. This type of
network offers a larger number of users thar a similar SCM/DD network. At the same
‘time, the propased concept can readily be extended to multiple optical wavelengths,
which makes it compatible with t‘hé optical FDM networks. The proposed nctwork
can be implemented with presently available technology. In the case of multiple-
access SCM/CD networks, the optical PM offers a better performance than the IM,

as shown in our work.



Chapter 7

Laser Phase Noise in SCM /CD

Systems

7.1 Imtroduction

While offering a superior perfomce compared to direct detection systems, coherent
optical detection also introduces addjtional problems. One of the most severe prob-
lems is the laser phase noise [40,53]. Laser phase noise in coherent digital baseband
systems has been studied extensively. However, few results have been published on
the laser phase noise impact on analog coherent systems [45,46]. In this chapter,
we address the problem of laser phase noise in SCM/CD systems from a different
Perspective than in [45] and [46].

Since there are two modulation stages — RF and optical — the system’s immunity
to phase noise depends on both of them. It is possﬂ)le and convenient to consider the
optical and the RF modulation separately.

Section 7.2 presents a discussion of several optical modulation formats in relation-
ship with the laser phase noise. Section 7.3 addresses the effect of the RF modulation

format on the system performance in the Presence of laser phase noise.
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7.2 Phase Noise and Optical Modulation

The optical modulation creates optical sidebands around the carrier that are subse-

quently used at the receiver. We can express the modulated optical signal as follows:
E(t) = A(t) exp {7[Q0t + 8(2) + du(t)} (7.1)

where A(t) is the amplitude, Q is the optical angular {requency, @, (t) represents the

phase noise, and:
0(t) = Kpmz(t) for PM (7.2)
t
8(t) = Kru jo z(r)dr  for FM 7.3)

where Kpjs and Kgp represent optical modulation indices and z(2) is the information

signal (modulated subcarrier). We can also write:

_ Kpm
Brm = 5 T (7.4)
where f. is the subcarrier frequency, and
Bpm = Kpym - (7.5)

The laser phase noise affects the FM and PM systems in three ways: as additive
noise during optical modulation, by creating a noisy phase reference for the subsequent
RF demodulztion, and by making the spectrum of the received signal wider, thus
requiring larger passband and consequently allowing more noise into the system. In
IM systems, phase noise is not a consideration during optical modulaiion, but has
the same implications for the R¥' demodulation.

For simplicity, let us consider the case of a single subcarrier. The laser frequency
noise consists of three components [40}: white Gaussian noise component, 1/f low-
frequency noise, and noise due to the laser relaxation oscillations. The most significant
component by far is the white noise one. The power spectral height of the white
frequency noise is:

si(p =2 ' (7.6
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where Av is the combined linewidth of the received light and the local laser light
beams.
Let us derive expressions for the signal-to-noise ratio when the phase (frequency)

noise is treated as an additive noise. For the case of FM, we have:

SN Rpay = L2 (7.7)
FM 20% )
where a‘} is the variance of the frequency noise, which can be expressed as:
AvB
2 _
of = — (7.8)
where B is the receiver bandwidth. From (7.4)-(7.8), we have:
_ 2%Bm f?
SN RFM = _A-;.B_- (7.9)
For the PM case, we can write: ‘
_ Béu
SNRpy = %2 (7.10)

where ¢3 is the variance of the phase noise. Within a narrow bandwidth B around a
frequency f., o3 can be expressed as:

o= SWEIB = o (r11)

where S;(f.) is the phase noise power spectrum at frequency f..
" Combining (7.10) and (7.11) gives:

2m3B2
SNRpy = —Aﬁ;’-g-fiz (7.12)

which is essentially the same as the expression (7.9) for SNRras, which was to be
expected, given the duality of the FM and PM modulation formats.

Plots of SNR as a function of Av are shown in Fig. 7.1 for different values of
B. Other parameters assumed are: f. = 4 GHz; B = 100 MBz. The first-order
sidebands are the strongest for 8 =~ 1.8. Small values of 8 have to be used when
transmitting several subcarriers simultaneously. Because of the high frequency of the

RF subcarriers, the requirements for Av are not very restrictive, even for small values

of B.
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Figure 7.1: SNR floor in FM and PM systems resulting from additive phase noise.
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7.3 Phase Noise and RF Modulation

We shall limit our discussion to systems that use digitally-modulated subcarriers.
By realizing that the phase noise in the optical sidebands is the same as in the un-
modulated carrier, we can use the results from previous studies of baseband coherent
digital systems [40,53]. It is well known that the performance of systems employ-
ing synchronous demodulation is very sensitive to laser phase noise, as discussed in
Chapter 3. On the other hand, systems using asynchronous FSK (Frequency Shift
Keying) or ASK (Amplitude Shift Keying) can be very tolerant to phase noise. More
details can be found in [52,62). |

Our discussions so far have not considered the possibility for using phase noise
cancellation techniques. SCM/CD systems offer this possibi]itj naturally, since there
is an unmodulated carrier present. This carrier contains the exact phase information
and, unlike in baseband coherent systems, it is easy to separate from the information
signal by filtering. Noise cancellation techniques of this type have been successfully
demonstrated in [126].

7.4 Summary

The impact of laser phase noise in SCM/CD lightwave transmission systems has been
analyzed. We found that the type of subcarrier modulation format is more important
than the type of optical modulation with respect to phase noise immunity. As in
baseband coherent systems, asynchronous modulation/demodulation formats should
be used to overcome the phase noise restrictions. SCM/CD systems offer a simple way
of implementing phase noise cancellation techniques. This will allow the transmission

of relatively low bit-rate data using lasers with relaxed linewidth parameters.
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Chapter 8

Phase-Diversity SCM/CD

Recelvers

8.1 Introduction

In this chapter we have two goals. First, we want to introduce the structure of a
phase-diversity homodyne receiver for SCM/CD systems. In parallel with this, we
give an example of the impact of the laser phase noise on the receiver performance.

Phase-diversity receivers were mentioned in Chapter 3. The phase-diversity
scheme is a clever way to avoid the need for an optical PLL in homodyne optizal de-
tection. It has been analyzed theoretically and experimentally [52,64,65], [66,73,74]
[127,128,129)], for baseband coherent systems. It is straightforward to extend the
analysis to SCM/CD systems.

Section 8.2 presents the receiver structure and the theoretical analysis of its per-
formance. In Section 3, some numerical examples are given. First, we are going to
demonstrate the need for some kind of phase control in SCM/CD homodyne sys-
tems. We can express the information part of the detected photo-current for the j-th
channel, ignoring the additive noise, as:

i;(t) = Ajcos{(wir +w;)t + ¢;(t) + Ag(t)]
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+  Aj(t) cosl(wrr —w;)t — 6;(t) + Ad(2)] (8.1)
where:
A;(t) — amplitude,
wrr — intermediate frequency,
w; — subcarrier frequency,
¢;(t) — possible angle modulation,
Ag(t) — relative phase difference between the signal and the LO.

Suppose wyp = 0. After simple trigonometry, we have:

3(t) = 24;(2) cosfw;t + 6;(1)} cos[A¢(2)] (8.2)
The cos[A¢(t)] term can cause a complete fading of the received signal, unless some
preventive measures are undertaken. One measure is to lock the phase of the local
laser to the phase of the incoming signal carrier. As is well-known, t.his_is difficult to
achieve, so phase-diversity techriques provide an attractive alternative.

8.2 Receiver Structure and Analysis

The receiver structure that we consider in this chapter is based on an 8-port 90° optical
hybrid shown in Fig. 8.1 and described in [130,131]. At the outputs of the hybrid, the
signal and the LO have different phase shifts relative to one another. Fig. 8.2 shows
the schematic diagram of the whole receiver. The tunable RF oscillator (RFO) is
used to select the desired channel and to convert it to the passband of the bandpass
filter (BPF). For simplicity, no noise sources are shown in the figure. We assume,
as in previous chapters, that the transmitted subcarriers are FSK modulated. The
demodulation is implemented by delay-and-multiply type discriminators. The delay
T is much smaller than a bit period, therefore operating as a differentiator. The
cross-multiplication of the in-phase and the quadrature channels is used to provide
the immunity to phase variations and also has the added benefit of de-correlating the

noise components in the noisexnoise products.
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Figure 8.1: Schematic diagram of an 8-port 90° optical hybrid.
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We assume that the optical sidebands are created by phase modulation. For the

current components of the j-th channel at the output of the photodiodes, we can

writes

t.jw(t) = %R {P, 4+ Pro - 2J1(ﬁ)\/P,PLo Z cos[l(wjt + ¢J) + Aqé]}

I==1,1

1, (t) (8.3)
i—R {P, + Pro+ 25 (B0 P.Pro Y. cos[l(w;t + 6;) + &qb]}

==1,1

nz(t) (8.4)
i) = %R {P, + Pro + 24{B)\/ P.Pro 2 sin{l(w;t + ¢;) + Aqb]}

I=-1,1

+ ny() (8.5)
i) = IR {P.-i-PLo—?Jl(ﬁ)\/PsPLo )3 sin[r(w,-t+¢,-)+a¢1}

==1,1

+ n.(t) (8.6)

+

i.ir(t)

+

where n,,(t), nz(t), ny(t), and n.(t) are shot noise components, which are independent

from each other, Gaussian, and zero-mean. Furthermore:

S;(t)=i,-,(t)—'i_.,-w(t) = RA(B)WP.Pro >, cosll{w;t + ¢;) + Ad]

b o) —nel) (8.7
Salt) =il = i) = REGWPPo 3 sillest+ ) + 84
+ ny(t) - na(t) (8.9)

Note that the 8-port hybrid allows us to have a balanced receiver configuration, which

helps in eliminating the noise due to the amplitude fluctuations (or RIN) of the LO
laser [70].
Following the signal path further, we can write:

Ui(t) = BPF {c ) cos[l(w;{t+¢j)+A¢]+n;(t)} (8.9)

==—1,1

Uq(t) = BPF {C > sinfl{wirt + 6;) + Ad) + nQ(t)} (8.10)

==11
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where BPF stands for bandpass-filtering operation, C = RJ(8)v/F,FPro, and n;(t)
and ng(t) are sums of all the additive noise terms in the respective branches of the

receiver, i.e., shot, thermal, intensity, etc. The decision variable Vp is obtained as:
Vo(t) = LPF {Ur(t)Uq(t — 7) — Ug(@)Us(t — 7)} (8.11)

where LPF stands for lowpass-filtering operation.

The derivation of the statistics for Vp{t) is quite involved mathematically, because
the signalxnoise and noisexnoise products. Tsao et al. [129] have performed the
theoretical analysis of a baseband FSK phase-diversity receiver. In our case, the
main difference is that not all the received optical power is used to calculate the
signal-to-noise ratio, but only the power contained in the optical sidebands. We can
modify their results for the case of the SCM/CD system, and using our notation for
the probability of error, we have:

P.= %erfc {—D—} (8.12)
V2(W +2XY + X2Z/12)

where:
D — normalized frequency deviation, (8.13)
W = f—;, (8.14)
X = %, (8.15)
. Y = D’+§§+-1-, - (8.16)
Z = 16D3+36D’+28D+% (8.17)
and:

Ay — combined laser linewidth,
R, — bit rate,
g — electron charge.
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Shot-noise limited detection was assumed for simplicity. As can be seen from
(8.12) - (8.17), the BER depends on the received optical power, the laser phase noise,
the bit rate, and the frequency deviation.

8.3 Numerical Results

For the purpose of a numerical example, we chose the following parameters: trans
mission bit rate B, = 150 Mb/s, 8 = 1.8 (ie., Ji(B) = 0.58). This valuc of 8 is
applicable for a single subcarrier per laser. Figures 8.3, §.4, and 8.5 show plots of the
BER as a function of the received optical power for different laser linewidths and fre-
quency deviations. As expected, the larger the fi'equency deviation, the less sensitive

the system is to the laser phase noise.

8.4 Discussion

The phase-diversity receiver provides the same sensitivity as a hetcrodyne receiver.
It has the advantage of requiring less bandwidth from the electronic components.
Therefore, it is probably worth the extra complexity of implementation, because the
receiver bandwidth is 2 limiting factor in SCM/CD systems. A homodyne receiver
also has an advantage in optical FDM systems, because it allows for closer optical
channel spacing.

The immunity to phase noise of heterodyne and phase-diversity receivers is about
the same. As seen from Figures 8.3to 8.5, the receiver structure under investigation
is reasonably tolerant to laser phaSe noise. There is a trade-off between frequency
deviation (and therefore electronics bandwidth required) and tolerance to the phase

noise. These parameters should be optimized for any particular system.
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Chapter 9

Conclusions and Suggestions for

Future Work

In this thesis, we evaluated the usefulness of several alternatives for building fibre-
optic LANs and MANs. We considered both distribution and multiple-access net-
works. |

In the area of optical space switching, we identified in Chapter 4 the use of spa-
tial ight modulators (SLMs) as a promising approach for building a large-size (e.g.,
1000 x 1000) photonic crossbar switch. Such a switch could be used as a network
switching node, or for inter-processor interconnection in a large multi-processor com-
puter system. For its practical implementation, progress is needed in device technol-
ogy (the fabrication of the SLM), and in the way the fan-out and fan-in problems are
solved.

In Chapters 5 and 6, we demonstrated that subcarrier-multiplexing techniques
can be attractive solutions to many network problems. In Chapter 5, it was showu -
that the transmission of 64-QAM microwave subcarriers is a viable alternative for the
distribution of large volumes of high-speed data and other services, e.g., HDTV, etc.
We addressed the main system degradation factors — laser intensity noise and laser

nonlinearities — and demonstrated the options of how to deal with these successfully:
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by minimizing the reflections into the laser, and by using error-correction coding.
The limited power budget of the systems can be improved by using optical amplifiers.
One ca.n expect that higher-level QAM fibre-optic transmission could be useful for the
reasons discussed in Chapter 5. In fact, from private sources we know that NTT Labs
in Japan have conducted a successful experimental transmission of a 256-QAM signal
via optical fibre. However, we feel that a QAM transmission with number of levels any
higher than this is unlikely to be of much use, because the gain in spectral efficiency
increases only logarithmically with the number of levels, whereas the complexity of
the system and the power budget degradation become prohibitive.

In Chapter 6, we discussed a novel photonic néﬁvork architecture which uses sub-
carrier multiplexing and coherent optical detection. It was shown that this approach
offers superior performance, compared to systems using direct optical detection. The
SCM/CD approach is an intermediate step Between DD systems and FDM coherent
optical systems. We discussed several issues, namely the system topology, the optical
modulation formats to be used, the potential nurber of users, etc. The future of this
type of networks depends on the progress in integrated opto-electronics. Given the
substantial research effort worldwide, we can be fairly optimistic. .

In Chapter 7, we addressed the problem of laser phase noise in SCM/CD systems.
It was shown that the RF modulation format is more critical for the system perfor-
mance than the optical modulation format. Constant progress is made in laser device
technology, and the phase noise is expected to become less of a problem in the future.
For example, there are commercially available Nd:YAG lasers with linewidths of only
a few kHz.

Finally, Chapter 8 introduced the receiver structure and analyzes the performance
of an 8-port phase-diversity homodyne SCM/CD receiver. This particular receiver
combines several desirable features: lower electronic bandwidth requirements (com-
pared to heterodyne receivers); balanced operation; no need for optical phase locking;

good immunity to laser phase noise.

121



A general suggestion for future work, which applies to most of the topics addressed
in this thesis, is experimental work. This thesis has laid some conceptual and theoret-
ical ground for fibre-optic network design. It would be interesting and worthwhile to
prove the feasibility of these concepts experimentally. Particularly challenging would
be the implementation of the SLM space switch.

Another important direction for future research is to consider the network control
issues regarding multiple access (e.g., synchronization and call setup, ctc.). The
network control can turn out to be a serious bottleneck.

In conclusion, we hope that the work done in this thesis provides helpful insights

into some important areas of fibre-optic network design.
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Appendix A

Nonlinearities in Communication

Systems

This appendix provides a brief discussion of nonlinearities in communication systems.
The topic has been studied extensively [116,122,124,132]. The most commonly used
mathematical model is of the polynomial type without memory [116]:

Y =C + A(X + A2 X2 + A:X3) (A1)

where Y is the system output, X is the system input, and C, 4;, A,, A3 are constants.
We ignore nonlinear terms of order higher than 3 as being insignificant.
Suppose that X is a set of equally-spaced RF carriers with unit amplitude:

X = % cos(Nwot) (A.2)
N=L

where wp is the spacing between the channels. The second-order distortion terms are
generated by the X? term in A.1:
1My
X* =523 cosl(i+ j)uot] (A3)
=L j=L
Similarly, the X® term generates third-order distortion components:

1 M M M
Xs = Z § Z;lk;r'cos[(i +j + k‘)GJot] (A.4)
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Term Number of | dB of Terms Number of Terms
Type | Components Above
per Term | Harmonic
—‘————
Second Order

2A 1 0 1, if N/2is an integer

A+B 2 6 int(N+-1/2)-L, 2L-1<N<L+M

A-B 2 6 M-L+1-N, 0SN<M-L+1

Third Order

3A 1 0 1,if N/3 is an integer

2A+B 3 9.54 int[(N-L)/2] - int(N/3) + int{(N-1)/3]-L+1,
3L<N<2(L+M)

2A-B 3 9.54 int[(M-N)/2] + int[(N-L)/2], LKN<M
A-2B 3 9.54 int[(M-N)/2]-L+1, 0SN<M-2L, M>2L
A+B-C 6 15.56 int[(N-L)/2Jint[(N-L-1}/2] + (N-L)(M-N)

+ int[(M-N)/2]int[(M-N-1)/2], L<N<M
A-B-C 6 15.56 int{(M-2L-N+1)/2Jint[(M-2L-N)/2],
0<N<M-2L-1, M>2L+1
A+B+C 6 15.56 int{(3M-N+3)/6] + int[(3M-N-1)*/12],
L+2M-1<N<3M-3

Table A.l: Intermodulation terms interfering with a carrier at frequency N, in a
-group of carriers with frequencies Luwyp, (L + 1)}wg...Muwy, where L, N, and M are
integers. intfz] is the largest integer in z.

Formulas for calculating the number of distortion terms falling into the passband
of each channel have been derived by Bennett [122]. This number depends on the
frequency allocation plan, the total number of channels and the position of the partic-
ular channel within the channel group. Table A.1 (after{116]) provides the nccessary
information to calculate the number of distortion terms and their relative power.

At this point a definition of single-octave and of multiple-octave mode of operation
will be given. If the carriers occupy a bandwidth between frequencies Lwg and 2Ly,
then the operation is single-octave (SO). Otherwise, it is multi-octave (MO).

In single-octave mode of operation (i.e., M < 2L), the second-order distortion
terms fall outside of the spectral region occupied by the channel group. In this case,
only third-order intermodulation products (IMPs) degrade the system performance.
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It can be shown that the IMPs of the form A+B-C are the strongest, and are concen-
trated around the middle of the channel group. Therefore, the middle channels are
the worst affected.

In multi-octave mode of operation, the second-order IMPs of the form A-B are
the most damaging, and their number is the highest around the first channel of the
group, which therefore is the worst.

The spectrum of the distortion terms is not the same as the original spectrum of
the channels. In general, the spectrum of the IMPs is wider than the spectrum of
the channels that produce it. Intuitively, this can be explained by the fact that a
multiplication in the time domain results in a convolution in the frequency domain.
Daly [116] gives an approximation of the IMPs spectral width when all channels
have the same modulation format, bandwidth and amplitude, and are statistically
independent. The bandwidth of the second-order IMPs is V2 times the channel
bandwidth, and the third-order IMPs’ bandwidth is v/3 times the channel bandwidth.

For a detailed system analysis, it is necessary to estimate the fraction of the IMPs’
power that passes through the bandpass filter of the particular channel of interest.
Olshansky et al. [50] define a coefficient k which takes this into account. For the
second-order IMPs, it is defined as:

_ f: Si(£) * S;(f)|Hzp(f)Pdf
f: Si(f) * S;(f)df

where * denotes convolution, ¢ and j are integers (7,7 = L,... M), S;(f) is the power

ke

(A5)

spectrum of the i-th channel, and Hgp(f) is the frequency response of the bandpass
filter. Similarly, for the third-order IMPs we have:

: L0 =S S s P
[ 540+ S) # Sl

Note that the coefficients defined above account for the spectral spreading of the -
IMPs, as well as for the position where the IMPs fall. For example, third-order

(A6)
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IMPs, whenever they affect a particular channel, fall exactly into the passband of the
chanpel. On the other hand, with appropriate frequency allocation techniques, onc

can ensure that the second-order IMPs fall in the guard band between the channels.

3!
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Appendix B

Derivation of Signal Power and

IMPs’ Power for the OIM Case

The type of polynomial nonlinearity given by (6.15) has been studied in [116,122},[124,
132). For the signal current of the j-th subcarrier at the output of the photodiode,

we have:

i.(2) = 2Ry P Pro cos (%) —_— %cos[(ﬂc —Quowt+z;(t)]  (B.1)

The mean-square (MS) value is therefore:

<@ >= %R’Pummzfco (&) (B.2)
The current due to the j-th second harmonic 1s:
. 2 . fox )] .
iz = 5B/ PuProsin (T) ml x g oo~ Qo k)] (B

The amplitude of a second-order IMP of the type f; + f; is twice the amplitude of

the second harmonic [116]. Hence,

<, >= %RszPLo in? (%) m; (B.4)
Finally,
O'?M = thz < igd >= %thng.PmPLo sin2 (.04_‘11') m:I (B.5)
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The current due to the j-th third harmonic is:

iy = %R’*’\/P,,,PLO cos (9‘41) m3; x %cos[3(9c —Quotw)]  (BS)

The amplitude of the third-order IMP of the dominant type f; + f; — fi is six times
the amplitude of the third harmonic. Therefore:

. 1 ar -
<#;>= 3—2R2PmPLo cos? (T) m¢, (B.7)

And:
By = hoKa < i2, >= 319-};3}{3}221’,“}’;,0 cos? () ms, (B.S)
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