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ABSTRACT

The demand for optical power splitters is growing globally, due to the rapid deployment
of fibre-to-the-premises, optical metropolitan area network (MAN), and active optical
cables for TV/Video signal transport. Optical splitters play an important role in passive
optical network (PON) technology by enabling several hundred users to share one opti-
cal line terminal. However, current PONs, which use fixed optical power splitters, have
limited reconfigurability particularly in adding/dropping users to/from an optical net-
work unit.

An adaptive optical power splitter (OPS) can dynamically reallocate the optical
power in the entire network according to the real-time distribution of users and services,
thus providing numerous advantages such as improve an optical network efficiency,
scalability, and reliability. An adaptive OPS is also important for realizing self-healing
ring-to-ring optical MAN, thus offering automatic communication recovery when line
break occurs. In addition, future optical line protection systems will require adaptive
optical splitters to switch optical signals from faulty lines to active power lines, avoid
the use of optical attenuators and/or amplifiers, and achieve real time line monitoring.
An adaptive OPS can also be incorporated in tunable optical dispersion compensators,
optical attenuator and optical gain equalizer, and reconfigurable optical switches.

This thesis proposes and demonstrates the principle of a novel Opto-VLSI-based
adaptive optical splitter/combiner for next generation dynamic optical telecommunica-
tion networks. The proposed splitter structure enables an input optical power to be split
adaptively into a larger number of output fibre ports, through optimized phase holo-
grams driving the Opto-VLSI processor. The new adaptive optical splitter has additional
advantages including lossless operation, adequate inter-port crosstalk, compressed
hardware and simple user interface.

This thesis demonstrates, in particular, the concept of an adaptive optical power
splitter employing an Opto-VLSI processor and a 4-f imaging system experimentally in
three stages as follow: (i) a 1x2 adaptive optical power splitter based on an Opto-VLSI
processor, a fibre collimator array and 4-f imaging systems (single lens), (ii) a 1x4
adaptive optical power splitter based on an Opto-VLSI processor, a fibre array and 4-f
imaging systems (single lens), and (iii) a 1xN lossless adaptive optical power splitter
structure integrating an Opto-VLSI processor, optical amplifiers, a fibre array, and an

array of 4-f imaging systems (lens array). The thesis also demonstrates the concept of an
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adaptive optical signal combiner which enables multiple signals to be combined with
user-defined weight profiles into a single fibre port.

Experimental results demonstrate that an input optical signal can arbitrarily be
split into N signals and coupled into optical fibre ports by uploading optimized multi-
casting phase holograms onto the Opto-VLSI processor. They also demonstrate that N
input optical signals can be dynamically combined with arbitrary weights into a single
optical fibre port. Excellent agreement between theoretical and experimental results is
demonstrated. The total insertion loss of the optical power splitter is only 5 dB. Results
also show that the optical amplifiers can compensate for the insertion and splitting
losses, thus enabling lossless splitter operation. A crosstalk level around -25 dB and a
wavelength spectral range exceeding 40 nm is experimentally realized.

In addition, a novel broadband adaptive RF power splitter/combiner based on
Opto-VLSI processor is proposed and experimentally demonstrated. By uploading op-
timized multicasting phase holograms onto the software-driven Opto-VLSI processor,
the input RF signal is dynamically split and directed to different output ports, with user-
defined splitting ratios. Also, multiple input RF signals can be dynamically combined
with arbitrary user-defined weights. As a proof-of-concept demonstration, two input RF
signals are dynamically combined with different user-defined weight profiles.

We also propose and demonstrate a photonic microwave filter based on the use of
an Opto-VLSI-based adaptive optical combiner. The experimental results demonstrate
that the developed Opto-VLSI-based adaptive optical combiner can dynamically route
multiple input optical signals to a single output, with user-defined weight profiles, thus
realising a tunable microwave filter.

Overall this Opto-VLSI-based adaptive optical power splitter should allow as
many as 32 output ports to be supported while achieving high splitting resolution and
dynamic range. This will greatly enhance the efficiency of optical communication net-

works.
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CHAPTER 1

NATURE AND SCOPE OF THE
STUDY

1.1 BACKGROUND

The demand for optical power splitters is growing globally, due to the rapid deployment
of fibre-to-the-premises (FTTP), optical metropolitan area network (MAN), and active
optical cables for TV/Video signal transport [1-3]. Optical splitters play an important
role in passive optical network (PON) technology by enabling several hundred users to
share one optical line terminal (OLT) at the central office distributing optical power to a
large number of optical network units (ONUs), each of which in turn is shared by many

users [2, 4, 5], at the customer end of the network, as illustrated by Fig. 1.1.
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Fig. 1.1. Passive Optical networks schematic diagram. FTTH: Fibre-to-the

(Home, Business, Curb, .....)

However, current PONs, which use fixed optical power splitters, have limited recon-
figurability particularly in adding/dropping users to/from an ONU. For instance, both
the number of subscribers in each ONU and the path distances of each ONU can be dif-
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ferent [6], thus the optical power of each ONU can vary from moment to moment. The
major problem when deploying optical networks is attaining the minimum optical loss
that is caused mainly by the passive optical splitter [7]. An adaptive optical power split-
ter (OPS) can dynamically reallocate the optical power in the entire network according
to the real-time distribution of users and services, thus providing numerous advantages
such as improvement of optical network efficiency and network scalability, and greater
network reliability [5, 6].

Fig. 1.2 shows the linear architecture of a passive optical network formed by a se-
ries of 1x2 optical power splitters [6]. The linear architecture comprises a number of
apartments (Aj, Az As,...., An) connected serially via number of 1x2 optical power
splitters (Si, Sz, Ss,...., Sm). The first OPS receives the main input optical power Pj, and
then splits it into two output optical signals, Pj,1, to supply the first apartment and Py,
which is split by the second OPS. The following power splitters split the input optical
power they receive into two outputs in the same way as the first OPS. Each of the out-
puts (Py, P, Ps...., Py) offer an input to the next OPS in the serial connection, while each

of the other outputs (Piy1, Pin2 Pin3,...., Pinm) Ooffer input power to a subsequent apartment.

Fig. 1.2. Linear architecture of passive optical network formed by series of 1x2
optical power splitters. Adaptive optical power splitters can equalize the power

distributed to each unit.

If the OPS has a fixed splitting ratio (50%:50%), the last apartment has the highest
power attenuation with respect to the other apartments. The power differences among
all the apartments will cause fluctuation in service quality. However, if the power split-
ting ratio of each OPS is adaptive, then the input power received by all apartments can

be equalized. In addition, by using adaptive OPSs, the cost of equipment and network
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expansion can be reduced through distribution on demand [1]. This will allow many
new users to subscribe to the network in the future without service interruption.

An adaptive optical power splitter is also necessary for implementing a self-healing ring
in a MAN [8, 9], offering a popular protection mode that automatically recovers com-
munication from failure. The dual fibre ring PON design shown in Fig. 1.3, is an ideal
application for the adaptive OPS [6, 10]. The network architecture comprises two fibre
rings, each of which is a set of serially connected 1x2 optical power splitters. Each opti-
cal power splitter in the outer ring has a corresponding power splitter pair in the inner
ring. Each pair of power splitters has its own output connected to a common sub-
network, while only one splitter of each pair receives the power signal. One of the two-
ends of each ring is connected to the OLT via an optical power splitter which splits the
main input optical power signal into two paths, Path 1 via the outer ring, and Path 2 via

the inner ring.

Path2 = """ %7

Node3 :

1x2

Splitter

OLT

Node4 .-

Path1

NodeN Node5

Fig. 1.3. Dual fibre ring structural design in PON. The network architecture
comprises two fibre ‘outer and inner’ rings; each of which is a set of serially con-
nected 1x2 optical power splitters. Each 1x2 optical power splitter on outer ring

has a pair on the inner ring, each two pairs form one network node.
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In normal operation, the optical signals from the OLT to the OUNs flow via the outer
fibre ring. If a cable break happens, part of the signal power from the OLT will be di-
rected to the second ring-to-ring via the second set of power splitters. An adaptive opti-
cal power splitter at the OLT can switch the main input power from a ring to another
ring without losses. An adaptive optical power splitter at each node point can maintain
constant output power at all nodes, thus providing each sub-network with a constant in-
put power signal.

Adaptive OPSs can incorporate in long-haul node-to-node networks where optical
line protection (OLP) is required [11]. There are three OLP schemes presently deployed
[12, 13],1:1,1+1, and 1-1, where a 1x2 optical switch is required to (i) transfer the opti-
cal power from the primary fibre line to the secondary fibre line dynamically, (ii) avoid
the use of optical power attenuators and optical amplifiers, and (iii) monitor both lines
instantaneously [14]. Fig. 1.4 illustrates how using adaptive OPSs to replace the 1x2
optical switches in the 1+1 approach can provide advantages for all protection schemes.

Wen Liuand Keyu Wu have reported a new intelligent bi-directional EDFA de-
sign for metropolitan optical networks (MAN) amplifying both receiving and transmit-
ting channels instantaneously [15]. It integrates a post-amplifier and a pre-amplifier
function within one module. It also employs an adaptive splitter not only to adjust the
gain between the forward and backward directions but also to use all pump power effi-

ciently.

Adaptive Optical

splitter . . switch
v Primary line

A 4

A

vyY

DY

vy

Terminal B

VA

Optical Secondary line Adaptive

switch splitter

Fig. 1.4. Optical line protection (OLP) schemes ‘1+1 and 1:1’ employing an adap-

tive optical power splitter.

RF power splitters are key elements for applications based on RF signal processing,
such as beamforming networks and smart antenna systems [16, 17]. A multi-port recon-

figurable broadband RF power splitter with variable splitting ratios allows such systems

4



Chapter 1: Nature and scope of the study

to operate with a high degree of flexibility, thus achieving multiple functions that are
not possible with conventional fixed-ratio splitters [18]. Adaptive OPS can also be used
to dynamically split an RF-modulated optical signal into many output ports, thus realiz-
ing, in conjunction with broadband photodetectors, a broadband adaptive RF power
splitter.

Another potential application for the adaptive optical splitter is in photonic signal
processing [19], particularly, photonic RF transversal filters, where both lightweight and
broadband are of prime concerns. Photonics-based RF filters have several advantages,
namely, (1) they can provide optical delay lines with very low loss independent of the
RF signal, (ii) they have very high time bandwidth products, (iii) they are immune to
electromagnetic interference and (iv) they can attain high speed sampling frequencies
[20].

A tunable optical dispersion compensator (ODC), based on the use of an adaptive
optical power splitter, has been experimentally demonstrated [21]. Dispersion compen-
sation is achieved by splitting the input signal between two dispersive media and then
adding the resulting signals. Tunable compensation is attained by controlling the power
splitting ratio of the input signal between two dispersive media [21].

Finally, an adaptive optical power splitter can be used as variable optical attenu-
ator and dynamic optical gain equalizer for WDM or any other application. It is also
suitable for use as an optical switch.

In summary, adaptive optical power splitters can be used in many applications includ-
ing:

® Passive optical network

¢ Implementing a self-healing ring in a MAN

e Optical line protection (OLP)

e A bidirectional EDFA

e Integrated with broadband photodetectors for realizing a broadband adaptive RF

power splitter

¢ Photonic signal processing

¢ Tunable optical dispersion compensator (ODC)

e Tunable optical attenuator.

e Tunable optical gain equalizer.

e Optical switching.
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1.2 MOTIVATION

Currently, the majority of optical power splitters are passive, meaning they provide con-
stant splitting ratios. Several technologies have been used for realizing an optical power
splitter. For instance, fused bi-conical taper (FBT) is a successful technique that has
been used to realize an optical fibre coupler/splitter and other fibre optic components
[22]. Simple fused structure of fibre coupler or splitter has been achieved by simply
heating, stretching, and tapering two optical fibres [23].

Single or multi mode fibre couplers are made using fused bi-conical taper (FBT) tech-
nique with very low access loss. The coupling ratio is determined by the related parame-
ters of the taper’s length and the diameter of the coupler structure in the region of the
taper’s waist [23, 24]. However, this technique is impractical not only in changing the
splitting ratio adaptively but also in increasing the splitter output port count.

Waveguide planar lightwave circuit (PLC) technology is very useful for fabricat-
ing compact and high performance optical devices, including, optical power splitters
wavelength division multiplexers (WDM), and optical switches [25]. PLC-optical
power splitters offer high reliability and stability, low insertion loss, and low cost [26].
In addition, no external power is required for either FBT or PLC-based optical power
splitters. However, both techniques, FBT and PLC can provide different splitting ratios
during their fabrication process, but once the device is fabricated the splitting ratio in no
longer changeable.

Micro-electro-mechanical systems (MEMS) is a technological approach that of-
fers many advantages such as integration of multiple functional units in a tiny area,
which is the key importance when developing smart and complicated devices such as
MEMS micro-mirrors arrays also known as MEMS-based spatial light phase modulator
(SLPM) [27, 28]. MEMS-based SLPM is a diffractive element based on an array of mi-
cro-mirrors enabling optical phase control of a light beam in free space [29-31]. It has
potential applications in areas such as femto second pulse shaping [32], wavelength di-
vision multiplexing [33], variable optical attenuator [34, 35], and tunable fibre laser
[36]. MEMS-based SLPM offers high-speed operation ‘hundreds of microseconds’ and
polarization insensitivity compared with a liquid-crystal-based SLPM (LC-SLPM) ‘sev-
eral milliseconds.” MEMS-SLPMs are useful for realizing passive optical power split-
ters or variable optical attenuators but are not yet mature enough for realizing adaptive

optical power splitters which have a large number of output ports [37].
6
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The Opto-VLSI processor well known as a spatial light modulator (SLM) is a dif-
fraction element based on Liquid Crystal on Silicon (LCOS) technology for light beam
phase modulation [38, 39]. The Opto-VLSI processor is well designed to accomplish
polarization-insensitive operation by incorporates a quarter-wave-plate (QWP) and alu-
minum mirror layers. In addition, the Opto-VLSI processor offers precise and linear
phase modulation characteristics, high diffraction efficiency, and easy private computer

control. The Opto-VLSI processor has been used in many applications, including:

e Photonic microwave and RF signal processing [40]

e Adaptive wavelength division multi/demultiplexer [41]

e Reconfigurable optical add-drop multiplexer (ROADM) [42, 43]
e Tunable dual/multi-wavelength fibre laser [44, 45]

e Optical interconnect [46]

® High speed optical correlators [47]

The development and deployment of fibre optics and optical communication networks
has created a new research field for dynamic optical networks [48, 49]. Dynamic optical
networks require dynamic optical devices such as adaptive optical power splitters. Re-
cently, only a few adaptive optical power splitter structures have been reported and
more details will be discussed in Chapter Two. However, these techniques have many
limitations including, tolerance to environmental perturbations, high polarization de-
pendence, and a limited numbers of output ports.

An Opto-VLSI processor integrated with optical components and a fibre optics
port, could realize an adaptive optical power splitter. This adaptive optical splitter can
be reconfigured via software to provide arbitrary optical power splitting ratios for mul-
tiple output channels. In addition, the adaptive splitter will have attractive features, such
as a simple architecture, ability to synthesize arbitrary and accurate splitting ratios, low

power loss, and easy user interface.
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1.3 RESEARCH OBJECTIVES

The primary objective of this PhD project is to develop and demonstrate the concept of

an adaptive optical power splitter based on Opto-VLSI technology and a 4-f imaging

system, and to design an algorithm that can optimize the distribution of optical power in

optical communications networks. In particular, the project will investigate the capabil-

ity of the Opto-VLSI processor to adaptively split an optical beam into different output

ports and then control the power of each port through multicasting computer-generated

phase holograms.

During the process of realising the primary objective, several secondary objec-

tives will be identified and achieved. These are:

Develop an efficient algorithm for generating multicasting phase holograms for
adaptive optical power splitting.

Demonstrate a 1x2 adaptive optical splitter structure based on the use of an
Opto-VLSI processor in conjunction with fibre collimator array and 4-f imag-
ing system.

Extend the number of the output ports of the splitter by demonstrate a 1x4
adaptive optical splitter based on an Opto-VLSI processor in conjunction with
fibre array and 4-f imaging system.

Develop a 1xN lossless adaptive optical splitter by incorporating Erbium-
Doped Fibre Amplifiers (EDFAs) at different locations within the splitter struc-
ture.

Demonstrate the concept of an adaptive optical combiner, with an array of fibre
ports each having a different optical signal, which can combine the input sig-
nals into a single fibre port with a user-defined combination-weight.

Implement the developed adaptive optical power splitter for realizing a broad-
band variable RF splitter/combiner.

Apply the developed adaptive optical splitter in Photonic RF Signal Processing
(PSP).
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1.4 THE SIGNIFICANCE OF THE THESIS

Fibre-to-the-Home (FTTH) optical access networks are deployed on a large scale in
many countries and Australia is currently in the process of deploying FTTH. Optical
splitters are one of the main components required to establish efficient optical access
networks. The need for these splitters is mainly to split the optical power to different
subscribers.

This PhD thesis provides a novel architecture for optical splitters with the unique
advantage of splitting the power adaptively in order to optimize the distribution of opti-
cal power in optical communication networks.

This PhD research project explores an adaptive splitter architecture that provides
N numbers of splitting output ports with low insertion loss. This architecture is based on
the use of an Opto-VLSI processor, which enables non-mechanical beam shaping, in
combination with a fibre array, a 4f imaging system, and Erbium-Doped Fibre Amplifi-
ers (EDFAs) for splitting loss compensation. The original contributions of this study

include:

¢ Novel structures of an adaptive optical power splitter using an Opto-VLSI proc-
essor in combination with:
1) A fibre collimator array and a single lens imaging system.
2) A fibre array and a 4-f imaging system ‘single lens’.
3) A fibre array and an array of 4-f imaging system ‘lens array’.
e Experimental Demonstration of an adaptive optical power combiner.
e Experimental Demonstration of a broadband variable RF splitter/combiner.
e Implementation of the adaptive optical combiner in photonic signal processing

by experimentally realizing a reconfigurable photonic microwave filter.

1.5 OUTLINE OF THE LITERATURE STUDY

The literature study follows a logical approach in which the starting point is a general
discussion about the need for adaptive optical splitters, including their applications.
The strategy review begins with Chapter Two which introduces and discusses various

techniques used for realizing an adaptive optical splitter.

9



Chapter 1: Nature and scope of the study

The study continues in Chapter Three where an introduction to Opto-VLSI technology
is presented. It explores characteristics of the Opto-VLSI processor and its applications.
The literature study concludes with a review of computer algorithm for generating mul-
ticasting phase hologram.

Chapter Four and Five presents the novel Opto-VLSI-based adaptive optical power
splitter/combiner structures and show experimental results that demonstrate their con-
cepts.

Chapter Six discusses the application of the developed splitter/combiner structures in
photonic RF signal processing and experimentally demonstrate transversal RF filters hat

can be tuned via the reconfiguration of the Opto-VLSI processor.

1.6 LAYOUT OF THE THESIS

In order to achieve the objectives of the study discussed above the following chapters

and content of this dissertation are structured as follows:

Chapter 2: reviews the reported structures for splitting an optical signal adaptively.

Chapter 3: introduces Opto-VLSI technology by presenting the Opto-VLSI structure,
the beam steering analysis, and the computer generated hologram. The Opto-VLSI and

beam multicasting capability is also presented in this chapter.

Chapter 4: details the experimental demonstration of the proposed adaptive optical
power splitter based on the use of Opto-VLSI processor and 4-f imaging system. The

proof-of-concept of an adaptive optical combiner is also presented in this chapter.
Chapter 5: reports on the experimental demonstration of the proof-of-concept of a
broadband adaptive RF power splitter/combiner based on the use of Opto-VLSI proces-

Sor.

Chapter 6: presents the experimental demonstration of Photonic Microwave Filter em-

ploying an Opto-VLSI-Based adaptive optical combiner.

10
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Chapter 7: concludes the dissertation. It reviews the study in terms of the research
problems, construct development and empirical findings and ends with recommenda-

tions for further study.

1.7 SUMMARY

This chapter has introduced the background and context of the study, covering the re-
search objectives and the significance of the thesis. The primary research objective,
which is to develop an adaptive optical splitter based on an Opto-VLSI processor and 4-
f imaging system, has been discussed. Several secondary objectives, which are crucial
for realizing the primary research objective, have also been discussed.

The chapter concluded with the layout of the dissertation in order to achieve the objec-
tives of the study.

The next chapter introduces several techniques that have already been reported for real-

izing an adaptive optical power splitter.

11



CHAPTER 2

ADAPTIVE OPTICAL POWER
SPLITTERS OVERVIEW

2.1 INTRODUCTION

Optical power splitter devices can be divided into two types, namely, passive and dy-
namic splitters. Passive optical splitters split the optical beam up to N beams output
ports with fixed splitting ratios, while the splitting ratios of a dynamic optical splitter
can be arbitrary. Passive optical splitters with different ratios such as 1x2, 1x4, 1x8, and
1x16 are readily available products in the market.

Several different technologies for realising passive optical beam splitters have al-
ready been reported. Most of these structures use photonics crystals (PC), and are based
on the waveguide branching (Y-branches) [50, 51], directional coupling [52, 53], mul-
timode interference (MMI) [54, 55], and ring resonator theories [56, 57]. However,
some splitters can be designed so that during their fabrication they will generate differ-
ent fixed power ratios at the output ports [58]. For example, MMI-based devices with
tapered MMI regions have demonstrated variable power splitting ratio capabilities.
However, continuous tuning of the splitting ratio within a single device structure cannot
be achieved with this approach [59]. Bent MMI structures, with arbitrary power split-
ting ratios, have been reported [60]. Arbitrary splitting is achieved by inducing a spe-
cific wavefront phase change via an angular bend within the MMI region. Since the
splitting ratio is a function of the width of the MMI region [61], it is impractical to
achieve dynamic splitting ratio for a small number of output ports. Recently, new ap-
proaches, based on plasmonic nanoslits for realizing passive optical power splitters,
have been reported [62, 63]. However, while surface Plasmon technology is a new
promising research field, it is not yet to be proven viable for many future applications
including optical splitters.

Adaptive optical power splitters based on several techniques have already been
reported. In this Chapter, different techniques for realizing adaptive optical power split-

ting will be reviewed.
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2.2 PASSIVE OPTICAL POWER SPLITTER INCORPORATING SOAs

Fig. 2.1 illustrates a simple dynamic optical splitter structure realized by incorporating a
semiconductor optical amplifier (SOA) into each output port of a PLC-based passive
splitter [64]. However, such a structure is relatively expensive and has fundamental
limitations, namely, high output noise levels generated by the individual optical ampli-
fiers, and the difficulty in controlling the output power level, since the optical amplifier

gain depends on the power level of the split optical signal.

Port 1

Port 2

Port 3

Port 4

Silicon
Substrate

Fig. 2.1. Dynamic splitter by incorporating an optical amplifier into each output

port of a passive splitter based on planar lightwave circuits.

2.3 MACH-ZEHNDER INTERFERENCE TECHNIQUE

An adaptive optical power splitter can be realized by using Mach-Zehnder interference
techniques. Fig. 2.2 shows a reported optical splitter structure where two single mode
fibre couplers are used to realise a Mach-Zehnder interferometer [65]. The common fi-
bres of the couplers form the two interference arms (Arm; and Arm;) of the interfer-
ometer.

An input optical power launched into the input port Pj, is split into two output
ports, P, and P, The power level of each output is a function of the optical phase dif-
ference of the two interference arms. Therefore, variable splitting ratio of, P,/P;, is
achieved by controlling the optical phase difference of the two interference arms. Dif-
ferent methods, such as electric field [66], magnetic field or heat can be applied to vary

the arms’ length, thus controlling the optical phase difference between the two arms.

13
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The main disadvantage of this technique is impractically for achieving multiport output

power.

Arm,

Arm

Fig. 2.2. Configuration of Mach-Zehnder interference using two fibre couplers,

thus realizing a variable optical power splitter.

2.4 VARIABLE TRANSMISSION-REFLECTION FILM BASED SPLITTERS

An adaptive optical power splitter can also be achieved by using variable transmission-
reflection thin film, where an incident optical signal is split into two signals i.e. trans-
mitted and reflected signals, as is illustrated in Fig. 2.3 [65]. The thin film is designed to
have linear variable transmission-reflection along the film plane. The transmitted and
reflected signals are varied by rotating the film around its axis. Liming Zheng and Meili
Zhu have reported a dynamic splitter using the same principle on channel waveguide
[67]. This technique not only has a limited number of output ports but also has limited

reliability due to the need to mechanically move the film.

14



Chapter 2: Adaptive optical power splitters overview

Optical film

Output 2

Transmitted

Reflected

Output 1

Fig. 2.3. Adaptive optical power splitter based on the use of optical film with lin-

ear variable transmission-reflection.

2.5 ACOUSTO-OPTIC BASED OPTICA POWER SPLITTERS

An RF signal applied to an acoustic crystal will generate an acoustic wave inside the
crystal [68]. The frequency of the acoustic wave is equal to the RF signal frequency and
its intensity is proportional to input electrical signal intensity [65]. Fig. 2.4 shows an
example of an optical beam splitter based on acousto-optic effects using a material such
as LiNbOs;. An incident optical beam of specific incident angle, ‘Bragg angle’, passing
through the crystal interacts with a traveling-wave index perturbation generated by the
acoustic wave. As a result, part of the optical beam is deflected by 2 ®p and frequency
shifted by an amount equals to the acoustic frequency. The power ratio of the deflected

and incident optical beams is called the diffraction efficiency and is expressed by:

m.An.L ]
AcosOp

n = sin? | 2.1
where An is the crystal index perturbation resulted from acoustic wave, L is the dis-

tance the optical beam travels through the acoustic wave, A is the vacuum wavelength

of the optical beam, and 6yis Bragg angle determined by

sinfp = = 2.2)

where £ is the acoustic wavelength.
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Fig. 2.4. Adaptive optical power splitter based on acousto-optic deflection effect.

This technique allows controlling only the power of the deflected ‘1™order’ at an inci-
dence angle equals to the Bragg angle, which is precisely determined. Note that any de-
viation from Bragg angle results in the appearance of more uncontrollable deflected
beams (more orders cause power loss of 1%order). Therefore, this technique is impracti-

cal not only for 1x2 splitters but also for higher output port counts.

2.6 MOVABLE HALF WAVE PLATE BASED 1x2 ADAPTIVE OPTICAL
SPLITTERS

A 1x2 adaptive optical power splitter structure based on the use of a half wave plate and
optical polarization components has experimentally been demonstrated [69], where an
arbitrary optical splitting ratio is realized by mechanically rotating a half wave plate, as
illustrated in Fig. 2.5. The splitter consists of a standard collimator, birefringent displac-
ers, a rotatable half wave plate, half wave plates, a roof prism, and a dual fibre collima-

tor.
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o Birefringent
B1refr1ngent Rotatable half displacer
displacer ‘A wave plate ‘C’ ‘D&G’ Dual fibre

collimator

Fibre
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............ P2
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Fig. 2.5. Adaptive optical power splitter structure based on the use of a rotatable

half wave plate and optical polarization components.

The operation of the splitter is briefly explained as follows: The input fibre collimator is
used to launch the input optical beam. The birefringent displacer ‘A’ is used as a first
displacer to split the input optical beam into two perpendicular polarized lights P, and
P,. The half wave plate ‘B’ is used to transfer Beam P, into same polarization state of
Beam P;. The rotatable half wave plate ‘C’ is used to change the state polarization of
both Beams P; and P,. The birefringent displacer ‘D’ is used as a second displacer to
separate Beams P; and P, into two pairs of light; each one will have perpendicular com-
ponent, Pyj, P1; and P,;, Py, respectively. The half wave plate ‘F’ is used to transfer
Beam P,; into the same polarization state of as- Beam Pj,. The half wave plate ‘E’ is
used to transfer Beam P;; into same polarization state of Beam P,;. The birefringent
displacer ‘G’ is used to combine ‘P, and P»;” and ‘P11 and P;;” into two output beams,
Output;and Output,, respectively. The roof prism couples the output light into the dual
fibre collimator.

The main disadvantages of this splitter structure are (i) limited reliability due to
the wear and tear of the mechanically rotated wave plate, and (ii) the inability to inde-

pendently control the output power levels of the split signals.
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2.7 FIBRE BRAGG GRATINGS (FBGS) BASED ADAPTIVE OPTICAL
SPLITTERS

An adaptive optical splitter employing thermally-tuned fibre Bragg grating (FBGs) has
also been reported [70]. The device structure comprises a circulator and a dynamic FBG
which can achieve different reflection ratios corresponding to the size of the current ap-
plied across the dynamic FBG as in Fig. 2.6. The circulator has three Ports Py, P, and P;,
and the dynamic FBG has two Ports, P; and Ps. The input light to Port Py output from
Port P3 reaches the FBG through Port P,4. The dynamic FBG comprises an optical fibre
whose refractive index varies with the temperature. A thermal electric cooler (TEC), is
attached to one flat side section of the optical fibre and acts as a heat sink and tempera-
ture controller to maintain that section of the optical fibre at a predetermined tempera-
ture. A thin layer of thermal epoxy is attached to ensure good thermal conductivity be-
tween the optical fibre and the TEC. Micro heating elements ‘thermal resistance’ are
electrically connected together in series by bonding wires, as in Fig. 2.6(b).

When an electrical current is applied across the two terminals of the series of heat-
ing elements, each element will generate a constant temperature profile as long as the
current remains constant. The cross sections of the optical fibre between each two ele-
ments has approximately the same temperature as that of the TEC, due to the large con-
tact area of the fibre cross sections with the TEC than the heating elements, and the
TEC has larger heat transfer capacity. Hence, a series of hot spots distributed along the
optical fibre section, that generates a periodic pattern of refractive indices. By varying
the current, the temperatures of the hot spots changes, leading to change in the periodic
refractive indices. The reflected wavelength is determined by the pitch of the dynamic
FBG, and the distance between two hot spots.

As shown in Fig. 2.6, all light passes through Port P; when no electrical current is
applied across the heating elements i.e. no Bragg grating effect is experienced; this state
is called ‘all pass’ state. All light passes through the Port P, when a maximum electrical
current is applied across the heating elements. In this case, the Bragg condition is met
with nearly 100% reflection; this state is called ‘all reflect’ state.

While the principle of this structure is easy to understand, it is impractical, however,
due to its high packaging cost and limited tolerance to environmental perturbations

(temperature, vibrations, etc).
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Fig. 2.6. (a) Adaptive optical splitter employing thermally-tuned fibre Bragg grat-
ing (FBGs) device structure comprising a circulator and a dynamic FBG, (b)
FBG layout.

2.8 DYNAMIC SPLITTER BASED ON OPTO-VLSI PROCESSORS

The first attempt for realizing an optical power splitter based on the use of an Opto-
VLSI processor was reported by Matic [71]. He demonstrated a passive splitter with re-
configurable output port count. For realizing dynamic splitting ratio, a 1x3 dynamic op-
tical splitter using an Opto-VLSI processor, in conjunction with custom-made piecewise
linear optics has been reported [72], as illustrated in Fig. 2.7. However, this splitter ar-
chitecture requires custom-made piecewise linear optics integrated with a fibre collima-
tor array, making its mass production very difficult, especially when the number of out-

put ports is large.
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Fig. 2.7. Dynamic splitter based on Opto-VLSI employing custom-made piecewise

linear optics.

29 SUMMARY

In this chapter, we have discussed and reviewed the techniques that have recently been

reported for realizing adaptive optical power splitting ratios. These included, a passive

splitter incorporating semiconductors optical amplifiers, Mach-Zehnder interference

technique, variable transmission-reflection film, acousto-optic principles, movable half

wave plate, fibre Bragg gratings (FBGs), and Opto-VLSI processors.
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CHAPTER 3

OPTO-VLSI FOR SPATIAL
MODULATION OF LIGHT

3.1 INTRODUCTION

Optical devices for beam steering have many applications particularly in optical com-
munication and photonic microwave signal processing. Several technologies including
lenslet array, micro-mirrors array, and liquid crystal on silicon (LCOS) have been de-
veloped to demonstrate mainly beam steering without any moving part [73]. During the
last Four decades, potential research efforts have focused on enhancing the physical di-
mensions, resolution, fill factor, and response time, leading to highly efficient LCOS
technology.

An Opto-VLSI processor is a motionless reconfigurable optical device based on
LCOS and has been widely used in a variety of applications due to its capability to
shape/steer polarized incident laser beams by applying an electric field across the liquid
crystal layout.

This chapter presents a brief discussion on the Opto-VLSI processor architecture
and its principle of operation. In Section 3.2, we describe a generic Opto-VLSI proces-
sor structure, and then discuss its beam steering capability in Section 3.3. The theory of
Opto-VLSI processing is presented in Section 3.4. The chapter continues by introducing
computer generated steering hologram in Section 3.5 and particularly simulated anneal-
ing algorithm in Section 3.6. Finally, the generation of multicasting phase hologram in

discussed in Section 3.7.
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3.2 OPTO-VLSI PROCESSOR STRUCTURES

The Opto-VLSI processor, also known as spatial light modulator (SLM), is an electron-
ically-driven, motionless diffractive element that can steer/reshape an incident laser
beam. Illustrated in Fig. 3.1, an Opto-VLSI processor in corporate an array of liquid
crystal (LC) cells addressed by a Very-Large-Scale-Integrated (VLSI) circuit [74] that
generates phase holograms capable of arbitrary steering and /or multicasting input laser
beams. By depositing a quarter-wave-plate (QWP) layer between the LC layer and the
aluminum mirror polarization-insensitive operation can be accomplished [75]. Also the
use of a transparent Indium-Tin Oxide (ITO) layer as a ground electrode minimizes the
optical insertion loss of the Opto-VLSI processor. The voltage of each pixel can indi-
vidually be adjusted using memory elements that can select a voltage level between zero

and saturation voltage, then apply it, through both electrodes, across each LC cell.

ITO ]
\ Glass (a) Opto-VLSI processor
LC Material = |000000000000000000000000
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plate (QWP) VLSI Layer &
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o
Aluminium E
Mimor () Opto-VLSI Cell ®
Structure o
: , =
Connection to Mirror =)
<
Memory 0}
elements 1]
B Data Decoder —

N
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(¢) Pixel Architecture

Fig. 3.1. (a) 2D Opto-VLSI processor layout, (b) Opto-VLSI cell structure and (c)

pixel architecture.
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3.3 NONMECHANICAL OPTICAL BEAM STEERING

The principle of nonmechanical beam steering can be understood by considering the
effect of a prism on an incident collimated beam normal to a surface, as illustrated in
Fig.3.2(a). The light beam changes its speed as it moves from air to the glass of the
prism, thus the light is refracted in the glass and bent after exiting the prism by and an-
gle that depends on the refractive indices of the two media (Snell's law) and the apex

angle of the prism [76].

e (L1711

(@)

AN aim

ny

(b)

Fig.3.2. (a) Beam steering prism principle and (b) graded refractive index thin

film.

A prism can also be constructed with a thin film that has a gradual change in the refrac-
tive index from a lower value to a higher value across the horizontal direction of the op-
tical path, as illustrated in Fig.3.2(b), and this results in a gradual change in the average
propagation velocity within the material [73]. Therefore, due to the difference in the
propagation velocity, the beam is steered towards the region of higher refractive index.
Light steering by a prism is the basis of the beam steering mechanism of the Opto-VLSI

processor.
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3.4 OPTO-VLSI PROCESSOR FOR BEAM STEERING

In an Opto-VLSI processor, the VLSI circuit allows changing the refractive index of the
LC layer by independently driving each pixel by a voltage, thus applying an electric
field across the LC layer. Typically, the individual electrodes are addressed independ-
ently using a 8-bit controller (i.e. with a digital voltage level of 0 to 255). Typical be-
haviour of a prism can be emulated by electronically addressing the individual pixels of
LC, as shown in Fig. 3.3. Since the LC switching speed is inversely proportional to the
square of the thickness of the LC layer [77], keeping the liquid crystal layer thin leads to

a fast response.

Steered
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Fig. 3.3 An optical beam experiencing deflection after passing through liquid

crystal molecules.

A prism can be realised by driving the liquid crystal based-optical processor with a
modulo 27 sawtooth ramp, as shown in Fig. 3.4. By changing the period and maximum
phase of the saw-tooth waveform, an adaptive grating can be realised that can steer in-

cident beam along arbitrary directions [73, 78].
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Fig. 3.4 A prism formed by addressing electronically a pixel block with a saw-

tooth-like phase profile with a maximum phase shift of 27.

The quantised voltage applied across the liquid crystal pixels electrodes of grating pe-
riod results in a step-wise phase ramp and the incident beam will be steered to a certain

angle given by:

6 = arcsin (q%d) (3.1

where A is the wavelength of the incident beam, ¢ is the number of pixels within the

grating’s period, d is the pixel pitch.

A large grating period (q X d) leads to a smaller steering angle. Fig. 3.5 and Fig.
3.6 shows different phase gratings formed by uploading phase hologram corresponding
to a grating period of 256 and 128 steps, respectively, onto a 1-D Opto-VLSI processor.
Higher diffraction orders are generated due to the quantisation of the grating period,
leading to poor diffraction efficiency. The first order diffraction efficiency 74 is given

by [79]:

n = (M)Z (3.2)

TL'/q
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Fig. 3.5. (a) A 1x4096 Opto-VLSI processor addressed electronically to form a
phase grating with a grating period of 256 pixels. (b) Incident beam steered to
angle 0 =0.19 degree and (c) high diffraction orders are generated due to the

quantisation of the grating period.
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Fig. 3.6. (a) A 1x4096 Opto-VLSI processor addressed electronically to form a
grating with a grating period of 128 pixels. (b) Incident beam steered to angle
0 =0.38 degree and (c) high diffraction orders are generated due to the quantisa-

tion of the grating period.
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Switching from high to low phase levels called flyback as illustrated in Fig. 3.7, has
significant effect on the diffraction efficiency i.e. the flyback region steers a portion of
the incident beam along an undesired direction. The diffraction efficiency can be ex-

pressed theoretically by rewriting Equation 3.2 as follows [80]:

Meosat = (sin(”/q))2 (1 ~ :_2)2 33

7T/q

where Af is the width of the flyback region. Investigation of the pixilation as well as the
flyback effects on the diffraction efficiency of an Opto-VLSI processor has been re-
ported in [81]. Experimental results have shown that the flyback significantly reduces
the steering efficiency when the number of pixels per phase hologram period is low

[81].

(a) (b)
 J—— . : .
— Phase imposed by eecodes oo
----- Resutng phase i i crysta G| possbe (Lo Duetostepquantisation | |
S, phase gradient b
ot [y S (A T T S R S ey
_ 1 %0_3 ..... LS O S P ot O SR SO
i ) 3 U puetofyback | L L
i ool et
(A SRR ERE
; 804 dmm bbb
HH H 2 I A T A T A R
td - H il P02 e
— R T A A A
Fiybatk resuls n 0 +—t— Attt
DO1-Z210 hse. 0 10 2 % 4 5 6 70 80 % 10
Number of phase-shifter within reset, q

Fig. 3.7. Flyback region due to switching from high to low phase levels. (b) impact
of flyback on diffraction efficiency [81].
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3.5 COMPUTER-GENERAED PHASE HOLOGRAM

The essential problem of generating phase holograms is to calculate the phase distribu-
tion, h(x,y) in the hologram plane for a target diffracted intensity pattern, T (v, u),

which is given by:
T(v,u) = [[ h(x, y)e?™ @+ dxdy (3.4)

The ideal hologram profile for beam steering/multicasting applications can be found by

analysing the simple wave propagation equation:
U = el (k7-wt) (3.5)

where,

k is the propagation constant determine the beam direction

7 is the position vector.

When the wavefront encounters a linear phase retardation across a plane e’ @ | the

new wavefront will be in the form of, e’ (;"F_Wt) travelling in a direction, ; =k +d.
If a hologram provides a linear varying phase profile, the beam direction can be
changed without distorting the beam itself. Since the phase levels of 0 and 2m are
equivalent, a sawtooth grating profile can be generated by varying the phase linearly
from O to 2n. Therefore, an approximation to the sawtooth grating proposed by Dam-
mann [82] can be realised by an Opto-VLSI processor. Fig. 3.8 illustrates the difference
between a sawtooth grating and a Dammann grating. The theoretical calculation of the
diffraction efficiency of Dammann grating is simply based on Fourier transform (FT)

and is given by [83]:

_ IJFwadul?

T [IFW?du (3.6)

where
F(u) is Fourier transform of the desired signal shape, and f(x) represents the target

diffracted pattern.
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For example if, f(x) = 6(x — x,), then F(u) = exp (j2mux,), and n = 100%. This

theoretical value is impossible to achieve by practical phase holograms.

Deflected Deflected
Light Light

/
AAAA h.h./h.h.

1 1

Incident Light Incident Light

Fig. 3.8. Sawtooth grating (on the left) and Dammann grating (on the right).

Several computer algorithms, such as the genetic, simulated annealing, conjugate-
gradient, Gerchberg-Saxton and projection-onto-constraint-sets algorithms [84-88],
have been used for generating optimized steering/multicasting phase holograms that
produce a target far-field distribution, defined by the replay beam positions and the cor-

responding target diffracted intensity pattern.

3.6 SIMULATED ANNEALING ALGORITHM

Simulated annealing is a random search technique proposed and developed to deal with
highly nonlinear problems by finding the global minimum of a cost function that may
possess several local minima. The technique is based on emulating the physical process
i.e. a metal cools and freezes into a minimum energy crystalline structure. Dames et al.
[89] converted the simulated annealing principle into a computer algorithm that gener-
ate phase hologram distribution for a target diffracted intensity profile. A flow chart that
describes the simulated annealing is illustrated in Fig. 3.9. Typically, the algorithm
starts from an initial random hologram pattern, h(x,y) and computes the resulting dif-
fraction field. Fourier transform is used to compute the diffracted beam H(k, ) and can

be expressed as [84]
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H(k,1) = DFT(h(m,n)) (3.7)

where (k, 1) represents the coordinates in the output plane. The cost function can be

computed by [84]
C =X(Hk, D — |Hp(k, DI?)? (3.8)

where T (k, 1) is the target intensity at defined point in the diffraction field. By randomly
changing h and recalculating the cost function, the target requirement is achieved.

The termination of the algorithm occurs after a certain number of iterations. If the cost
meets the target requirement, the program will terminate before completing the number
of iterations. The probability of finding the appropriate pixel/s is exponential function of
temperature while the temperature is exponential function of the total number of desired

iterations [84].
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Fig. 3.9. A flow chart describes simulated annealing algorithm [84] .
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3.7 OPTO-VLSI AND MULTICASTING PHASED HOLOGRAM

For multicasting applications by means of splitting an optical beam to N numbers of
beams in different direction or positions, computer generated hologram (CGH) algo-
rithms can be used to compute the desired far-field distribution that define the split-

beam profile ‘peak amplitude’ at specified position, as illustrated in Fig. 3.10.
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Fig. 3.10. Opto-VLSI processor can be used for beam multicasting by means of
splitting an optical beam to N numbers of beams to different direction with con-

trollable intensity of each split beam.

To accurately split an incident optical beam onto an Opto-VLSI processor, a high split-

ting-angle resolution is required and is given by:

a = arcsin (ﬁ) (3.11)

where A is the wavelength of the incident beam, N is the number of pixels illuminate by
the incident beam, d is the pixel pitch. Table 3.1 shows high angle resolution can be
achieved by illuminating more pixels. High resolution leads to accurately splitting the
optical beam to the right direction, thus avoiding optical loss caused by the quantization

of the splitting angle.

31



Chapter 3: Opto-VLSI for spatial modulation of light

Table 3.1. Splitting angle resolution for a given number of pixels ‘N’. Small angle

leads to high splitting angle resolution.

N pixels Resolution
(rad)

500 0.001722

1000 0.000861

1500 0.000574

2000 0.000431

2500 0.000344

In this PhD project, a special algorithm has particularly been developed to compute the
targeted phased distribution of the replay-field. According to the Opto-VLSI character-
istics, the computed phased distribution is used to compute the discrete voltage distribu-
tion needed to derive the pixels of the Opto-VLSI processor.

A LabVIEW computer program was especially developed to drive the Opto-VLSI
processor and generate the desired phase holograms that split an input signal arbitrarily
and accurately to multiple output optical fibre ports, and also combine multiple input
signals with arbitrary weights into a single output optical fibre port. For a target dif-
fracted intensity profile, an optimised phase hologram can always be generated, which
minimizes the zeroth order diffraction and maximizes the signal-to-crosstalk ratio at

every output port. Experimental results will be presented in the next chapter.

3.8 SUMMARY

In this chapter, we have briefly discussed and reviewed the fundamental of the Opto-
VLSI technology, covering the analysis of nonmechanical optical beam steering, com-
puter-generated phase holograms, simulated annealing algorithm, and multicasting

phase holograms.
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CHAPTER 4

OPTO-VLSI-BASED ADAPTIVE
OPTICAL POWER SPLITTERS

4.1 INTRODUCTION

The key parameters that are considered when assessing an optical power splitter in-
cludes insertion loss, output port count, compact size and cost.The use of a reconfigur-
able Opto-VLSI processor, in conjunction with optical components, could lead to a
adaptive optical power splitter that has additional advantages including:
(1) Both optical signal splitting and combining are achieved through software
using the same structure.
(i1) High diffraction efficiency (i.e. lower optical loss) as more pixels are cov-
ered by the input optical beams.
(ii1))  Low inter-port crosstalk.
(iv)  Simple user interface.
(v) Compressed hardware and compact packaging.
This chapter presents the experimental results of the proposed Opto-VLSI-based adap-
tive optical power splitter. The first part (Section 4.2) begins with the description and
advantages of a 4-f imaging system configuration, followed with the integration of the
Opto-VLSI processor with the 4-f imaging system for the realisation of an adaptive op-
tical splitter. The second part (Sections 4.3- 4.5) demonstrates the principles of several
adaptive optical power splitter structures, implemented through:
(i) Integration of the Opto-VLSI processor with, a fibre collimator array and 4-f
imaging systems (single lens).
(i1) Integration of the Opto-VLSI processor with, a fibre array, and a 4-f imaging
system (single lens).
(iii) Integration of the Opto-VLSI processor with, a fibre array, optical amplifiers,
and an array of 4-f imaging system (lens array).
In Section 4.6, we also demonstrate the use of the proposed splitter as an adaptive opti-

cal combiner that combines optical signals launched into multiple input ports into a sin-
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gle output port with variable combination ratios. The chapter concludes with a discus-

sion on the total insertion loss (Section 4.7) of the splitter and how it can be minimised.

4.2 PROPOSED ADAPTIVE OPTICAL POWER SPLITTER

4.2.1 4-fimaging system

Typically, the 4-f imaging system configuration is used in many optical devices [90-92].
The configuration of a 4-f imaging system can be approached in different ways [91]. A
simple schematic diagram of a 4-f imaging system set-up built of two identical cascade
lenses of focal lens ‘f as illustrated in Fig. 4.1. A fibre input port located at the input
plane‘S;’emits a diverging spherical wave which is then collimated via Fourier lens
‘L;’. The collimated beam is transformed by Fourier plane ‘S,’to Fourier lens ‘L,’,
which is then focused back into the output fibre port. This set-up allows the input opti-
cal beam to travel a distance of 4-f till the beam is focused back into the output fibre

port where the output plane ‘S5’ is located.

t”

Fig. 4.1. Schematic diagram of 4-f imaging system configuration.

The size of the collimated beam can be determined using the beam magnification for-

mula given by [93]

M="=—— 4.1)
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where s is the distance between the lens and the input port, wyis the size of the input
optical beam, w"' is the size of the collimated optical beam, and zy is called Rayleigh

range and is given by [93]

zp =2 4.2)

In the case of a 4-f imaging system where the input port is placed accurately at a dis-

tance s = f , the size of the expanded beam is given by

w' =21 4.3)

A
where A is the wavelength of the input optical beam.
The horizontal offset of the input fibre port causes an error on the output Gaussian beam
size. To investigate the input fibre position offset effect on the beam output size,

Eq.(4.1) can be rewritten as
w' = — (4.4)
where +Az = f — s, is the horizontal offset of the input fibre port. The posi-

tive/negative offset value refers to the fibre distance from the lens, whether it is big-

ger/smaller than the actual focal length ‘f.
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Fig. 4.2. The effect of the horizontal offset of the input fibre port on the output

beam size.
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For example, an input beam of w, = 9um, A4 =1550nm, and a lens of focal length
f=12.5mm, the output beam waist is 0.68mm. Fig. 4.2 shows the output beam waist ver-
sus the horizontal offset of the input fibre port. It is clear that the maximum value
(0.68mm) of the beam’s waist is at zero offset, which is the typical value calculated us-

ing Eq. (4.5).

4.2.2 Opto-VLSI processor integrated with a 4-f imaging system

The transmission-mode 4-f imaging system configuration shown in Fig. 4.1 can be
modified to a reflection-mode configuration by using an Opto-VLSI processor, a single
Fourier lens, and a fibre array port as illustrated in Fig. 4.3. Forming a 4-f imaging sys-
tem using an Opto-VLSI processor in combination with a Fourier lens and a fibre array
port offers advantages such as:

e Simple configuration.

¢ Allows an input optical beam to be expanded and focused back into the output

ports.

¢ Easy packaging through compressed hardware.

f f
Port 1 )
8
. 4
2
Input >
e
o
o
Port 2
Fibre array
port Léns

Fig. 4.3. An opto-VLSI processor integrated with Fourier lens and Fibre array

port to form a 4-f imaging system configuration.

The corresponding splitting angle of each output port with respect to the 0" order is ex-

pressed by
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tanf, = %, tanf, = _Ty 4.5)

where y is the fibre-to-fibre space of the fibre array port and f is the focal length.
Eq. (4.5) shows that the splitting angle depends on two parameters, the focal length and
the fibre-to-fibre spacing. Therefore, in addition, the lens diameter (relevant to the opti-
cal beam size), and the Opto-VLSI active window size, must be collectively considered
in order to design the proposed device structure.
An adaptive optical power splitter can be realised through two designs:

(i) Opto-VLSI processor employing single lens to form a 4-f imaging system.

(i1) Opto-VLSI processor employing lens array to form an array of a 4-f imaging

system.

A fibre array or a fibre collimator array can be used in the first approach, illustrated in
Fig. 4.4, in order to investigate the limitation of splitting an input optical signal and
couple it into a large number of output ports. The second design, illustrated in Fig. 4.5,

is capable of solving most of the limitations of the first design.

InputLaser
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lens
Arrayed
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Fig. 4.4. Opto-VLSI-based adaptive optical power splitter employing a single 4-f

imaging system.
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Fig. 4.5. Opto-VLSI-based adaptive optical power splitter employing an array of

4-f imaging systems.

4.3 DEMONSTRATION OF 1x2 ADAPTIVE OPS

4.3.1 System description

The structure of the proposed adaptive optical power splitter is shown in Fig. 4.6. It
consists of an Opto-VLSI processor, a lens, and an optical fibre collimator array,
aligned to form a 4-f imaging system. The Opto-VLSI processor has 1x4096 pixels with
pixel size of 1.0 um wide and 6.0 mm length, and 1.8um pixel pitch (i.e. 0.8 um of dead

space between pixels).

To prove the concept of adaptive optical splitting, only three ports of the fibre collima-
tor were used, thus demonstrating a 1x2 adaptive optical power splitter. The experi-
mental setup is shown in Fig. 4.7. A 1550 nm laser source of +5 dBm optical power was
used as an input signal, and launched through Port 3 of the fibre collimator array. Port 1
and Port 2 were used as the output ports. The spacing between the fibre collimator ele-
ments was 3 mm. A lens of focal length f = 100 mm was placed between and at an

equal distance, f, from both the fibre collimator array and the Opto-VLSI processor.
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Fig. 4.6. Schematic diagram of the proposed adaptive optical power splitter, em-

ploying an Opto-VLSI processor, a 4-f imaging system, and a fibre collimator ar-
ray of 3mm fibre-to-fibre spacing.

Fig. 4.7. Experimental set-up of the proposed adaptive optical power splitter

based the use of (1) Opto-VLSI processor in conjunction with (2) lens imaging,
and (3) fibre collimator array.

With no phase hologram uploaded onto the Opto-VLSI processor, only the 0™ order dif-
fraction beam was reflected back and focused through the imaging system onto a spot in
between the fibre collimator ports, resulting in minimum crosstalk coupled into ports 1
and 2. Fig. 4.8 shows the beam waist profile as it is propagated through the 4-f imaging
system. The beam diameter at the fibre collimator was 0.5 mm, and then expanded to

0.72 mm at the lens, which focused it to 0.4 mm at the Opto-VLSI processor. Upon re-
flection off the Opto-VLSI processor, the beam diameter expanded to 0.72 mm at the
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lens and reduced to around 0.5 mm at the fibre collimator, then coupled, through the

lens of the fibre collimator, into the output fibre ports.

2 Fibre 4 Lens 5 Opto-VLSI 7 Lens i
collimator input processor F.1bre
]\:ai::' vs. é_gnglh collimator
t L.
FullLongh 4048 output
N S T
14 5_——‘_’_’_--# ™ o P s H""*—H_____\__
WO h . P /"/ W2
Wi
«
/ rool /

Fig. 4.8. Simulation results showing the optical beam waist along the 4-f imaging
system. WO is the input beam waist at the input fibre collimator, W1 is the beam
waist at the Opto-VLSI processor, and W2 is the waist of the reflected beam as it

reaches the output fibre collimator.

By driving the Opto-VLSI processor with an optimized multicasting phase hologram,
the optical beam illuminating the Opto-VLSI processor was split into two different opti-
cal beams (in addition to the 0™ order beam) which propagated along the optimized di-
rections so that they were respectively coupled back into Port 1 and 2 of the fibre colli-
mator through the 4-f imaging system. The split optical beams coupled into the two out-
put ports propagated along angles equal to 0=+ arctan(D/2f)~ +0.86° with respect to the
0™ order beam. Two optical spectrum analyzers (OSA) were used to monitor the split
signals coupled into the two output ports.

Note that a fibre collimator array, rather than a fibre array, was used in this ex-
periment to avoid stringent alignment conditions, such as the use of highly accurate op-
tical stages, in order to maximize the optical power coupled into the output ports. Note
also that the diameter of the focused optical beam at the Opto-VLSI processor was rela-
tively large, in order to illuminate a large number of pixels, leading to a high diffraction
efficiency and high splitting resolution. This 4-f imaging system enabled adaptive opti-

cal splitting with large tolerance to misalignment to be achieved.
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4.3.2 Experimental Results and Discussion

Several splitting ratios were employed to demonstrate the adaptive power splitting ca-
pability of the proposed optical splitter. Fig. 4.9 shows the measured output powers, P;

and P,, at Port 1 and Port 2, respectively, corresponding to different splitting ratios.
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Fig. 4.9. Measured output power at Port 1 and Port 2 (i.e., P; and P,) for different
splitting ratios. (a) Splitting ratio P,/P,=0, (b) P,/P, =1, (¢) P,/P, =2, and (d) P,/P,
=4.

For a splitting ratio equal to zero (i.e. P;=0), as shown in Fig. 4.9(a), the input signal
was steered to Port 2, through a steering phase hologram, resulting in a very small sig-

nal power being measured at Port 1. The splitting ratio can continuously be changed
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from 0.021 (-16.6 dB) to around 50 (17 dB). When the splitting ratio was changed to 1.0
(i.e. splitting the input power equally to the two output ports), the measured output
power at Port 1 and Port 2 were 307 uW and 305 uW, respectively, as illustrated in Fig.
4.9(b). Fig. 4.9(c) and (d) show the output power at Port 1 and Port 2 when the splitting
ratios were set to 2 and 4, respectively. Excellent agreements between the measured

power values at the two output ports and the splitting ratios are displayed in Fig. 4.9.
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Fig. 4.10 shows the measured optical power levels at the two output fibre ports versus
the splitting ratio, and demonstrates the ability of the adaptive splitter structure to real-
ize arbitrary splitting ratios.

Fig. 4.11shows the measured normalized power at Port 2 (P,/Py, where Py
=P;+P,) as well as the simulated splitting ratio versus the normalized power at Port 1
(P1/Pyoy). It is noted that the sum of the power levels at the two output ports is constant,
demonstrating that the total output power split into Port 1 and Port 2 remains invariable
every time a new optimized multicasting phase hologram is uploaded for realizing a tar-
get splitting ratio. Fig. 4.11demonstrates that the output power can be arbitrarily split
between the two output ports.

To investigate the bandwidth of the proposed adaptive optical splitter, a tunable
laser source of wavelength range from 1525nm to 1575nm was used at the input fibre
port. The measured output power at ports 1 and 2 versus wavelength are shown in Fig.
4.12, for a splitting ratio equal to 1.0. The measured maximum output power fluctua-
tions at the two output ports was less than 0.1 dB over a wavelength span from 1525 to
1575 nm, demonstrating a splitter bandwidth in excess of 50 nm.

The total insertion loss of the optical power splitter was about 5 dB, to which the Opto-
VLSI processor contributed around 3dB due to its low fill factor. The beam steering
loss was 0.5 dB and the fibre collimator array in conjunction with the lens contributed

the remaining 1.5 dB of insertion loss.
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Fig. 4.12. Measured output power at ports 1 and 2 versus wavelength for a split-

ting ratio = 1.0.
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4.4 DEMONSTRATION OF 1x4 ADAPTIVE OPS

In the previous Section 4.3, the concept of an adaptive optical splitter employing an
Opto-VLSI processor, a 4-f imaging system (single lens), and fibre collimator array has
been demonstrated. Experimental results have demonstrated that an input optical signal
can arbitrarily be split into two signals and coupled into optical fibre ports by uploading
optimized multicasting phase holograms onto the Opto-VLSI processor. The number of
output ports for this structure was limited to two ports because the spacing of the fibre
collimator array was large (3mm) thus requiring a large beam steering angle which in-
creases the insertion loss. In this section, the fibre collimator array will be replaced
with a fibre array of 250um fibre-to-fibre spacing to eliminate the need for large steer-

ing angles.
4.4.1 System description

The structure of the proposed adaptive optical power splitter is shown, through an ex-
perimental setup, in Fig. 4.13. It consists of an Opto-VLSI processor, a lens, and an op-
tical fibre array, aligned to form a 4-f imaging system. The Opto-VLSI processor has
1x4096 pixels with pixel size of 1.0 pm wide and 6.0 mm length, and 1.8pum pixel pitch
(i.e. 0.8 um of dead space between pixels). To demonstrate the 1x4 adaptive optical
splitter, a custom-made fibre array with spacing 250 um was used, thus the split beam
angles were 0= +0.58, +1.16 with respect to 0™ order beam direction, as illustrated in
Fig. 4.13. The power of the 0™ order beam was coupled to a fibre port for monitoring
the diffraction efficiency of the Opto-VLSI processor.

A 1550 nm laser source with an output optical power of+1.5dBm was used as the
input signal, and launched through the input port of the splitter. A lens of focal length f
= 25 mm was placed between and at an equal distance, f, from both the fibre array and
the Opto-VLSI processor. With no phase hologram uploaded onto the Opto-VLSI proc-
essor, only the 0™ order diffraction beam was reflected back and focused through the
imaging system into same fibre input port 5 centred the four output fibre ports, resulting
in minimum crosstalk into ports 2, and 3, as illustrated in Fig. 4.13. The 0™ order signal
was directed to optical spectrum analysers (OSA), via a circulator, in order to monitor
the diffraction efficiency. The input signal from the input port at the fibre array was col-
limated through a lens, to an optical beam diameter of 5.48 mm, which illuminated
around 3046 pixels of the Opto-VLSI processor, leading to both high diffraction effi-
ciency and high optical splitting.
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Fig. 4.13. Schematic diagram of the adaptive optical splitter employing an Opto-
VLSI processor, a 4-f imaging systems, and a fibre array of 250 pm fibre-to-fibre

spacing.

By driving the Opto-VLSI processor with an optimized multicasting phase hologram,
the optical beam illuminating the Opto-VLSI processor was split into four different op-
tical beams (in addition to the 0™ order beam) which propagated along the optimized
directions so that they were coupled back into the fibre output ports through the 4-f im-
aging system. The split optical beams coupled into the output ports propagated along
angles equal to 6, 3 = £0.58°, and 6, , = +1.16" with respect to the 0™ order beam di-
rection. Optical Spectrum Analyzers (OSAs) were used to monitor the power levels of

the split optical signals coupled into the output ports 1, 2, 3 and 4.
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Fig. 4.14. The measured optical power coupled into each output ‘(a) port 2, (b)
port 3, (c) port 1, (d) port 4’ for different splitting angles. The angle coupled high
power into the output port is selected to be the corresponding splitting angle for

the particular output fibre port.

4.4.2 Experimental Results and Discussion

To determine the corresponding splitting angle of each output fibre port, the output
power coupled into each output port for different splitting angles was measured. Fig.
4.14 shows the measured output optical power coupled into each output port for differ-
ent splitting angles. The experimental results show that the splitting angles 1.1351°,
0.5757°, -0.5428°, and -1.1186°, correspond to Port 1, Port 2, Port 3, and Port 4, respec-
tively.

Several scenarios with different splitting ratios were attempted in the experiments
to demonstrate the adaptive optical power splitting capability of the proposed adaptive
optical power splitter. Table 4.1 shows the measured output power levels, Py, P, P; and
P, of the splitter, coupled into Port 1, Port 2, Port 3 and Port 4, respectively, correspond-
ing to different splitting ratios (Hy,).
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As shown in Table.4.1, in Scenario 1 a multicasting hologram corresponds to a splitting
profile H;=1.0:1.0:1.0:1.0 was used, demonstrating that the input optical power is split
equally into the four output ports, resulting in uniform optical power distribution at all
the four output ports. In Scenarios 2, a splitting profile H,=1.0:1.0:0.01:1.0 was used,
which corresponds to the case when the output signal in Port 3 was attenuated by 20 dB.
In Scenario 3, the signals coupled to Port 2 and Port 3 were switched off by uploading a
phase hologram corresponding to a splitting ratio of Hz=1.0:0.0:0.0:1.0, respectively.
The measured crosstalk level was around -30 dB. In Scenario 4 the output optical sig-
nals coupled to Port 2 and Port 3 were attenuated by 3 dB corresponding to a splitting
profile of Hy4=1.0:0.5:0.5:1.0.

Table 4.1. Different splitting profiles corresponding to optimised multicasting
holograms uploaded onto the Opto-VLSI processor, and the corresponding

measured output optical power levels at Ports 1-4.

Splitting ratio P1(dBm) | P2(dBm) | P3(dBm) | P4 (dBm)
H;=1.0:1.0:1.0:1.0 | -13.18 -13.47 -13.37 -13.76
H,=1.0:1.0:0.01:1.0 | -13.16 -13.47 -33.01 -12.59
H;=1.0:0.0:0.0:1.0 | -11.87 -42.50 -43.93 -11.54
H,=1.0:0.5:0.5:1.0 | -12.30 -16.60 -16.83 -12.10

Fig. 4.15(a) shows the measured optical power coupled into the four output ports when
the output power coupled into Port 1 was varied while keeping the power levels at Port
2, Port 3, and Port 4 constant. It is obvious from Fig. 4.15(a) that arbitrary output power
splitting ratio can be attained for an output port while keeping the optical power at the
other ports unchanged. The measured maximum output power uniformity for the fixed-
weight output ports (2, 3 and 4) was less than 2 dB. Fig. 4.15(b) shows the measured
optical power levels coupled into the output fibre ports while the splitting ratios for both
Port 1 and Port 4 were varied while the splitting ratios for Port 2 and Port 3 were fixed.
The measured maximum output power fluctuation for the fixed-weight output ports was
also around 2 dB.

Fig. 4.15 demonstrates the ability of the adaptive optical splitter structure to real-
ize arbitrary optical splitting ratios through the use of optimized multicasting phase hol-
ograms. The measured output power splitting ratios are in excellent agreement with the

user defined ratios. Note that the crosstalk for dynamic splitting is around -30 dB.
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Fig. 4.15. (a) Measured optical power coupled into the output fibre ports when

varying the weight of Port 1 while keeping the splitting ratios for others output

fibre ports constant. (b) Measured optical power coupled into the output fibre

ports when varying the weights of Port 1and Port 4 while keeping the splitting ra-

tios for Port 2 and Port 3 weights unchanged.

To investigate the spectral bandwidth of the proposed adaptive optical splitter, a broad-

band light source with spectra range from 1525nm to 1575nm was used at the input fi-

bre port (Port 5). The measured optical spectra at Ports 1-4 are shown in Fig. 4.16, for a

splitting ratio equal to 1.0:1.0:1.0:1.0. The measured maximum output power fluctua-

tion for the four output ports was around 2.0 dB over a wavelength span from 1525 to

1570 nm, demonstrating a splitter bandwidth in excess of 40 nm. The total insertion loss

of the adaptive optical power splitter was 5 dB.
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Fig. 4.16. Measured optical spectra at Ports 1-4 of the adaptive optical splitter for

a uniform splitting profile of 1.0:1.0:1.0:1.0. Input signal launched at Port 5 is the

Amplified Spontaneous Emission (ASE) of an Erbium-Doped Fibre Amplifier

(EDFA).
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4.5 DEMONSTRATION OF 1xN ADAPTIVE OPS

In the previous Section 4.4, a 1x4adaptive optical splitter employing an Opto-VLSI
processor, a 4-f imaging system (single lens), and fibre array has been demonstrated.
Experimental results have demonstrated that an input optical signal can arbitrarily be
split into two signals and coupled into optical fibre ports by uploading optimized multi-
casting phase holograms onto the Opto-VLSI processor. This approach doubled the out-
put port count detailed in Section 4.3, however, with the use of a single-lens 4-f imaging
system, a further increase in the output port count was impractical, due to the high inser-
tion loss experienced by the split optical beams routed to the outer fibre ports, which
require large beam steering angles for optimum beam coupling. In this section, a 4-f im-
aging system array based on lens array is incorporated into the structure of the proposed

adaptive optical power splitter.

4.5.1 Lossless Adaptive Optical Power Splitter Architecture

Fig. 4.17 illustrates the concept of the proposed 1xN lossless adaptive optical power
splitter, which comprises an Opto-VLSI processor, a fibre array, a lens array, and Erbi-
um-Doped Fibre Amplifiers (EDFAs). The active area of the Opto-VLSI processor is
divided into M pixel-blocks driven by multicasting phase holograms and aligned with
an M-element lens array and a fibre array, thus forming an array of 4-f imaging systems.
Each 4-f imaging system collimates and adaptively splits an input optical beam
launched into the input optical fibre port, and then couples the split beams into different
output fibre ports, thus realizing an adaptive optical power splitter. A laser signal is typ-
ically launched into the input fibre port (Master block), split into P output optical sig-
nals via the uploaded multicasting phase hologram, and then coupled into P output fibre
ports. Each output optical signal emerging from each output port is amplified by an Er-
bium-Doped Fibre Amplifier (EDFA) to compensate for the various insertion and split-
ting losses. Each amplified optical signal is then launched into another input fibre port
and adaptively split via another multicasting phase hologram uploaded onto another

pixel block dedicated to adaptively splitting that amplified optical signal.
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Fig. 4.17. Schematic diagram of the proposed 1xN lossless adaptive optical power
splitter employing an Opto-VLSI processor, optical amplifiers and an array of 4-f

imaging systems.

The role of the software-driven Opto-VLSI processor is to adaptively split an incident
light beam into many different angles, with user-defined splitting ratios, by uploading
optimized multicasting phase holograms onto the various pixel blocks. By driving a
pixel-block with an optimized multicasting phase hologram, each incident ‘input’ opti-
cal beam illuminating that pixel block can be split into P different optical beams. These
split beams propagate along appropriate directions and couple back into the output fibre
ports through the corresponding 4-f imaging system. For M pixel-blocks, each splits its
input optical beam into P beams, the total number of the output fibre ports that can be

attained is N = (M-1)xP.

4.5.2 Experimental Results and Discussion

To demonstrate the concept of the proposed 1xN lossless adaptive optical power split-
ter, several experiments were carried out. Fig. 4.18(a) shows the first experiment, which
was set up to align the various optical components of the splitter. The splitter demon-
strator consisted of an Opto-VLSI processor, a 2-element lens array with adjustable lens
spacing, and a 1x64 optical fibre array. All components were aligned to form two 4-f
imaging systems as shown in Fig. 4.18(a). The Opto-VLSI processor used in the exper-

iments has 1x4096 pixels, a pixel size of 1.0 umx6.0 mm, a pixel pitch of 1.8 um (i.e.,
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0.8 um of dead space between pixels), and an active area of 7.4 mmx6.0 mm. A fibre
array of spacing 127 um was used as the input/output fibre ports. The lens array had two
elements, each of focal length (f) 9 mm and diameter 3mm, and was placed right at the
middle of distance, f, between the Opto-VLSI processor and the fibre array. Two input
fibre ports separated by a span of 29 fibre elements (i.e., 29x0.127mm=3.68mm) were
used to launch two input optical signals of similar intensities. The measured laser power
spectral density launched into one of the input fibre ports is shown in Fig. 4.18(b). The
gap between the two lenses was 0.68mm (properly adjusted to match the spacing be-
tween the two input fibre ports). Both input optical signals were collimated through the

corresponding lenses, at a diameter of 1.962 mm.

a
Fiber array @
ort Lens array
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Opto-VLSI
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(b)

Input optical power

Wavelength (nm)

Fig. 4.18. (a) Experimental setup to demonstrate the concept of the proposed 1xN
lossless adaptive optical power splitter. (b) Measured laser power launched into
one of the input fibre ports. (c) Measured power densities of the input optical

beams after collimation by the lens array.

The measured power densities of the input optical beams after collimation by the lens
array are shown in Fig. 4.18(c). Each collimated beam illuminated around 1,090 pixels
of the Opto-VLSI processor, thus attaining a high diffraction efficiency and high optical
splitting angle resolution. The active area of the Opto-VLSI processor was divided into

two pixel-blocks, separated by 934 un-addressed pixels.
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A Labview program was especially implemented to generate optimized multicasting
phase holograms that split the two input optical beams along different directions and the
split beam were coupled into the various output fibre ports. The diffraction efficiency of
the Opto-VLSI processor was measured by monitoring the 0 order diffracted beams for
the input signals coupled to their corresponding fibre ports and routed via optical circu-

lators to an optical spectrum analyzer (OSA), as illustrated in Fig. 4.18(a).
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Fig. 4.19. Experimental setup used to demonstrate the capability of the proposed

1xN lossless adaptive optical power splitter to adaptively split an input optical
signal into several output signals and couple them into different fibre ports. Two
identical laser signals were launched into the input fibre ports and two multicast-
ing phase holograms were uploaded onto the Opto-VLSI processor to adaptively
split the input optical beams and route the split optical beams, through the 4-f

imaging system, to the appropriate output fibre ports.

Another experiment was set up, as illustrated in Fig. 4.19, to demonstrate the capability
of the proposed 1xN lossless adaptive optical power splitter to adaptively split an input
optical signal into several output signals and couple them into different fibre ports. Two
identical laser signals were launched into the input fibre ports 1 and 2 and two multi-
casting phase holograms were uploaded onto the Opto-VLSI processor to adaptively
split the input optical beams and route the split optical beams, through the 4-f imaging
system, to the appropriate output fibre ports. Without a phase hologram uploaded onto

each pixel-blocks of the Opto-VLSI processor, only the zero’s order diffraction beams
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were reflected back and focused through the 4-f imaging systems into the same input
optical fibre ports. The steering angle for each split optical beam should be within the
maximum steering angle of the Opto-VLSI processor.

As shown in Fig. 4.19, two identical (1550 nm) laser sources with an output opti-
cal power of +3.6 dBm were used to launch input signals via optical circulators into the
two input fibre ports of the adaptive optical power splitter. The measured power levels
of the 0™ order coupled back into the input fibre ports were similar (~ -1.2 dBm). For
both input optical beams, the split optical beams propagated along +0.81°, +1.62°,
+2.43° and +3.24° with respect to the direction of the 0" order beam. Split beams at
+3.24° displayed high insertion loss since they are close to the maximum steering an-
gles (£3.4°) of the Opto-VLSI processor.

Several splitting scenarios were experimentally investigated to demonstrate capa-
bility of the proposed optical power splitter to adaptively split an input optical signal.
Fig. 4.20 shows the measured output power levels at the output ports for different split-
ting ratio profiles. For each desired splitting ratio profile, optimized multicasting phase
holograms were synthesized (using simulated annealing algorithms) and uploaded onto
the Opto-VLSI processor. As shown in Fig. 4.20, while the generated multicasting hol-
ogram can accurately split the input optical signal routed to the output ports, the cross-
talk level was, for some splitting scenarios, relatively high (~-20 dB). In order to reduce
the crosstalk to below -25 dB, tone can intentionally introduce additional very small
split signals and route them to other unused output ports, thus reshaping the crosstalk
power distribution and avoiding the crosstalk beams to be routed along the intended
split beam directions.

Fig. 4.20(a) shows the split signals for Scenario 1, where a multicasting hologram
that corresponds to a splitting profile H;= 1.0:1.0:1.0:1.0:1.0:1.0 was used. Fig. 4.20(a)
demonstrates that the input optical power can be split equally into the output ports, re-
sulting in uniform optical power distribution at all the output ports. Fig. 4.20(b) shows
the split signals for Scenario 2, using multicasting hologram corresponds to a splitting
profile H,=1.0:1.0:1.0:1.0:1.0:0.2, this corresponds to the scenario where the output sig-
nals in Ports 6 and 12 were attenuated by 8 dB.
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Fig. 4.20. Shows the measured output power levels at the output ports (1-6 and 7-
12) when the two input signals (input 1 and input 2), respectively, were split by
uploading a multicasting phase hologram corresponding to different splitting
profile (a) H;= 1.0:1.0:1.0:1.0:1.0:1.0 (b), H,=1.0:1.0:1.0:1.0:1.0:0.2 and (c)
H;=0.2:1.0:0.5:.2:1.0:0.2, and (d) H,=0.0:1.0:1.0:0.3:1.0:0.0 onto the Opto-VLSI
pixel blocks.
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Fig. 4.20(c) shows the split signals for Scenario 3, where a multicasting hologram cor-
responds to a splitting profile H3=0.2:1.0:0.5:.2:1.0:0.2was used. For this scenario, the
input optical power was arbitrarily split into the output ports, and the theoretical and
experimental results are in excellent agreement for all the output fibre ports. Fig. 4.20(d)
shows the split signals for Scenario 4. The signals coupled into Ports 1, 6, 7, and 12
were switched off (highly attenuated) while the signals coupled to Ports 4 and 10 were
attenuated by only 4.5 dB using a phase hologram corresponding to a splitting profile
H4=0.0:1.0:1.0:0.3:1.0:0.0. For this scenario, the measured crosstalk level was around -

25 dB.
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Fig. 4.21. Experimental setup used to demonstrate the concept of the proposed

NAA

NAA

lossless 1xN lossless adaptive optical power splitter. A laser signal was launched
into the input fibre Port 1 and split using a multicasting phase hologram into 6
optical signals, and then coupled into 6 output fibre ports. The output signal
emerging from port 6 was amplified via EDFA to compensate for the various in-
sertion and splitting losses. The amplified signal was launched into the fibre in-
put Port 2 to undergo subsequent adaptive splitting via another multicasting
phase hologram uploaded onto another pixel block dedicated to adaptively split
that input signal.
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Fig. 4.20 demonstrates the ability of the 1xN lossless adaptive optical power splitter
structure to realize arbitrary optical splitting ratios through the use of optimized multi-
casting phase holograms. It is important to notice that it is always possible to tailor the
splitting profile in order to compensate for the slight misalignment of the optical com-

ponents as well as the non-uniform fibre spacing of the fibre array.
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Fig. 4.22. Measured optical power coupled into the output fibre Ports 7-12 for
different multicasting phase holograms corresponding to the following splitting
profiles: (a) Hs= 0.05:0.3:0.05:0.3:1.0:0.05, (b) H¢=0.1:0.3:1.0:1.0:0.3:0.2 and (c)
H,=0.05:1.0:0.6:1.0:1.0:0.3 .
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To demonstrate the lossless operation of the 1xN lossless adaptive optical power split-
ter, another experimental setup was used, which is shown in Fig. 4.21. A laser signal
was launched into the input fibre Port 1, and split into 6 optical signals using a multi-
casting phase hologram uploaded onto the corresponding input pixel block. The 6™ split
beam was then amplified via an Erbium-Doped Fibre Amplifier (EDFA), to compensate
for the various insertion and splitting losses of the first splitting stage, then launched
into another input fibre port and adaptively split via another multicasting phase holo-
gram uploaded onto another pixel block dedicated to adaptively split that amplified op-
tical signal.

Fig. 4.22 (a-c) show the measured optical power levels coupled into the output fi-
bre ports 7-12 for different multicasting phase holograms uploaded into the Opto-VLSI
processor, corresponding to splitting ratio profiles Hs= 0.05:0.3:0.05:0.3:1.0:0.05,
He=0.1:0.3:1.0:1.0:0.3:0.2 and H7=0.05:1.0:0.6:1.0:1.0:0.3, respectively. In Fig. 4.22(a)
it is shown that an output optical signal power (Port 11) can be even higher than the in-
put laser power.

Fig. 4.22(b and c) shows that some output optical signals have power levels
higher or equal to power of the input laser, demonstrating the capability of the adaptive
OPS to compensate for the various optical losses. It is important to mention that the
higher the saturated output optical power of the EDFA the higher the splitter port count
that can be used.

Fig. 4.20 and Fig. 4.22 demonstrate the ability of the proposed 1xN lossless adap-

tive optical power splitter structure to realize arbitrary optical splitting ratios through
the use of optimized multicasting phase holograms and attain lossless operation.
To measure the spectral bandwidth of the proposed optical splitter, the output of a
broadband light source, whose spectra range extends from 1525nm to 1575nm, was
launched into the input fibre port (Port 5). The measured optical spectra at Ports 1-6 are
shown in Fig. 4.23, for a splitting ratio Hg=0.4:0.8:0.8:0.8:1.0:0.0. The measured maxi-
mum output power fluctuation for the output ports was around 1.0 dB over a wave-
length span from 1525 to 1570 nm, demonstrating a splitter bandwidth in excess of 40
nm.

The total insertion loss of a single 4-f imaging system, without EDFA compensa-
tion, was around 4.8 dB, mainly due to the Opto-VLSI processor, optical circulator, op-

tical misalignment and imperfect optical components used in the experiments.
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Fig. 4.23. Measured optical spectra at Ports 1-6 of the adaptive optical power
splitter for a splitting profile corresponding to Hg=0.4:0.8:0.8:0.8:1.0:0.0. A

broadband optical signal replaced the input laser source 1 of Fig. 5.21.
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4.6 DEMONSTRATION OF AN ADAPTIVE OPTICAL COMBINER

4.6.1 System description
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Fig. 4.24. Schematic diagram of the proposed adaptive optical combiner, employ-
ing an Opto-VLSI processor, a 4-f imaging systems, and a fibre array of 250 pm

fibre-to-fibre spacing.

To demonstrate the principle of the adaptive optical combiner, four optical signals of
equal power levels (-5.7dBm) were launched into Ports 1, 2, 3 and 4 as in Fig. 4.24,
and, through a multicasting phase hologram, combined into Port 5, which was moni-
tored using an optical spectrum analyser. A multicasting phase hologram uploaded onto
the Opto-VLSI processor enabled the four optical signals launched into Ports 1-4 to be
combined at Port 5 with a weight profile that matches the splitting profile of the corre-

sponding multicasting phase hologram.

4.6.2 Experimental Results and Discussion

The principle of the adaptive optical combiner was demonstrated by launching four in-
put signals into Ports 1, 2, 3 and 4 and measuring the output signal from Port 5. Fig.
4.25(a-d) show the output combined optical signal at Port 5 for the same phase holo-
grams used in Table 4.1, which correspond to combining profiles of 1.0:1.0:1.0:1.0,
1.0:1.0:0.01:1.0, 1.0:0.0:0.0:1.0 and 1.0:0.5:0.5:1.0, respectively. Note that in Fig.
4.25(d) the power levels of the two centre channels are actually around 4 dB below
those of the outside channels, as evident from Table 4.1, row 4. The discrepancy be-
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tween theory and experimental measurements is attributed to measurement errors. Fig.

4.25(a-d) demonstrates the ability of the Opto-VLSI processor to combine the input op-

tical signals with an arbitrarily weight profile and couple them into the output fibre Port

5.
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Fig. 4.25. Input signals launched into Ports 1, 2, 3, and 4, and output combined
optical signal at Port 5 for phase holograms corresponding to splitting ratios of

(a) 1.0:1.0:1.0:1.0, (b) 1.0:1.0:0.01:1.0, (c) 1.0:0.0:0.0:1.0 and (d) 1.0:0.5:0.5:1.0.

Fig. 4.25 demonstrates the ability of the reconfigurable optical combiner structure to

realize arbitrary optical combining ratios through the use of optimized multicasting

phase holograms. The measured output power combining ratios are in excellent agree-

ment with the user defined ratios. Note that the crosstalk for dynamic split-

ting/combining is around -30 dB. The total insertion loss for the adaptive optical power
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combiner, an additional 6 dB loss was measured (or a factor of 4) which is due to the

inherent signal multicasting (1:4 splitting ratio).

4.7 THE TOTAL INSERTION LOSS

The total insertion loss of the optical power splitter was about 5 dB, to which the Opto-
VLSI processor contributed around 3dB due to its low fill factor. The beam steering
loss was 0.5 dB and the fibre collimator array in conjunction with the lens contributed
the remaining 1.5 dB of insertion loss. However, the total insertion loss can be reduced

through:

(1) An improved Opto-VLSI chip design, where the dead-space between pixels
is reduced.

(i1) The use of broadband AR coatings for the various optical components.

The total insertion loss was relatively large for the adaptive optical power splitter. How-
ever, this adaptive optical power splitter structure has the potential to realize a large
number of output ports with negligible insertion loss penalty. The latter feature makes
the proposed splitter attractive for many emerging optical network applications, in com-
parison to other adaptive optical power splitters that have a limited number of output

ports.

4.8 SUMMARY

The concepts of adaptive optical power splitter employing an Opto-VLSI processor and

a 4-f imaging systems have been demonstrated through three demonstrations, namely:

1) A 1x2 adaptive optical power splitter based on an Opto-VLSI processor, a fibre
collimator array and 4-f imaging systems (single lens).
2) A 1x4 adaptive optical power splitter based on an Opto-VLSI processor, a fibre

array and 4-f imaging systems (single lens).
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3) A 1xN lossless adaptive optical power splitter structure integrating Opto-VLSI
processor, optical amplifiers, a fibre array and an array of 4-f imaging systems

(Iens array).

The concept of using the adaptive optical power splitter as an adaptive optical combiner
has also been demonstrated. Experimental results have demonstrated that an input opti-
cal signal can arbitrarily be split into N signals and coupled into optical fibre ports by
uploading optimized multicasting phase holograms onto the Opto-VLSI processor. The
experimental results have also demonstrated that N input optical signals can dynami-
cally be combined with arbitrary weights into a single optical fibre port. Excellent
agreement between theoretical and experimental results has been demonstrated. The to-
tal insertion loss of the optical power splitter was about 5 dB. Results have also shown
that the optical amplifiers can compensate for the insertion and splitting losses, thus
enabling lossless splitter operation. A crosstalk level around -25 dB and a wavelength
spectral range exceeding 40 nm have experimentally been measured. It is important to
note that by increasing the width of the active area of the Opto-VLSI processor to 19
mm, the number of output fibre ports can be as high as 32, making the adaptive optical
power splitter an attractive product for access optical networks and optical signal proc-

essing.
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CHAPTER 5

BROADBAND ADAPTIVE RF
POWER SPLITTER/COMBINER

5.1 INTRODUCTION

RF power splitters are key elements for applications based on RF signal processing,
such as beamforming networks and smart antenna systems [94-98]. A multi-port recon-
figurable broadband power splitter with variable splitting ratios allows such systems to
operate with a high degree of flexibility, thus achieving multiple functions that are not
possible with conventional fixed-ratio RF power splitters [99]. Conventional RF power
splitters are mainly designed to operate within specific frequency ranges [100]. Various
processes and technologies, such as, CMOS, BiCMOS, MESFET, and printed circuit
board (PCB), have been used to develop RF power splitters [101-103].

The key specifications of a power splitter include the output port count, low loss,
low cost, wide bandwidth, and compact size [99]. Broadband RF power splitters based
on CMOS technology have recently been reported [104, 105], however, these RF split-
ters have limited flexibility in terms of realizing arbitrary splitting ratios while main-
taining their broadband operation. A promising approach to splitting a broadband RF
signal adaptively into different output ports is to use photonics technologies, in particu-
lar, Opto-VLSI processing.

This chapter presents the experimental results of the proposed broadband adaptive
RF power splitter/combiner based on Opto-VLSI processor. The first part (Section 5.2)
introduces the proposed broadband adaptive RF splitter. The second part (Sections 5.3
and 5.4) demonstrates the principle of the proposed broadband adaptive RF power split-

ter by realizing:

(1) A 1x4 Opto-VLSI-based adaptive RF power splitter.
(i1) A multiport broadband adaptive RF power splitter based on Opto-VLSI process-

ing.
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The chapter concludes with proof-of-concept demonstration of the proposed Opto-

VLSI-based adaptive RF power combiner (Section 5.5).

5.2 PROPOSED BROADBAND ADAPTIVE RF POWER SPLITTER

Fig. 5.1 illustrates the principle of splitting an RF signal by modulating a continuous
laser signal by the RF signal and splitting the RF-modulated optical signal in the optical
domain using an Opto-VLSI processor driven by abeam multicasting phase hologram,

then using a broadband photodetector array to generate the split RF signals.
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Fig. 5.1. Illustrate the concept of splitting an RF power signal in the optical do-

main.

As shown in Figure 2, the intensity of a continuous wave (CW) laser signal was exter-
nally modulated by an RF signal using a JDS Uniphase electro-optic modulator (EOM).
The output optical power of the Mach-Zehnder electro-optic modulator (EOM) is given
by [97]

E, {1+cos[z@}} (5.1)

where

P

in

is the optical power launched into the EOM.
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V (¢) is the RF modulating voltage.

V_is the EOM switching voltage.

For V, <<V /2 andV,=-V_ /2, a small-signal sinusoidal modulating RF signal
V(r)=V, cos(Qr) of frequency Q produces an output RF-modulated optical power

given by [106]

v

ya T

B ()= isir{fr Yo COS(QI)} LA cos(€2) (5.2)

| 2 2V
The RF-modulated optical signal was amplified by an erbium-doped fibre amplifier
(EDFA) and launched, as an input signal, into the fibre input port of the adaptive optical
power splitter. By driving the Opto-VLSI processor with an optimized multicasting
phase hologram, the RF-modulated optical beam can be split into n different RF-
modulated optical beams with a user-defined splitting ratio. The RF-modulated optical

power of the n™ split beams is given by

PRF,n(t):an 'IB'G'PRF,o(t) (5.3)

where ¢, is the optical splitting ratios, G is the EDFA gain, and /3 accounts for the inser-

tion losses due to the Opto-VLSI processor, the optical components, and fibre coupling.
Note that these optical losses as well as the zeroth order optical power loss are typically
compensated by the EDFA.

A photodetector (PD) array was used to detect the split RF-modulated optical sig-

nals emerging from the fibre output Ports. The RF photocurrents, /, (¢) , detected by the

photodetector array are given by [106]

L, (1) = C‘KPRF,n (1) (5.4)

where R is the responsivity of the photodetector element.
With the use of a transimpedance amplifier (of impedance Z) after each photodetector

element, the output RF signal is given by
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Vera O =Z 1Ly, (1) (5.5)

The RF power splitting ratio for the nth RF port is defined as

VRF n,max
n, = - 5.6
V. (5.6)
where V, .. . is the amplitude of the output RF signal. Using Eqs (1)-(7), yields
2
n-Z-R-B-G-P
)= G E, a, = Aa, (5.7)
v, |
2
where Azk'z‘m"]ﬂ‘G.E" (5.8)

V4

Eq. (5.7) shows that the RF power splitting ratio is proportional to the square of the op-

tical power splitting ratio.
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5.3 DEMONSTRATION OFTHE ADAPTIVE RF POWER SPLITTER

5.3.1 System descriptions

Fig. 5.2 illustrates, through the setup that was used in the experiments, the proposed
broadband adaptive RF splitter structure. The intensity of a 1550 nm continuous wave
(CW) laser signal was externally modulated by an RF signal using a JDS Uniphase elec-
tro-optic modulator (EOM).
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- °

Photodetector
array

Fig. 5.2. Illustrate the experimental setup of the proposed broadband adaptive
RF splitter structure, which is based on the use of an Opto-VLSI processor in

conjunction with a 4-f imaging system.

The RF-modulated optical signal was amplified by an erbium-doped fibre amplifier
(EDFA) and launched, as an input signal, into Port 5 of an optical fibre array of
250umfibre-to-fibre spacing. This input RF-modulated optical signal was collimated
through a lens of focal length f=25mm, to an optical beam diameter of 5.48 mm, illumi-
nating around 3046 pixels of the Opto-VLSI processor, thus leading to a high diffrac-

tion efficiency and high optical splitting resolution.

By driving the Opto-VLSI processor with an optimized multicasting phase holo-
gram, the optical beam illuminating the Opto-VLSI processor was split into four differ-
ent optical beams (in addition to the 0" order beam) which propagated along the opti-
mized directions so that they were coupled back into the fibre array output ports through

the 4-f imaging system. The split modulated optical signal coupled into the output ports
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propagated along the angles#,,=+0.58and#,, =+*1.16 with respect to the 0™ order

beam direction.

A photodetector (PD) array was used to detect the split optical signals emerging
from Ports 1-4, and an oscilloscope and a network analyser were used to measure the

corresponding RF output signals and frequency responses, respectively.

5.3.2 Experimental results and discussion

Several user-defined RF signal splitting scenarios were attempted in the experiments to
demonstrate the capability of the proposed broadband adaptive RF power splitter. Fig-
ure 3 shows the measured output RF power levels (Vrr1, Vrr2, VrE3, and Vggs) cou-
pled into the output RF Ports 1-4, respectively, for different splitting ratios. The input
RF signal had amplitude of 220 mV peak-to-peak and a frequency of 2.3 GHz.

Fig. 5.3(a) demonstrates a scenario where the input RF power is split equally into
the output ports by uploading phase hologram corresponding to splitting profile
0.057:0.051:0.050:0.062, resulting in approximately similar RF output signals for all the
output RF ports. Fig. 5.3(b) shows the measured output RF voltages for a phase holo-
gram corresponding to a splitting profile of 0.010:0.028:0.189:0.057. Fig. 5.3(c) shows
the measured output RF voltages when the signal levels for Ports 1 and Port 2 were
dropped to 50% and zero of their maximum values, respectively, corresponding to a
splitting profile of 0.028:0.000:0.140:0.119.1t is noted from Fig. 5.3 that for all scenar-

10s the fluctuation in output RF voltage is less than 1 dB.
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Fig. 5.3. Measured output RF power levels Vgy1, Vrrz2, Vrr3, and Vgyy coupled
into the output RF Ports1-4, respectively, for an input RF signal of 220 mV peak-
to-peak amplitude and frequency of 2.3 GHz split by uploading multicasting hol-
ograms onto the Opto-VLSI processor, which correspond to different splitting ra-
tios: (a) 0.057:0.051:0.050:0.062, (b) 0.010:0.028:0.189:0.057 and (c)
0.028:0.000:0.140:0.119.

Table 5.1 shows additional scenarios where different splitting ratios corresponding to
different multicasting phase holograms were optimized and uploaded onto the Opto-
VLSI processor. It is important to notice from Table 5.1 that the measured optical
power of the 0™ order optical signal was suppressed by more than 14 dB for all splitting

holograms attempted in the experiments, therefore, the intensity of the zeroth order op-
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tical signal was always insignificant compared to the intensities of the split output opti-
cal signals. However, small variations in the measured output signals were experienced,
which are attributed to errors caused by the pixel resolution and optical beam misalign-
ment. The broadband capability of the adaptive RF power splitter was also investigated

experimentally in the next section.

Table 5.1 Different RF power splitting profiles generated through optimised mul-
ticasting phased holograms uploaded onto the Opto-VLSI processor, and the cor-
responding peak-to-peak voltages of the measured output RF signals at Ports 1-4.
Also shown is the measured optical power of the zeroth order beam which was

monitored by an optical spectrum analyser.

Applied Hologram VRF, 1 VRF,Z VRF,3 VRF,4 Oth
(H) ®-p) e | ep | eP order
(mV) (mV) (mV) (mV) (dBm)
No hologram 0 0 0 0 +4.0

H,=0.057:0.051:0.050:0.062 | 52.4 | 49.9 | 49.3 | 54.8 | -13.0
H,=0.010:0.028:0.189:0.057 | 21.7 | 36.9 | 95.6 | 524 | -12.8
H;=0.028:0.000:0.140:0.119 | 37.0 | 4.3 823 | 75.8 | -10.0
H,=0.228:0.000:0.001:0.211 | 105.0 | 4.3 5.9 101.0 | -14.0
Hs=0.056:0.002:0.077:0.188 | 52.0 | 9.0 61.0 | 953 |-124
H¢=0.020:0.027:0.120:0.093 | 30.7 | 364 | 762 | 67.2 | -11.0
H;7=0.096:0.029:0.033:0.089 | 68.0 | 37.7 | 40.2 | 65.8 | -12.5

70



Chapter 5: Broadband adaptive RF power splitter/combiner

5.4 DEMONSTRATIONOF THE MULTIPORT BROADBAND ADAPTIVE RF
POWER SPLITTER

5.4.1 Experimental set-up

Fig. 5.4 shows the experimental setup that was used to demonstrate the proof-of-
concept of the proposed RF power splitter. The proposed structure consists of an Opto-
VLSI processor, a 2-element lens array with adjustable lens spacing, and optical fibre
array. All components were aligned to form two 4-f imaging systems. The Opto-VLSI
processor used in the experiments has 1x4096 pixels, a pixel size of 1.0 umx6.0 mm, a
pixel pitch of 1.8um (i.e., 0.8 um of dead space between pixels), and an active area of
7.4 mmx6.0 mm. The lens array had two elements of focal length (f) 9 mm and diameter
3mm, and was placed between and at an equal distance, f, from both the fibre array and
the Opto-VLSI processor. The intensity of a 1550 nm continuous wave (CW) laser sig-
nal was externally modulated by an RF signal using a JDS Uniphase electro-optic
modulator (EOM). The RF-modulated optical signal was amplified by an erbium-doped
fibre amplifier (EDFA) and launched, as an input signal, into Port 9 of an optical fibre
array of 127pmfibre-to-fibre spacing.

By driving the Opto-VLSI with an optimized multicasting phase hologram, The
RF-modulated optical power was split into five output ports ‘Port 1, Port 2, Port 3, Port
4, and Port 10’ (in addition to the 0" order beam) which propagated along the optimized
directions so that they were coupled back into the fibre array output ports through the 4-
f imaging system. The output signal of Port 10 was amplified via an EDFA and then
launched as second input into Port 11 to be split into Four output ports ‘Port 5, Port 6,
Port 7, and Port 8’. For both input RF-modulated optical beams (at Ports 9 and 11), the
split RF-modulated optical beams propagated along +0.81°, +1.62°, and +2.43° with
respect to the direction of the 0™ order beam. After emerging from the optical fibres,
both input RF-modulated optical signals were collimated through the corresponding
lens, at a diameter of 1.962 mm. Each collimated beam illuminated around independent-
ly-addressed 1090 pixels of the Opto-VLSI processor, leading to high diffraction effi-
ciency and high optical splitting angle.The active window of the Opto-VLSI processor
was divided into two pixel blocks, separated by 934 un-addressed pixels. A photodetec-
tor (PD) array was used to detect the split optical signals emerging from Ports 1-8, and
an oscilloscope and a network analyser were used to measure the corresponding RF
output signals and frequency responses, respectively.
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Fig. 5.4 Experimental setup of the proposed broadband adaptive RF splitter
structure, which is based on the use of an Opto-VLSI processor in conjunction

with an array of 4-f imaging systems.

5.4.2 Experimental results and discussion

As illustrated in Fig. 5.4, the RF frequency response of the adaptive splitter was meas-
ured by using a broadband vector network analyser that supplied and swiped the fre-

quency of the input RF signal driving the EOM.
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Fig. 5.5. The measured RF frequency response of the electro-optic modulator
(EOM).
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Fig. 5.5 shows the measured RF frequency response of the EOM. It is important to note
that the roll-off of the frequency responses at high frequencies are attributed to the lim-
ited bandwidth (4 GHz) of the EOM used in the experiments. The output power at fibre
Port 10 was maintained constant, then amplified via an EDFA and launched into Port 11
for subsequence split into Ports 7-8.

Fig. 5.6 shows the frequency responses of the splitter for different splitting scenar-
10s, over a frequency range from 130 kHz to 5 GHz. For each desired splitting profile,
optimized multicasting phase holograms were generated (using simulated annealing al-
gorithms) and applied onto the corresponding pixels blocks. The ratios of output power
level at fibre Port 10 was maintained constant in all splitting scenarios. The optical
power at Port 10 was amplified via an EDFA, and then coupled into Port 11 for subse-
quent splitting into the output fibre Ports 5-8.

Fig. 5.6(a) demonstrates a scenario where the input RF power is split equally into
the output Ports 1-8 by uploading computer-generated phase holograms corresponding
to an RF splitting profile 1.00:1.00:1.00:1.00:1.00:1.00:1.00:1.00, resulting in a uniform
RF responses for all the output Ports 1-8. Fig. 5.6(b) shows the measured output Port 1-
8 RF responses when the power levels at Ports 1, 2, and 6 were reduced by 18 dB, 13
dB, and 7 dB, respectively, by uploading computer-generated phase holograms onto the
Opto-VLSI  processor, which correspond to an RF splitting profile of
0.01:0.04:1.0:1.00:1.00:0.23:1.00:1.00. Fig. 5.6(c) shows the measured RF responses
when the power levels at Port 3 and Port 6 were suppressed by 30 dB and 20 dB, re-
spectively, while those at Ports 1, 4, and 8 were reduced by 7 dB, corresponding to a
splitting profile of 0.20:1.00:0.00:0.20:1.00:0.01:1.00:0.20. The experimental results
shown in Fig. 5.6 demonstrate the ability of the proposed broadband adaptive RF split-
ter structure, shown in Fig. 5.4, to realize arbitrary RF splitting ratios through the use of
optimized multicasting phase holograms uploaded onto the Opto-VLSI processor.

Note that the measured maximum output power fluctuation for the output ports
was less than 2.0 dB. Also, the measured crosstalk level was less than -30 dB. Note also
that, by using the erbium-doped fibre amplifier (EDFA), the insertion losses of the pro-
posed RF splitter was compensated. Finally, it is noticed that the measured output RF
power splitting ratios are in excellent agreement with the user-defined ratios used in the
computer algorithm that was especially developed to generate the optimized multicast-

ing phase holograms.

73



Chapter 5: Broadband adaptive RF power splitter/combiner

(a)

0 T T T

%\ ——RF1
3 10 ——RF2
E ——RF3
'E. 20 4 —~RF4
< ——RF5
=

8 30 4 —e—RF6
=

=} ——RF7
s

S -a0 - ——RF8

-50
0 1 2 3 4 5

Frequency (GHz)

(b)

0 T T
— ——RF1
s M e
P 10 - M
R R |
g ——RF3
S 20 | f-ﬁﬂ'l—‘q/ B —~<RF4
_: S Iy, 0000 RFS
S -30 A ——RF6
=
E ——RF7
Z 40 1 ——RF8
-50
) 1 2 3 4 5
Frequency (GHz)
(c)
)
) ——RF1
=
< -10 - ——RF2
g ——RF3
E_ 20 | ——RF4
_: —#=RF5
= 30 ——RF6
=
£ ——RF7
Z 40 1 ——RF8
-50
) 1 2 3 4 5

Frequency (GHz)

Fig. 5.6. Measured normalized RF spectrum coupled into the output RF Ports1-8,
for an input RF frequency range from 130 kHz to SGHz. Splitting was achieved
by uploading multicasting holograms onto the Opto-VLSI processor, correspond-
ing to different normalized RF power splitting ratios: (a)
1.00:1.00:1.00:1.00:1.00:1.00:1.00:1.00, (b) 0.01:0.04:1.0:1.00:1.00:0.23:1.00:1.00,
and (c) 0.20:1.00:0.00:0.20:1.00:0.01:1.00:0.20.
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Fig. 5.7. Measured and theoretical RF splitting ratio versus optical splitting ratio

for Port 3.

Fig. 5.7 shows the measured normalized RF splitting ratio, a3, versus the normalized
optical splitting ratio, 1. Port 3 was selected to demonstrate the quadratic relationship
between a3 and 13 expressed in Eq. (5.7). It is clear that the experimental results are in
excellent agreement with the simulation results generated by the theoretical relationship
of the RF and optical power splitting ratios governed by Eq. (5.7). Note that the con-
stant A in Eq. (5.7) can be set to a unity value by controlling the EDFA gain.

The results displayed in Fig. 5.5-Fig. 5.7 demonstrate the principle of the proposed mul-
tiport broadband adaptive RF power splitter.
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5.5 DEMONSTRATION OF ADAPTIVE RF POWER COMBINER BASED
OPTO-VLSI PROCESSOR

5.5.1 System description

Fig. 5.8 illustrates, through the setup that was used in the experiments, the proposed
Opto-VLSI based adaptive RF signals combiner structure. The intensity of two continu-
ous waves (CW) laser signals, 1548 nm, and 1550 nm were externally modulated by an
RF;(780MHz) and REF, (1.3 GHz) analogue signals, respectively, using two electro-
optic modulator (EOM). The EOM and the Opto-VLSI processor are polarization sensi-

tive, thus two polarization controllers (PC) were used.
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Fig. 5.8. Experimental setup used to demonstrate the capability of the proposed
Opto-VLSI based adaptive RF signal combiner to adaptively combine two input

RF signals into single output port with user-defined combing ratio.

The two RF-modulated optical signals, RF; and RF,, were launched into the input fibre
Port 1 and Port 2, respectively. This input RF-modulated optical signal were collimated
through a lens of focal length f=25mm, to an optical beam diameter of 5.48 mm, illumi-
nating around 3,046 pixels of the Opto-VLSI processor.

By driving the Opto-VLSI processor with an optimized multicasting phase holo-
gram, the optical were combined and coupled into a single output fibre Port 3 through

the 4-f imaging system. The output RF-modulated optical signal was amplified by an
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erbium-doped fibre amplifier (EDFA) for insertion loss compensation. A photodetector

(PD) was used to detect the output RF-modulated optical signals.
5.5.2 Experimental results and discussion

The principle of the adaptive optical combiner was demonstrated by launching two RF
input signals into Ports land 2 and measuring the output signal from Port 3. Fig. 5.9

shows the measured input signals launched into the input fibre port 1 and 2.
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Fig. 5.9. The measured RF signals launched into the input Port 1 and 2.

Fig. 5.10 (a) shows the measure output combined optical signal using an optimized mul-
ticasting phase hologram uploaded onto the Opo-VLSI processor, which correspond to
combining profile of 1.0:1.0,demonstrating that the two input RF signals can be com-
bined with a uniform power level at output Port 3. Note that the small signal at 1.6GHz
marked as noise generated by the signal generator. Fig. 5.10(b-e) shows the measure
output combined optical signal where RF;was attenuated by 4.5dB, 5.5dB, 14.5dB, and
24dB using an optimized multicasting phase hologram uploaded onto the Opo-VLSI
processor corresponding to combining profile of 0.45:1.0, 0.28:1.0, 0.03:1.0, and
0.004:1.0, respectively. In Fig. 5.10(f), the power level of the signal RF;was suppressed
to zero by uploading an optimized phase hologram onto the Opto-VLSI processor which
corresponding to combining profile of 0.0:1.0. Fig. 5.10(a-f) demonstrates the ability of
the Opto-VLSI processor to combine the input RF signals with an arbitrarily weight

profile and couple them into the output fibre Port 3.
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Fig. 5.10. The measured output combined RF signal at Port 3 for phase holo-
grams corresponding to combing profiles of (a) 1.0:1.0, (b) 0.45:1.0, (c) 0.28:1.0,
(d) 0.03:1.0, 0.004:1.0,and 0.0:1.0.
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5.6 SUMMARY

A novel broadband adaptive RF power splitter/combiner structure based on Opto-VLSI
processor is proposed and experimentally demonstrated. By uploading optimized multi-
casting phase holograms onto the software-driven Opto-VLSI processor, an input RF
signal is dynamically split into different output ports with user-defined splitting ratios.
Also, multiple input RF signals can dynamically be combined with arbitrary user-
defined weights. As a proof-of-concept demonstration, two input RF signals have been

dynamically combined with different combing weights profiles.
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CHAPTER 6

PHOTONIC MICROWAVE
APPLICATIONS

6.1 INTRODUCTION

The processing of radio frequency (RF) and microwave signals in the optical domain is
an attractive approach to overcome the bottlenecks of bandwidth, power loss, and elec-
tromagnetic interference (EMI) encountered in conventional electronic signal process-
ing systems [19, 20, 107].A wide range of emerging RF signal processing applications
require specifically high resolution, ultra-wide bandwidth, wide-range tunability, and
fast reconfigurability. While these requirements are difficult to achieve using conven-
tional all-electronic processing, they are feasible with photonics-based signal processing
[108, 109]. Photonics-based RF signal processing can potentially provide advantages
including [110]:

) high resolution broadband delay lines (transversal filters) through the use of

Fibre Bragg Gratings (FBGs) or dispersion optical fibres

(i1) adaptive filtering of RF signals

(ii1))  fast sampling of RF signals

(iv)  suppression of optical carriers and sidebands

(v) optical beam steering and splitting

(vi)  optical coding for secure communications
Due to their small size, low weight and low power attenuation, optical fibres are excel-
lent candidates for realising delay lines for the implementation of transversal RF filters.
This chapter presents experimental results that demonstrate the concept of a new
Photonic microwave filter employing an Opto-VLSI-based adaptive optical signal com-
biner. A single Opto-VLSI processor can be reconfigured in real time, allowing a large
number of RF-modulated optical signals to be dynamically attenuated, thus making
adaptive photonic RF signal processing practical [111].The demonstrated photonic mi-
crowave filter can be reconfigured via software, thereby synthesizing the weights of the

filter taps by uploading multicasting phase hologram onto the Opto-VLSI processor.
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6.2 TRANSVERSAL OPTICAL RF FILTER

Fig. 6.1 illustrates a traditional transversal filter realized by modulating an optical car-
rier by an RF signal and then splitting the resulting RF-modulated optical signal by a
passive optical power splitter, thus generating a large number of taps. The use of optical
fibre delay lines enables the generation of constant differential delays, while the vari-
able attenuator array controls the weights of the delayed signals. However, these trans-

versal filter structures have some limitations, mainly related to tunablitity and recon-

figurablitiy.
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Fig. 6.1. Transversal filter structure employs a passive optical splitter/combiner,

and an array of variable attenuator.

Fig. 6.2(a) shows another transversal filter structure employing an array of tunable la-
sers in conjunction with linear chirped fibre grating [112, 113]. As illustrated in Fig.
6.2(a), the output lasers signals are combined into a single port using optical combiner,
and then modulated by an RF signal via an electro-optic-modulator (EOM). The chirped
fibre grating provides linear group delay versus wavelength and allows very low time
delay increments between samples to be generated, i.e., high sampling rate and very
high free spectral range (FSR). However, the main disadvantage of this transversal filter
structure is the relatively high cost especially when the number of tunable laser sources
increases. To reduce the cost, another structure based on using only single tunable laser
source in conjunction with fibre Bragg grating array has been proposed [114]. This
structure uses a passive optical splitter to split the laser signal into multiport signals and
optical attenuators for weight control, as illustrated in Fig. 6.2(b). However, this struc-
ture has an intrinsic limitation resulting from the interference between the detected sig-

nals thus causing fluctuation in the RF response [114].
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Fig. 6.2. Transversal filter structure based on the use of (a) an array of tunable
lasers in combination with linear chirped fibre Bragg grating (LCFBG)and opti-
cal combiner/coupler (b)single tunable laser source in combination with LCFBG,

optical splitter, and an array of variable attenuator.

The use of Fabry-Perot filter as slicing technique over a broadband optical source is
used to obtain a sampled optical spectrum thus eliminating the need for an expensive
laser array [115]. The poor flexibility of Fabry-Perot Filter is the main disadvantages of
this filter structure. Fig. 6.3 illustrates a reported transversal filter structure based on
spectral slicing using arrayed waveguide gratings (AWG) [116]. An array of variable
attenuator is used to provide different filter-taps weights before the taps combined via a
passive optical combiner (AWG can also be used as a combiner). The use of optical
combiners in conjunction with variable optical attenuators is one of the potential ap-
proaches used to synthesise a transversal RF filter response with variable weights [113,
117]. However, for a high order transversal filter the implementation and control a large

number of variable optical attenuators become impractical. The ability to dynamically
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recombine the delayed RF-modulated optical signals with arbitrary weights has the po-
tential to realise an adaptive transversal RF filter, whose resolution depends on the tap
counts and the minimum attainable delay [19, 20]. Fig. 6.4 illustrates the use of adaptive
optical combiner to replace the large number of the variable attenuator and the second

AWG 2 in Fig. 6.3.
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Fig. 6.3. Transversal filter structure employs an arrayed waveguide gratings
(AWG 1) in combination with an arrayed variable optical attenuators and pas-

sive optical combiner (AWG 2).
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Fig. 6.4. Schematic diagram of transversal filter structure employs an arrayed
waveguide gratings (AWG) in combination with an adaptive optical signals com-
biner instead of using an array of variable attenuators and passive optical com-

biner.
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6.3 PROPOSED PHOTONIC MICROWAYVE FILTER

The proposed photonic microwave filter is illustrated, through an experimental setup, in
Fig. 6.5. A broadband laser source was sliced into 16 channels using arrayed waveguide
grating (AWG). Four channels of similar output power and a wavelength separation of
AL, were launched into the Opto-VLSI-based adaptive optical signals combiner (de-
scribed in Chapter 4 in Section 4.8). The output combined optical signal was amplified
by an erbium-doped fibre amplifier (EDFA). The amplified optical signal was externally
modulated by an RF signal through an electro-optic modulator (EOM).

The wavelength division multiplexed (WDM) modulated light was launched into
a high dispersion fibre (HDF), which has a dispersion coefficient of 382.5 ps/nm and
insertion loss of 4.6 dB. Each WDM channel experienced an RF delay that depends on
its centre wavelength. After photodetection, the generated output RF signal is the sum
of delayed versions of the input RF signal, whose weights depend on the combination
profile set by the Opto-VLSI processor. Therefore, the structure shown in Fig. 6.4
represents a photonic microwave filter, whose response can be tuned by the Opto-VLSI
processor. A network analyser was used to generate the input RF signal and read out the

filter response expressed as [40]:
M
H(f)=> w,exp(-j2zrfr) 6.1)

where f is the RF frequency, M is the number of the detected RF-modulated wave-

bands, w, is the rth tap weight, which is proportional to the optical power of the rth

waveband, and 7 is the time delay between adjacent wavebands introduced by the HDF.

The time delay 7 can also be expressed in terms of the dispersion of the HDF as
T=a-A1 (6.2)

where «a denotes the dispersion coefficient of the HDF, and AA is the adjacent wave-

band separation.
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Fig. 6.5. Experimental setups of the proposed photonic microwave filter employ-
ing an Opto-VLSI-based adaptive optical combiner. Opto-VLSI-based adaptive

optical combiner is described in Section 4.8.

6.4 EXPERIMENTAL RESULTS AND DISCUSSION

Several weight profiles were generated using an optimized multicasting phase hologram
uploaded onto the Opto-VLSI processor to demonstrate the principle of the proposed
photonic microwave filter experimentally.

Fig. 6.6(a), (c), and (e) show the weight profiles of the four WDM channels,
spaced at AL =1nm centre-to-centre, corresponding to combining profiles of {1, 1, 1, 1},
{0.6, 1.0, 1.0, 0.6}, and {0.5, 1.0, 0.8, 0.5}, respectively. Fig. 6.6(b), (d) and (f) show
the corresponding measured and simulated RF responses. Excellent agreement between
the measured and simulated RF responses is seen at low frequencies. The discrepancies
at high frequencies are attributed to the limited bandwidth (4 GHz) of the EOM used in

the experiments.

85



Chapter 6: Photonic microwave applications

Fig. 6.7(a), (c), and (e) show the weight profiles corresponding to combining pro-
file equal to {1, 1, 1, 1}, {0.6, 1.0, 1.0, 0.6}, and {0.5, 1.0, 0.8, 0.5}, respectively, when
the WDM channel spacing was increased to AL =2nm centre-to-centre. Fig. 6.7(b), (d)
and (f) show the corresponding measured and simulated RF responses. Note that, by
changing the WDM weights while keeping a constant WDM channel spacing, the center
frequency of the filter is kept unchanged, while the filter’s rejection is changed. By in-
creasing the WDM channel spacing, a narrower pass band is synthesized.

The theoretical Main Lobe to Sidelobe Suppression Ratio (MSSR) for uniform tap
filter is around 13 dB which is in excellent agreement with the experimental results. The
MSSR value was increased up to 20dB when the weight profile was changed from {1,
1,1, 1} to {0.6, 1.0, 1.0, 0.6} as evident from Fig. 6.6(d) and Fig. 6.7(d). The ability of
the Opto-VLSI processor to control the MSSR value and the pass band of the micro-
wave filter through the synthesis of optimized combination weight profile demonstrates

the principle of the proposed photonic microwave filter.
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6.5 SUMMARY

A novel structure of photonic microwave filter that employ an Opto-VLSI based adap-
tive optical combiner has been proposed and experimentally demonstrated. Different
weight profiles have been generated, demonstrating the ability of the Opto-VLSI based
adaptive optical combiner to dynamically combine multiple input optical signals with

user-defined weight profiles, thus realising a tunable microwave filter.
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CHAPTER 7

CONCLUSIONS AND
RECOMMENDATIONS

7.1 INTRODUCTION

The research activities that have been undertaken in this thesis focused on the develop-
ment of an Opto-VLSI-based adaptive optical power splitter/combiner for next genera-
tion dynamic optical communication networks. The proposed and experimentally
demonstrated adaptive optical power splitters have been based on the use of Opto-VLSI
technology in conjunction with a 4-f imaging system.

Motivation for this research study has been the limitation of passive optical power
splitters, as mentioned earlier in this thesis, and the demand for adaptive optical power
splitters for many applications, including passive optical networks (PON) and photonic

RF signal processing.

7.2 SUMMARY OF THE THESIS

This thesis has proposed and demonstrated the principle of novel Opto-VLSI-based
adaptive optical splitters/combiners for next generation dynamic optical telecommunica-
tion networks. It has been demonstrated that, through optimized phase holograms driv-
ing the Opto-VLSI processor, these splitter structures adaptively split the optical power
of an input signal into a larger number of output signals and couple them into output
fibre ports.

Particularly, three adaptive optical power splitter structures have been experimen-
tally demonstrated, namely:

(1) A 1x2 adaptive optical power splitter based on an Opto-VLSI processor,

a fibre collimator array and 4-f imaging systems (single lens).
(i1) A 1x4 adaptive optical power splitter based on an Opto-VLSI processor,

a fibre array and 4-f imaging systems (single lens).
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(111) A 1xN lossless adaptive optical power splitter structure integrating an
Opto-VLSI processor, optical amplifiers, a fibre array, and an array of 4-f

imaging systems (lens array).

All developed adaptive optical splitters have adequate inter-port crosstalk, compressed
hardware and simple user interface. The concept of an adaptive optical signal combiner,
which enables multiple optical signals to be combined with user-defined weight profiles
into a single fibre port, has also been demonstrated.

A computer algorithm has especially been developed to drive the Opto-VLSI pro-
cessor and generate the desired phase holograms that split an input signal arbitrarily and
accurately to multiple output optical fibre ports, and also combine multiple input signals
with arbitrary weights into a single output optical fibre port. Several novel adaptive RF
power splitter structures have been proposed and demonstrated, with the key design fea-
ture of these structures being the use of Opto-VLSI processing in conjunction with a
photodetector array and a 4-f imaging systems.

Experimental results have demonstrated that an input optical signal can arbitrarily
be split into N signals and coupled into optical fibre ports by uploading optimized mul-
ticasting phase holograms onto the Opto-VLSI processor. They have also demonstrated
that NV input optical signals can be dynamically combined with arbitrary weights into a
single optical fibre port. Excellent agreement between theoretical and experimental re-
sults has been observed. In addition, results have shown that optical amplifiers can
compensate for the insertion and splitting losses, thus enabling lossless splitter opera-
tion. A crosstalk level around -25 dB and a wavelength spectral range exceeding 40 nm
have been realized.

In addition, a novel broadband adaptive RF power splitter/combiner based on
Opto-VLSI processor has been proposed and experimentally demonstrated. By upload-
ing optimized multicasting phase holograms onto the software-driven Opto-VLSI proc-
essor, the input RF signal is dynamically split and directed to different output ports,
with user-defined splitting ratios. Also, multiple input RF signals can be dynamically
combined with arbitrary user-defined weights. As a proof-of-concept demonstration,
two input RF signals have experimentally been combined with different user-defined
weight profiles.

Furthermore, a photonic microwave filter employing an Opto-VLSI-based adap-

tive optical combiner has been proposed and demonstrated. The experimental results
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have demonstrated that this Opto-VLSI-based adaptive optical combiner can dynami-
cally direct multiple input optical signals to a single output, with user-defined weight
profiles, thus realising a tunable microwave filter.

Overall, the demonstrated Opto-VLSI-based adaptive optical power splitter
should potentially allow as many as 32 output ports to be supported while achieving
high splitting resolution and dynamic range. This will greatly enhance the efficiency of

optical communication networks.

7.3 RECOMMENDATIONS FOR FURTHER STUDY

In future, as a continuation of this research study, possible research investigations can
be carried out to improve Opto-VLSI based adaptive optical power splitter are as fol-

lows:

e The proposed and developed adaptive optical power splitter/combiner of this
study uses small Opto-VLSI window (1x4096 pixels) compared to the recent
available in the market. A wider Opto-VLSI processor’s window (1x12,288 pix-
els) will lead to an adaptive splitter of at least 32 output ports, which is highly

recommended as a commercial product.

e The proposed adaptive optical power splitter was based on 1-D opto-VLSI proc-
essor. A 2-D Opto-VLSI processor could add more advantages to the proposed
device not only in doubling the number of the output ports but also in realising:

1) NxN Opto-VLSI based adaptive optical power splitter.

2) Wavelength selective Opto-VLSI based adaptive optical splitters.

e Implementing the developed adaptive optical splitter/combiner in the field of

beamforming networks and smart antenna systems.

¢ Demonstration of a tunable optical dispersion compensator employing the de-

veloped adaptive optical splitter/combiner.
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