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Summary 

All-optical tunable filter has attracted more and more attentions in the field of 

optical communication recently. The interests arose from the all-optical feature 

of the next generation optical networks. In such optical networks, all dynamic-

processes such as signal modulation, switching and routing will be implemented 

in all-optical manners to avoid the electro-optical bottleneck and in turn the fiber 

bandwidth is more sufficiently utilized. To support the dynamic processes in all-

optical domain, optical tunable filter plays a key role and it has become one of the 

enabling technologies for the future dynamic all-optical networks. Therefore, various 

all-optical tunable filter technologies have been developed, among which all-fiber 

acousto-optic tunable filter (AF-AOTF) has scored the most promising all-optical 

tunable filter technology because of its attractive features such as small insertion 

loss, wide tuning range, fast tuning speed, simple electronic control mechanism and 

excellent compatibility with fiber-based networks. 

This thesis systematically studies the design, optimization, implementation and ap­

plications of using several AF-AOTF to obtain a tunable optical filter with pre-

specified complex transmissions for different dynamic functions required by all-

optical communication networks. As each stage of AF-AOTF only contributes a 

notch transmission, a desired complex transmission is formed by superposition of 

several shifted notch transmissions. Therefore, the challenge of achieving high per­

formance tunable optical filter is the design of the tuning mechanism of each notch 
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filter to maintain the pre-specified spectrum while it is being tuned. The tuning 

mechanism must be as simple as possible from the practical point of view. To de­

sign such tuning mechanism with pre-specifications, the concept of tunability of a 

complex transmission and a quantitative measure of the tunability are for the first 

time formulated in the thesis. This advancement enables us to quantify the capa­

bility of a composite transmission being maintained while its position is tuned from 

one wavelength to another. 

Using the proposed tunability measure, a strain control scheme is proposed and sys­

tematically developed to obtain tunable optical tunable filters with specified com­

plex transmissions by using multi-stage AF-AOTF. This scheme is first developed 

based on the traditional multi-stage AF-AOTF design which cascades multiple AO 

interaction stages subject to frequency difference control scheme. In this design, the 

desired complex transmission profile is achieved by applying different frequency RF 

signals on each AO interaction stage where axial strain is applied as well. The shift­

ing the composite transmission is achieved through adding an identical increment on 

the RF signal frequency of all AO interaction stages. The axial strain effect on the 

system tunability is modelled and analyzed for the first time. It is shown in theory 

that by applying a fixed axial strain on each AO fiber in the cascaded AF-AOTFs, 

the tunability of the resultant composite transmission can be enhanced. 

Secondly, to further improve the tunability of multi-stage AF-AOTF, a strain differ­

ence control scheme is developed. In this scheme, the desired composite transmission 

profile is realized by introducing different fixed strains on different AO interaction 

stages in a calibration stage. All AO interaction stages are driven by the RF signals 

with same frequency. The transmission is tuned simply by tuning this RF signal fre­

quency as tuning a single-stage of AO-AOTF. This simplicity gives advantage over 

the traditional frequency difference control scheme. Through theoretical analysis, it 

is shown that multi-stage AF-AOTF subject to strain difference control has better 
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tunability than the multi-stage AF-AOTF subject to frequency difference control 

scheme when they are used to deliver same complex transmission profile. The the­

oretical analysis are justified by both simulation studies and experimental studies 

where the desired complex transmission is a maximally flat stopband transmission. 

Besides the tuning schemes, the improvement of the tunability is studied from prac­

tical perspective by addressing the implementation issues of multi-stage AF-AOTF. 

In traditional multi-stage AF-AOTF, each AF-AOTF is driven by individual piezo­

electric transducer (PZT). The characteristics of the PZTs deviate one from others. 

To avoid the synchronizing problems between different AO interaction stages in the 

system, a novel loop structure AF-AOTF is proposed in the thesis to avoid the 

system tunability degradation due to the mismatch between acoustic bandwidths 

of different PZT in the cascading structure AF-AOTF. Enhanced notch filter us­

ing the proposed loop structure is demonstrated to solve the weak AO coupling 

efficiency problem of single mode fiber based AF-AOTF. Tunable bandstop filter 

is used as a study case to demonstrate the superiority of proposed loop structure 

on the synchronization of different AO interaction stages. The characteristics of 

different AF-AOTF integration structures are compared and their advantages and 

disadvantages of them in different applications are also analyzed. 

To demonstrate the performance improvement of multi-stage AF-AOTF and its 

applications in all-optical communication networks, several typical and important 

applications of the proposed AF-AOTFs design are investigated in the thesis as well. 

First, a loop structure multi-stage AF-AOTF subject to strain difference control 

design is used to obtain a dynamic optical wavelength add/drop multiplexing filter 

over a broadband. As the filter can be designed with high roll-off factor, the channel 

crosstalk and signal distortion in multiplexing is greatly reduced. Next, the proposed 

design is used to design filters for gain control of erbium-doped fiber amplifiers in 

two typical applications. The first application is EDFA gain equalization based 
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on multi-stage AF-AOTF1. An improved genetic algorithm is proposed to on-line 

tune the control parameters of multi-stage AF-AOTF to equalize the dynamic gain 

of EDFA. The second application is the EDFA gain clamping. A novel all-optical 

EDFA gain clamping scheme with dynamic optical feedback level control using AF-

AOTF is proposed. In the design, the dynamic model taking into account the AF-

AOTF dynamics is derived first, based on which poles placement method is applied 

to obtain the tuning rules of AF-AOTF. It is shown that the EDFA transmission 

penalty due to the relaxation oscillation transient is strongly suppressed by the 

proposed scheme. 
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Chapter 1 

Introduction 

1.1 Motivation 

In 1835, Morse and Vail in the United States, developed the telegraph, and the 

truly meaning communications technology was born. In the following two centuries, 

promoted by the ever-increasing demand on large volume data transmission, new 

communication technologies are successively invented and developed, which include 

electronic communication, wireless communication, optical communication, wireless 

over fiber communication, and so on. These communication technologies directly 

affect the progress of human civilization. They make the earth become unbelievable 

smaller than what it looks like in the past centuries. People living toady can directly 

hear, watch and talk with anyone else in any corner of the planet, no matter they are 

on the highest top of huge mountain or in the deepest bottom of the pacific ocean, 

whether in the middle of the Sahara desert or on the floating ice in the Arctic Ocean. 

Among different communication technologies, optical communication is out of ques­

tion the most important and powerful one. Its huge volume data transmission ability 

makes it to occupy quickly and continuously most territory of conventional electric 
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communication technology. This can be seen from that the optical fiber has steadily 

overtaken copper cables as the medium of choice for modern-day networks after its 

invention in 1977. Today, most parts of this planet, no matter it is on which conti­

nents and oceans or belong to which countries, states and areas, are connected by 

this slight and tiny glass wire. With the rapidly growing demands of the internet 

on the transmission bandwidth, it is a clear trend that the customers continually 

require more efficient, rapid and higher quality information collection and exchange 

ability. As a result, optical communication technology becomes more and more 

important to develop the great potential of light on the information transmission 

capacity. 

To fully utilize the ultra-broad 30THz bandwidth of optical fiber as much as possi­

ble, wavelength division multiplexing (WDM) is developed [1, 2]. It soon attracted 

many attentions and had become the most hopeful multiplexing technology for high 

speed optical networks. Before the invention of WDM technology, there are some 

other multiplexing technologies such as frequency division multiplexing (FDM), a 

standard technique in analog transmission systems, and time division multiplexing 

(TDM), a standard technique in digital transmission systems. WDM works on the 

same principles except that the channel discriminator is wavelength not frequency or 

time. WDM technique can multiple the capacity of optical fiber strands through cre­

ating virtual channels and unlocking the full bandwidth potential of fiber. Multiple 

channels are transmitted over the same fiber while there is no performance degrada­

tion or specific protocol requirements because light waves of different wavelengths 

do not interfere with one another during transmission. Whereas, it introduces some 

troubles and limitations on the dynamic control, modulation and management of 

the communication channels in the networks. Recently, with the speed of WDM 

optical network has extended to several tens of gigabit, these dynamic limitations 

have become more and more important and serious. 
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In conventional WDM optical networks, there are many Optical-Electrical (OE) con­

version joints in network nodes where the data need to exchange. At these joints, 

the data are converted from the optical form to the electronic form firstly. Then, the 

dynamic functions such as modulation, management and control are implemented 

by electronic means. Finally, the data is converted back to the optical form and 

transmitted through the fiber to next nodes of the network. Since the bandwidth 

of electric signal is much smaller than that of optical signal, these OE/EO joints 

greatly limit the bandwidth of the whole network. Electro-optic bottleneck prob­

lem has become the primary shackle on the service quality improvement of optical 

WDM networks. Therefore, high-speed all-optical dynamic WDM network comes 

into picture and has been recognized as the future trend of optical communication 

technology. In all-optical network, the transmitted data remains in the optical form 

throughout the whole optical link [3, 4, 5, 6]. All dynamic functions such as dynamic 

routing, channel add/drop multiplexing, channel switching are directly implemented 

on the optical link layer to enable some more efficient upper-level protocol such as 

IP over WDM [7, 8, 9, 10, 11, 12]. 

Clearly, the realization of high-speed all-optical dynamic WDM network relies on 

whether all dynamic functions for all-optical network can be implemented by all-

optical means. From the technical point of view, the key challenge lies in how to 

implement a tunable complex transmission using all-optical or more preferably all-

fiber methods. This is because optical WDM networks use wavelength as the channel 

discriminator and all the dynamic functions are essentially based on modulation of 

the wavelength spectrum by using a filter with certain transmission. Therefore, if 

the tunable complex transmission can be obtained by an all-optical filter, the all-

optical implementations of all the dynamic functions required by all-optical network 

would be involuntary. 

One of the needs on tunable complex transmission in modern optical communication 
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is the optical add/drop multiplexing which is one of the enabling technologies for 

WDM networks with multiple communication links share the same physical link. It 

means to control isolation or gain of the wavelength signals passing through a node 

in all-optical WDM networks. To achieve this function, optical tunable filter with 

a transmission profile including multiple stopbands and passbands are clearly indis­

pensable, and their transmission profile should satisfy several requirements. First, 

there should be clear partition between different channels to avoid the unwanted 

crosstalk problem. This demands the transmission profile have fast roll factor. Sec­

ond, because the optical channels adding and dropping are arbitrary in practical 

applications, the stopband or passband transmissions should be tuned to any wave­

length quickly. 

Another important need on tunable complex transmission is related to Erbium-

doped fiber amplifier (EDFA) which has played an enabling role in optical com­

munication, EDFA is used to amplify and regenerate the severely impaired optical 

signal after long distance transmission. However, EDFA is troubled by two problems 

in real application. The first one is that the gain of EDFA is not equal for all wave­

lengths. When the optical signals in multiple wavelengths pass through an EDFA, 

some channels are over amplified while the weak signals are amplified. This will 

cause serious transmission errors at the receiving end. The second problem is that 

EDFA gain profile continuously fluctuates with the random variation of total input 

power. Thus, if some existing channels are dropped suddenly or some new channels 

are added, the signals in the rest channels will be disturbed and high bit error rate 

will be resulted in for these channels. To solve these problems, it requires an optical 

tunable filter with complex transmission profile that can dynamically compensate 

the fluctuating and complex transmission of EDFA. 

The needs of tunable complex transmission are not limited to this. They are needed 

in signal generator, signal modulation, and signal detection. They are also needed 
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to form a feedback channel filter for the tunable single or multiple wavelength ring 

laser. In some high level network operations, they are used in optical routing, opti­

cal channel management and dynamic network reconfiguration. To entertain these 

needs, many optical filtering technologies have been developed to design optical 

tunable filters to deliver complex transmissions. However, with the advancement 

of optical dense WDM (DWDM) technology where the channel spacing is getting 

smaller and smaller, the requirement on the tunable complex transmission becomes 

more and more stringent. The desired high performance tunable complex transmis­

sion profile requires wide tuning range, fast tuning speed, low insertion loss, high 

band isolation, simple tuning scheme, and easy configurability and controllability. 

This has imposed challenges on the design of optical tunable filters. 

To see the challenges in the implementation and realization of tunable complex 

transmission, the state of art of the optical filtering technology is briefly reviewed. 

Currently available optical tunable filter technologies include Fabry Perot interfer­

ometer tunable filters (FFP) [13, 14, 15], cascaded Mach-Zehnder interferometer 

based filters (CMZI) [16, 17, 18, 19], Fiber Bragg Gratings based filters (FBG) 

[20, 21, 22, 23, 24], acousto-optic tunable filters (AOTF) [25, 26, 27, 28, 29], electro-

optic tunable filters (EOTF) [30, 31], ferroelectric liquid crystal Fabry-Perot filters 

(LCFP) [32], arrayed waveguide grating tunable filters (AWGC) [33, 34, 35, 36, 37, 

38], ring resonator tunable filters (RRTF) [39, 40, 41, 42] and active filters (AF) 

[43]. 

These optical filters are summarized in Table. 1.1 and their performance are com­

pared in terms of insertion loss, isolation, bandwidth, tuning range, tuning speed 

and tuning mechanism [44]. 

From the comparison in the Table. 1.1, the following conclusions can be reached. The 

FFP filters are limited by the slow tuning speed and narrow tunable range. Thus, 

they are not suitable for dynamic optical system. Similarly, the tuning speed of 
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1.1 Motivation 6 

Table 1.1: Comparison of different optical tunable filers 
Type 

FFP 
LCFP 

MFP 

CMZI 

FBG 
AOTF 

EOTF 

AWGC 

AF 

RRTF 

Insertion 
loss 

2dB 
3dB 

ldB 

ldB 

O.ldB 
4dB 

4dB 

8dB 

3dB 

isolation 

2nm/30dB 
2nm/30dB 

2nm/30dB 

0.4nm/22dB 

1.6nm/30dB 
4nm/30dB 

4nm/25dB 

0.8nm/30dB 

0.1iini/30(113 

2nm/30dB 

Bandwidth 

0.5nm 
0.5nm 

0.5nm 

0.2nm 

0.2nm 
2nm 

2nm 

0.2nm 

5nm 

0.2nm 

Tuning 
range 

lOnm 
50nm 

60nm 

4nm 

lOnm 
lOOnm 

50nm 

lOnm 

lOnm 

25nm 

Tuning 
speed 

ms 
100/4 S 

100/* s 

50ns 

2ms 
/J 8 

ns 

10ms 

ns 

ms 

Tuning 
mecha­
nism 
PZT 
Crystal 
orienta­
tion 
Micro-
machine 
electro-
optic 
Stretching 
Acousto-
optic 
Electro-
optic 
Thermo-
optic 
Current 
injec­
tion 
Temper­
ature 

LCFP and MFP still need to be improved. Although CMZI filters have good tuning 

accuracy and high tuning speed, the narrow tunable range limits their applications. 

Moreover, since CMZI uses several nanometers length difference between its two 

arms, its tuning mechanism is very difficult to implement in practice. The FBG 

filters can attain small insertion loss and narrow linewidth, but the problems of 

small tunable range and slow tuning speed need to be resolved before FBG filters 

can be widely applied in WDM system. EOTF filters seem not bad only except 

for the limited tunable range and the large voltages (about 100 volts) requirement. 

AWGC and RRTF are too slow and AF suffers from their wide linewidth. 

Among all optical filter technologies, the acousto-optic tunable filters have a unique 

combination of following desirable properties. 
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• They offer a broadband tunability in the range of interest for guided wave 

optics including both L band and C band. The tuning range reaches a hun­

dred nanometers and it is only limited by the acoustic transducer's fractional 

bandwidth. 

• They have a moderate switch speed of few micro-seconds. The tuning speed 

of AOTF is only limited by the propagation speed of the acoustic wave. It is 

faster than those of most optical tunable filters. 

• They have narrow-band filter characteristics with a full width at half maximum 

bandwidth (FWHM) less than 2 nm. 

• They are convenient to be configured to deliver complex transmission. 

• They are capable of performing parallel channel processing on multiple wave­

lengths by driving the filter with multiple RF frequencies simultaneously. 

Thus, more flexible network design can be implemented using AOTFs. 

• The acousto-optic tunable filters require low electrical driving power about 

several tens mW. 

These attractive properties, especially the large tunable range and simple electronic 

controllability, make the acousto-optic tunable filter (AOTF) the most potential 

and promising tunable filter technology for the future high speed dynamic WDM 

communication systems [44, 45, 46, 47, 48, 49]. 

However, conventional AOTF is based on the bulk optical technology or optical 

waveguide technology. The interaction between acoustic wave and optical beam 

performs through a crystal block or planar optical waveguide. It is connected to 

the optical networks through fiber pigtails. The material absorption and pigtails 

attenuation make the devices to suffer a high insertion loss (5 - 7dB according 

to Table. 1.1). To reduce the high insertion loss and increase the compatibility 
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1.1 Motivation 8 

with the optical networks, all-fiber based or fiber compatible AO interaction devices 

find their niches [50]. The potential of the fiber based AOTF was theoretically 

appreciated by Taylor [51]. Initial prototypes of fiber based acousto-optical devices 

were developed by Nosu in 1983 [52, 53] and by Risk in 1984 [54], respectively. 

Later, Kim and Blake developed in 1986 the first all-fiber acousto-optical tunable 

filter (AF-AOTF) that uses special designed acousto-optic transducer [55]. Birks 

and Russell further studied AO interaction in fiber and provided basic design rule 

for single-stage all-fiber acousto-optical devices [56]. After that, many all-optical 

acousto-optical devices were proposed and AF-AOTF technology was born [57, 58, 

59, 60, 61, 62, 63, 64, 65, 66, 67, 68, 69, 70, 71]. 

In the past several tens of years, R&D efforts pushed the all-fiber acousto-optical 

tunable filter technology to advance progressively. When AF-AOTF was invented in 

1983, the most urgent and observable problem for AF-AOTF was low power conver­

sion efficiency, unsatisfied noise performance and the limitation on the transmission 

profile modulation. Therefore, the conventional researches were focused on efficiency 

improvement, noise ripple suppression and transmission profile modulation of single-

stage AF-AOTF. Several schemes such as chemical etching and mechanical taping 

were proposed to solve these problems. Soon, AF-AOTFs with high power conver­

sion efficiency, low side ripple level, ultra-broad and ultra-narrow bandwidth were 

implemented early or later. Now, AF-AOTF has been made much more efficient, 

small, flexible and low-cost than its first prototype in 1983. Continuous technical 

advancement makes AF-AOTF technology exhibit great potential to be employed in 

future all-optical WDM networks to implement different kinds of dynamic functions. 

The basic transmission of an AF-AOTF is a notch. It can be directly used in opti­

cal switching. But more frequently and widely used optical tunable filter in optical 

networks are those with complex transmission profiles such as tunable bandstop, 

bandpass filter and EDFA gain compensation filter. To this end, multiple AO inter-

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



1.2 Objectives 9 

action stages are cascaded in line. Each AO interaction stage is controlled to deliver 

a notch transmission at certain wavelength with certain gain. The desired complex 

transmission is formed by composing the notch transmissions. The tuning of the 

composite transmission is implemented by synchronically tuning and controlling all 

AO interaction stages. The inaccuracy in the synchronous tuning would results in 

distortion of the complex transmission. Therefore, the design, synchronization con­

trol, realization and implementation of multiple AF-AOTFs in these applications 

must be optimized to reduce the distortion while attaining a fast tuning speed. It 

gives rise to the tunability of multi-stage AF-AOTF. The tunability defines the ca­

pability of a composite transmission being maintained while its position is tuned 

from one wavelength to another. It is an important factor that directly affect the 

system dynamic performance in most applications of multi-stage AF-AOTF in op­

tical WDM networks. However, the tunability of the multiple AF-AOTF have not 

been addressed and it is an open but important issue. 

1.2 Objectives 

In this thesis, we address the tunability of multi-stage AF-AOTF quantitatively and 

systematically study the design, optimization, implementation and applications of 

using several AF-AOTF to obtain a tunable optical filter with pre-specified complex 

transmissions for different dynamic functions required by all-optical communication 

networks. To this end, the tunability is first formulated, based on which a strain 

control scheme is developed to improve tunability of multi-stage AF-AOTF. Then, 

pilot studies on some applications of multi-stage AF-AOTF in the dynamic all-

optical WDM networks are explored. The primary objectives of this thesis are 

listed as follows: 
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• Quantitative formulation of the tunability of tunable complex transmission 

profile produced by multiple AO interactions. 

• Quantitative assessment of strain effect and strain control on the tunability 

improvement of tunable complex transmission profile. 

• Study of formalized design approach to improve the tunability of complex 

transmission profile produced by multiple AO interactions. 

• Study of efficient implementation structure of optical tunable filters with im­

proved tunability. 

• Study on the design and control of multi-stage AF-AOTF in the important 

application of dynamic optical Add/Drop multiplexing. 

• Study on the design and control of Multi-stage AF-AOTF in the important 

application of EDFA gain equalization and gain clamping. 

1.3 Major Contributions 

This thesis systematically studies the design, optimization, implementation and 

applications of using multiple AF-AOTF to obtain a tunable optical filter with 

pre-specified complex transmissions for different dynamic functions required by all-

optical communication networks. In this thesis, the following major contributions 

have been made to the AF-AOTF design and its applications. 

• For the first time, we address the tunability of the tunable complex trans­

mission produced by multiple AF-AOTF. The quantitative measure of the 

tunability is proposed and used to design the tuning mechanism and the im­

plementation structure of multiple AF-AOTFs. Using the measure, tunability 

improvement schemes are developed for multi-stage AF-AOTF. 
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• A strain control scheme is proposed to improve the tunability of the complex 

transmission delivered by traditional cascading AF-AOTFs. It analytically 

shows that applying the axial strain on the AO interaction sections of the cas­

cading AF-AOTFs can help to improve the tunability of the resultant complex 

transmission. 

• A strain difference control scheme is proposed to deliver a tunable complex 

transmission by using multi-stage AF-AOTF. It is shown analytically and ex­

perimentally that using the strain difference control scheme can obtain more 

improved tunability than that of using the traditional frequency difference 

control scheme. Moreover, the proposed scheme can help to simplify the tun­

ing mechanism of the multi-stage AF-AOTF and in turn increase the system 

reliability. 

• The tunability improvement is investigated by considering some key practical 

issues. The PZT synchronization problems, acoustic bandwidth limitation 

and acoustic interaction effect are studied and analyzed from view point of 

the system structure optimization. A loop structure AF-AOTF, which has 

particular superiority in practical implementation and can greatly improve the 

reliability of multi-stage AF-AOTF, is proposed and demonstrated in theory 

and experiment. 

• As an application of the proposed schemes for AF-AOTF tunability improve­

ment, a dynamic optical Add/Drop multiplexing filter using the multi-stage 

AF-AOTF is demonstrated with wide tunable range and specified roll off fac­

tor. 

• As an application of the proposed schemes for AF-AOTF tunability improve­

ment, an intelligent dynamic EDFA gain equalization filter is demonstrated 

by using multi-stage AF-AOTF. 
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• As an application of the proposed schemes for AF-AOTF tunability improve­

ment, a dynamic EDFA gain clamping scheme is proposed and demonstrated, 

which can greatly suppress the relaxation transient of EDFA. 

1.4 Organization of the Thesis 

The rest of this thesis is organized as follows: 

Chapter 2 addresses the tunability of the complex transmission delivered by multi­

stage AF-AOTF. It starts with the operation principle of AF-AOTF where the 

transmission model of single AF-AOTF is given. Then, the state of art of AF-

AOTF technology and its application issues for optical communication are reviewed, 

from which we see the potential of the multi-stage AF-AOTF and the technical gap 

between current multi-stage AF-AOTF and the desired performance required by 

the next generation of all-optical networks. The tunability is recognized as the 

next concern of application of AF-AOTF in all-optical dynamic communication. 

Next, the tunability of the multi-stage AF-AOTF is introduced and a quantitative 

measure of the tunability is proposed as the phase mismatch error variation with 

respect to the system operation wavelength. The effectiveness of the definition of 

the tunability is illustrated by considering a flat-stopband transmission produced by 

two cascading AF-AOTFs. Finally, the more detailed expressions of those physical 

parameters used in the thesis are briefed in the appendix where the design of the 

flat-stopband filter is elaborated. 

Chapter 3 presents the strain control scheme for improving the tunability of the 

transmission produced by multi-stage AF-AOTF. In this chapter, we first analyze 

the tunability problem for traditional cascading multi-stage AF-AOTF subject to 

frequency difference control. The strain effect on the tunability of the composite 

transmission of multi-stage AF-AOTF is studied and analyzed. For the first time, it 
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shows analytically that in a cascading multi-stage AF-AOTF, the tunability of the 

composite transmission can be enhanced by increasing the axial strain in the optical 

fiber where the AO interactions occur. Secondly, we propose a strain difference con­

trol scheme to improve the tunability of multi-stage AF-AOTF. This scheme applies 

differential strains on the AO interactions to deliver a tunable complex transmis­

sion. The acoustic frequency is only used to change the position of the complex 

transmission. It is shown analytically that the composite transmission obtained by 

the strain difference control scheme can be maintained better than those obtained 

by the frequency difference control schemes. Simulation and experimental studies 

are also conducted to verify the theoretical analysis. 

Chapter 4 addresses the key implementation issues of the strain difference control 

scheme. A loop structure AF-AOTF is proposed to implement the strain differ­

ence control scheme. The loop structure AF-AOTF overcomes the limitations of 

traditional AF-AOTF. To see this, The characteristics of different AF-AOTF in­

tegration structures are also discussed and their advantages and disadvantages in 

particular applications are first analyzed. Then, the loop structure AF-AOTF is 

demonstrated to produce an enhanced notch transmission. This solves the weak AO 

coupling efficiency problem in traditional single-stage AF-AOTF which is usually 

used to produce notch transmission. Next, the loop structure AF-AOTF is designed 

to produce a complex transmission by overcoming the synchronizing problems faced 

by traditional multi-stage AF-AOTF. 

Chapter 5 concentrates on the pilot studies of using AF-AOTF in two typical and 

important applications in optical communication. Firstly, the application of multi­

stage AF-AOTF in dynamic optical Add/Drop multiplexing is discussed. In this 

application, using multi-stage AF-AOTF to implement a broad band stopband fil­

ter with fast roll-off factor is concerned. Secondly, static and dynamic EDFA gain 

equalization using multi-stage AF-AOTF are reported. For the static gain equal-
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ization, an improved genetic algorithm is proposed to use multi-stage AF-AOTF to 

implement a dynamic EDFA gain equalization. Using the equalizer, the overall gain 

profile with excellent flatness is archived and the transmission profile distortion due 

to the gain tile effect of EDFA is suppressed. For the dynamic gain equalization, 

the application of AF-AOTF in all-optical EDFA gain clamping is studied. A dy­

namic optical feedback level control scheme using AF-AOTF is proposed to suppress 

the unwanted EDFA gain transients. By using the proposed EDFA gain clamping 

scheme, the relaxation oscillation transient is strongly suppressed and transmission 

profile distortion of EDFA is greatly reduced. This achievement makes EDFA can 

be widely employed in the future high-speed dynamic all-optical communication 

networks. 

In Chapter 6, the conclusions of the thesis are drawn and some suggestions for future 

research are made. 
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Chapter 2 

Tunability of Multi-stage 

AF-AOTF for Optical 

Communication 

2.1 Introduction 

In this chapter, we address the tunability of the tunable complex transmission gener­

ated by using multi-stage AF-AOTF. We first illustrate the basic operation principle 

and mathematical model of single-stage AF-AOTF in Section.2.2. This illustration 

provides the necessary prerequisite for the further discussion in the rest parts of this 

thesis. Then, we give a brief review on the state of art of current AF-AOTF tech­

nologies in Section.2.3. On one hand, it can be seen from the review that various ef­

forts have been devoted to the performance improvement of single-stage AF-AOTF. 

These achievements have demonstrated the potential of AF-AOTF as tunable opti­

cal filters. They have laid down a good basis to explore usin;j, AF-AOTF to achieve 

more powerful optical signal processing functions for optical communication. On 
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the other hand but more importantly, overview of this technology helps us to find 

that the use of multi-stage AF-AOTF to tunable complex transmission would be the 

most promising niche technology which will help to narrow the technical gap and 

push this technology to the next generation all-optical dynamic optical communica­

tion. To obtain improved performance of tunable transmission, it is of great interest 

and importance to quantitatively assess the tunability of the complex transmission 

formed by notch transmissions. Section 2.4 formulates the tunability problem of 

multi-stage AF-AOTF and introduces a quantitative measure of tunability. 

2.2 Operat ion Principle of AF-AOTF 

All acousto-optical (AO) devices are based on the acousto-optic effect which is also 

known in the scientific literature as acousto-optic interaction or diffraction of light 

by acoustic waves. The acousto-optic effect states that through interacting with an 

acoustic wave, the refractive index of an optical material can be temporarily varied 

or modulated, and thus optical beam passing this optical material will be deflected 

or modulated. Applying this principle on a piece of fiber gives rise to the AF-AOTF. 

In AF-AOTF, the most commonly used acoustic mode to generate AO coupling 

is the flexural acoustic wave because flexural acoustic wave can provide high cou­

pling efficiency than other two acoustic modes [72]. The basic operation principle 

of AO interaction in the fiber is illustrated as in Fig.2.1 and can be briefly de­

scribed like this. Flexural acoustic wave is generated by an acoustic transducer and 

propagates along the fiber. It causes micro-bending along the fiber and results pe­

riodical refractive index modulation just like grating. When light passes through 

this "acousto-optical" grating, optical power exchange happens among different op­

tical modes. At the out port of AF-AOTF, the optical power in one or part of 

optical modes is filtered out by using some mode selective components. Because 
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2.2 Operation Principle of AF-AOTF 17 

for a single frequency acoustic wave, the mode coupling only happens in a narrow 

optical bandwidth, the optical power in this optical bandwidth will be filtered out 

by AF-AOTF while the optical power in other wavelengths are still guided by the 

fiber. As a result, the transmission of a single-stage AF-AOTF has a notch or peak 

transmission. 

Lp11 
\ „ AF-AOTF 

\Mode stripper M o d e S ( r i p p e r 

/~~\ Bare fiber /"""N, 

^ ( O l ipoi*iPii / " i p o i f O l 

output • A 
light Acoustic +L-i Input 

damper ! % p P2T light 

T. RF signal 
generator 

Figure 2.1: Schematic of all-fiber acousto-optic tunable filter operation principle. 

To give more details about AF-AOTF operation principle, we illustrate the opera­

tion principle of single-stage AF-AOTF by introducing its hardware setup and its 

transmission model, respectively. 

2.2.1 Typical Setup of a Single-stage AF-AOTF 

The simple AF-AOTF setup consists of fours parts which are respectively the acous­

tic wave generation module, the AO interaction medium, the mode selection filter, 

and the acoustic wave modulation and control module. Fig.2.2 shows a photograph 

of a typical experimental setup of AF-AOTF. 

The first part is the acoustic wave generation module. This part includes a radio 

frequency signal source, an acoustic transducer and a horn. The acoustic trans-
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2.2 Operation Principle of AF-AOTF L8 

Figure 2.2: Experimental setup of single-stage AF-AOTF. 

ducer is fabricated from some piezoelectric material such as lithium niobate. The 

piezoelectric material is cut into disk or plate shape with a cross-section area about 

several square millimeters. The plate is made as thin as possible within a fabrication 

tolerant range to obtain high AO coupling efficiency. The piezoelectric material of 

the plate is carefully oriented to guarantee only longitudinal mode vibration be gen­

erated. For a plate, electrodes are deposited on the top and bottom surfaces of the 

piezoelectric material. These electrodes are connected with the RF signal generator 

through copper wires bonded at the edge. Because the PZT generates a lot of heat 

when it operates, a heat sink is bonded on the bottom electrode to dissipate the 

overheat problem that will cause damage to the acoustic transducer. The heat sink 

also provides solid mechanical support to the acoustic transducer. It is a metal block 

with excellent thermal conductibility and large surface area. The top electrode is 

bonded with the bottom of the horn by using organic compounds such as epoxy and 

phenyl compounds. Because the acoustic impedance mismatch between the organic 

compounds is quite large, the bond thickness must be made as thin as possible in 

order that mismatch will not substantially reduce the efficiency and bandwidth of 

the transducer. The horn is made of either aluminium, or copper, or silica. The 

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
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horn bottom has a diameter slightly smaller than that of the acoustic transducer. 

The tip diameter of horn should match that of the AO interaction medium, usually 

smaller than 130/im. The height of the horn is in the range from Imm to 5mm 

depending on the desired acoustic frequency. The horn surface is specially designed 

to have a taper shape with linear or exponential slope. This design can focus the 

acoustic power and amplify the longitudinal acoustic wave amplitude. 

There is another type of acoustic transducer. The fabrication of this kind of acoustic 

transducer is similar to the one illustrated above, except for that the employed 

piezoelectric material is oriented for shear mode excitation and is placed in parallel 

with the optical fiber. A hole is made in the center of PZT, horn and heat sink so 

that a bare fiber threads can go through the hole and is bonded with the transducer 

using epoxy compounds. This design can generate flexural acoustic wave in fiber 

with a higher power utility efficiency. Fig.2.3 and Fig.2.4 show the two types of 

acoustic transducers and horns with different sizes. 

Figure 2.3: Piezoelectric transducers and horns for AF-AOTF. 

The second part is the AO interaction medium. In AF-AOTF, the AO interaction 

medium is a piece of optical fiber or some fiber components like a fiber coupler. The 

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library
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Figure 2.4: Acoustic transducers for AF-AOTF. 

fiber can be any kinds such as multi-mode fiber, two-mode fiber, single mode fiber, 

photonic crystal fiber, polarization maintenance fiber. A fiber coupler can be also 

used as the AO interaction medium of AF-AOTF. The AO interaction processes in 

all these mediums are similar except for small difference on the participant optical 

modes. To avoid serious acoustic power attenuation, the plastic coating of the 

fiber are removed beforehand. In the bare fibers, both acoustic field and optical 

field exist. The acoustic field is generated by the flexural wave that coupled from 

the longitudinal wave in the horn. The acoustic field changes the optical power 

distribution among all possible guided and cladding modes in a narrow bandwidth. 

The mode coupling ratios depend on the refraction variation amplitude, the fiber 

length, the phase mismatch and the field overlap between different optical modes. 

The third part of AF-AOTF is the optical mode selection or split filter. It connects 

with the end of the AO interaction medium. This part is used to implement two 

functions, isolating the acoustic wave and splitting the optical power in different 

modes. It consists of an acoustic absorber and an optical mode splitter. Usually, 

the plastic coating of the fiber can sufficiently isolate the acoustic power and can 

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



2.2 Operation Principle of AF-AOTF 21 

function as the absorber. To further reduce the unwanted acoustic reflection, elastic 

and emplastic materials can be used to clamp the fiber and isolate the acoustic 

power. The optical mode splitter includes the optical mode stripper and the optical 

mode selective coupler. The former has only one output port. It only allows one or 

part of the optical modes pass through. The optical power in the rest modes will be 

diffracted or attenuated. The optical mode stripper is also used in the applications 

such as the tunable optical attenuator and optical bandstop filter to filter out the 

optical power in the stopband wavelength. The most commonly used mode stripper 

is the cladding mode and LPn mode stripper, which is fabricated by bending a piece 

of fiber several rounds in a suitable diameter. The optical mode coupler has more 

than one output ports. In fact, it is an optical coupler with different coupling ratio 

between the different optical modes [73]. It splits the optical power transmitting 

in different modes to different out ports. The modes can be strongly guided in the 

fiber for long distance transmission except for the different optical path. With the 

help of mode selection coupler, AF-AOTF can deliver the bandpass transmission, 

thus it can be used to do the optical add/drop multiplexing. 

The last part of a AF-AOTF is the modulation and control module. It includes the 

computer and some electric signal control circuits. They are used to modulate and 

control the driving RF signal in different applications. 

2.2.2 Model of Transmission of a Single-stage A F - A O T F 

The optical power transmission of AF-AOTF is given by [56] 

G(X) 10 log ^ 

= 1 0 1 o g ( 1 - C 2 ^ 2 ( A )
s i " 2 ( L V / C 2 + ^ ( A ) ) ) (2.1) 
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where L is the AO coupling length of AF-AOTF, C is the AO coupling coefficient, 

5 is the phase mismatch coefficient, Pi„ and Pout are the power of input light and 

output light in the fundamental mode, respectively. In wavelength spectrum, G(\) 

is basically a notch. 

If the transmission of certain mode is of concern, a mode selective coupler is con­

nected to AF-AOTF output port. The transmission of the AF-AOTF with a mode 

selection coupler is a spike like bandpass transmission[74] and it is given by 

G(X) = t 0 1 o g c 2 ^ 2 ( A ) s i n 2 ( V C ^ + W ) ) (2.2) 

In the transmission, the AO coupling coefficient and the phase mismatch coefficient, 

C and <5(A), are given by 

5(A) = ^ ( / ? O - A - K ) 

• <rA) 
C = j I £o(x,y)An(x,y)£1(x,y)dxdy (2.4) 

where /?o and pi are propagation vectors of the fundamental mode and the other 

participant optical mode; / is the frequency of the acoustic wave; A is the cross 

section of the optical fiber; LB = ^ \ is the optical mode beatlength; A = ^ is 

the acoustic wavelength; £0 and & are the field distributions of the two participant 

optical modes, respectively. In above equations, all (3 and LB are optical wavelength 

dependent. We omit the optical wavelength dependent term (A) for the sake of 

simplicity. 

Above model of AF-AOTF is based on following assumptions. 

• All input optical power is guided in the fundamental mode. 
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• In an optical bandwidth of several tens of nanometers, in one time, single 

frequency acoustic wave can only excite one strong mode coupling process 

between the fundamental optical mode and another optical mode. The mode 

couplings between other modes are well self-resonance[51]. 

• The power in the one of participate optical modes is completely attenuated or 

stripped off before go out of AF-AOTF. 
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Figure 2.5: Transmission of single-stage AF-AOTF. 

Fig.2.5 shows an example of the common transmission profile of AF-AOTF. This 

notch transmission profile is produced by a single-stage AF-AOTF fabricated from 

a piece of SMF-28 fiber. 

From (2.1) and the common transmission profile shown in Fig.2.5, some basic proper­

ties of AF-AOTF can be simply derived. Firstly, maximum mode coupling happens 

on the optical wavelength where the phase match condition (2.5) is satisfied. The 

mode coupling processes with large \5\ value are self-resonance and not the change 

the static power distribution between different optical modes. 

(5 = 0 (2.5) 
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Secondly, it can be derived from the typical transmission of AF-AOTF shown in 

Fig.2.5 that in all kinds of fiber-based optical medium except the strongly etched 

fiber structure [75], the wavelength dependence of the absolute value of 8 is much 

stronger than that of C. For the AO coupling excited by a stable acoustic wave 

with fixed frequency, the AO coupling coefficient C is almost same for all optical 

wavelength. The theoretical cause of this phenomenon will be presented later in this 

chapter. Thus, ^ has a zero or small value only in a narrow optical bandwidth. 

Resonance AO coupling happens in this optical bandwidth. Out of this optical 

bandwidth, ^ quickly increase to a large value and G w l , Therefore, AF-AOTF 

has a narrow notch transmission profile. 

In the model of AF-AOTF (2.1), the possible tuning parameters are the phase mis­

match coefficient 8, AO coupling coefficient C and AO interaction length L. The 

tuning process of AF-AOTF is based on the modulation of these three parameters. 

However, the on-line tuning of AO interaction length L is very difficult in real ap­

plications. Thus, the modulation AO interaction length L is possible only during 

the system design process and fabrication process to obtain some static performance 

such as broad bandwidth and relative high coupling efficiency. In most cases, once 

an AF-AOTF is fabricated, the AO interaction length L is fixed. The on-line tun­

ing parameter for AF-AOTF is the phase mismatch coefficient 8 and AO coupling 

coefficient C. Both 8 and C are determined by the acoustic field and optical field 

in the fiber shown in Appendix.A and Appendix.B. The AF-AOTF model (2.1) is 

for AF-AOTF based on coupler, it also available for the AF-AOTF based on other 

fiber structures such as single mode fiber and multi-mode fiber [58]. For those AF-

AOTF, the only difference is in the calculation of C and 8, the details can be found 

in Appendix.C. 
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2.3 State of the Art of AF-AOTF Technology 

Although the first AO device was experimentally demonstrated by Lucas in 1932, 

the first modern all-fiber acousto-optical filter was not proposed until 1986 by Kim. 

Since then, AF-AOTF technology has been developed for more than twenty years. 

The momentum pushing the AF-AOTFs is due to the needs of all-optical fiber 

components that have good compatibility with the fiber link used in optical com­

munication. Overview of this technology not only enables us to know its state of 

art, but more importantly, enable us to find the most promising niche technology 

which will narrow the technical gap and push this technology to the next generation 

all-optical dynamic optical communication. 

The earliest fiber based AO devices were developed in the middle of 1980s and used 

to realize the phase modulation and frequency shifting [52, 53, 54]. Actually, these 

fiber-based acousto-optical devices are the fiber-optic counterparts of the conven­

tional integrated AOTF. In these earlier fiber-optic AO devices, the electric power is 

used to generate some surface acoustic wave and bulk acoustic wave. The acoustic 

power is coupled into the fiber through some sandwich structure as shown in Fig. 

2.6. As it is free of the pigtails attenuation and crystal absorption, the device in­

sertion loss is reduced to a negligible value. However, these fiber-optic AO devices 

are quite inefficient on the utilization of electric power because of the low coupling 

efficiency and sideband suppression. Furthermore, their performance is strongly 

sensitive to the polarization. 

The first real all-fiber acousto-optical tunable filter (AF-AOTF) was proposed by 

Kim [55] in 1986. Its schematic is shown in Fig.2.7.1. In this filter, longitudinal 

wave propagating in the vertical direction is generated by a piezoelectric transducer 

(PZT) driven by radio frequency alternating signal. The power of this longitudinal 

wave is focused and coupled into the bare optical fiber through a taper shape horn 
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Figure 2.6: Schematic of two fiber-optic Acousto-optical devices. 

and propagates along the fiber in the form of flexural acoustic wave. This flexural 

acoustic wave introduces periodic micro bending along the fiber and results in the 

AO interaction when light passes through this piece of fiber. 

Kim's design greatly improves the performance of AF-AOTF in almost all aspects. 

It soon became the basic and standard structure of AF-AOTF. In the following 

decades, AO interaction was successively implemented on different kinds of fiber 

such as birefringent fiber, multi-mode fiber, two-mode fiber, single-mode fiber and 

photonic crystal fiber [54, 55, 57, 76, 77]. The same principle was also applied 

on fiber coupler, fiber taper, dispersion-enhanced fiber and etched fiber to further 

improve the performance or obtain some desired optical signal transmission control 

[56, 60, 76, 78, 75]. Moreover, innovation design of the accessory elements for AF-

AOTF such as acoustic transducer and mode selective components were continuously 

invented and developed [59, 73, 74, 79]. The schematic of some of these designs are 

shown in Fig. 2.7. 

With these research efforts, most traditional problems of a single-stage AF-AOTF 

such as weak coupling efficiency, bandwidth limitation and side ripple suppression 

are partially or fully solved. The static transmission performance of a single-stage 
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Figure 2.7: Schematics for several basic all-fiber acousto-optical tunable filter. 

AOTF is greatly improved. Current AF-AOTF can deliver not only notch transmis­

sion but also spike like bandpass transmissions [74]. The transmission bandwidth 

can be controlled in the range from one nanometer to several hundred nanometers. 

The driving power is reduced to the level of hundred milliwatts. These advance­

ments have shown that AF-AOTF has a great potential besides their basic merits in 

the wide tunable range and the good compatibility with fiber links. Considering any 

transmission can be formed by superposing notch or spike like passband transmis­

sions, AF-AOTF technology is recognized as one suitable candidate to implement 

optical tunable filter with complex transmission for the next generation all-optical 

network. 
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However, there are several factors that limits the AF-AOTF from being applied 

to achieve the optical signal processing functions required by all-optical networks. 

The first factor is that the notch transmission of single-stage AF-AOTF is limited 

with its isolation and bandwidth. The second but more important factor is the 

synchronization of several AF-AOTFs. This is because a desired complex trans­

mission is a composite of several notch transmissions. When it is required to tune, 

all participant notch transmissions must be tuned in a synchronous manner so that 

the complex transmission preserves its profile as designed. For this application, the 

implementation of a desired complex transmission requires more than one AO in­

teraction stages. So far, two traditional methods are developed for this application. 

One is to cascade several AF-AOTFs together and the other is to apply multiple 

RF signals on a single-stage AF-AOTF. As the both cases have the same feature, 

we refer to the superposition of several AO interactions as multi-stage AF-AOTF 

in the subsequential parts of the thesis. The notch transmission is a nonlinear func­

tion of the control variables of the AF-AOTF. Synchronizing AF-AOTF to maintain 

the complex transmission profile would need complicated calculation of the control 

variables at all wavelengths in the tuning range. It is almost impossible. The sit­

uation is even worse when more stages of AO interactions are required. Therefore, 

efficient synchronization control of all AF-AOTFs is the major challenge for AF-

AOTF to be used for all-optical network. The solutions of this second problem also 

provide remedy to overcome the first limitation factor in isolation and bandwidth 

of AF-AOTF. 

2.4 Tunability Measure of Multi-stage AF-AOTF 

In order to achieve an automatic synchronous control, a measure is needed to evalu­

ate the synchronization or the asynchronization. In this section, the synchronization 

control issue is addressed by the concept of the tunability of the complex trans-
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mission. For a clear illustration, we first study the implementation of a complex 

transmission by using multi-stage AF-AOTF. Through a typical application of de­

signing maximally flat bottom stopband transmission, we identify the key parameter 

controlling the transmission profile. Then, we analyze the factors contributing dis­

tortions to the designed transmission when it is tuning. Finally, a tunability measure 

is introduced. 

2.4.1 Implementation of Complex Transmission by Multi­

stage AF-AOTF 

To achieve complex transmission profile, several AO interactions are superposed to 

form a multi-stage AF-AOTF. This can be done by either cascading several AF-

AOTFs or applying several RF signals on a single AO interaction medium. Each 

AO interaction is controlled by one RF signal generator and used to generate a notch 

transmission at certain wavelength. The throughout transmission of the multi-stage 

AF-AOTF is the superposition of all notch transmissions. The transmission can be 

controlled to attain any shape through carefully adjusting the relative position of 

each notch transmission. According to model (2.1), the composite transmission of 

assembled AF-AOTFs is given by: 

GC(A) = J2 101°g (l - c^TslSin2 ( L V C ? + ^ ) ) (2-6) 

where Ci, L, and 5t denotes the AO coupling coefficient, AO interaction length and 

phase mismatch coefficient of ith AF-AOTF, respectively. The design of cascading 

AF-AOTFs to achieve a desired transmission can be described as one of choosing the 

5i, Ci and Li such that the composite transmission G(\) satisfies a desired complex 

transmission. 

Now we use the design of the maximally flat stopband transmission as an example 
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to show the design process of complex transmission. The reason of selecting such a 

transmission is due to the following considerations. On one hand, the maximally flat 

stopband filter is a fundamental filter in the optical communication system and opti­

cal signal processing. It is widely used in the many processes such as the Add/Drop 

modulation, equalization and filtering. On the other hand, the tunable flat stopband 

transmission can be used as an element spline function to approximate more com­

plex transmissions. Thus, the obtained result can be extended to the design of the 

filter with other complex transmissions. In addition, the maximally flat stopband 

transmission is a standard transmission. The deformation of the transmission is 

easy to be quantitatively analyzed. The measure found to evaluate the deformation 

is also suitable for complex transmission. 

The desired symmetric stopband transmission can be looked as the composition of 

two identical but shifted notch transmission. To keep the identity of these two notch 

spectra, the AO coupling coefficients and AO interaction length are set the same 

values. It can be expressed as C\ = C2 = C and Lx = L2 = L, respectively. For 

convenience of illustration, the following denotations are introduced: 

«, 4 i (2.7) 

"(A» = m (2-8) 
SiW - >)(*)-<*, (2.9) 

where A, denotes the acoustic wavelength along the bare fiber of i-th AF-AOTF. 

From (2.5), these two acoustic signals with wavelength A; satisfy following condition 

and generate two notch transmissions at the wavelengths A;. 

«i(Ai)=0, (« = l,2) (2.10) 

Using the result in [56], the function 7](X) in equation (2.8) can be approximated as 

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



2.4 Tunability Measure of Multi-stage AF-AOTF 31 

a linear function in the region of several nm. 

rj(Xc) = (cn + a 2 ) /2 (2.11) 

where Ac denotes the central wavelength of the composite stopband transmission. 

The first considered specification of the designed filter is the flatness. To determine 

CYi for i = 1,2, define that 

a(K) = 5i(Ac) - £2(AC) (2.12) 

where a(X) denotes the difference between the phase mismatch coefficients of these 

two AF-AOTFs while the center wavelength of composite transmission is A. In 

the later discussion, it is referred to the phase mismatching difference as a short 

denotation. It follows from the definitions of 5i(X) that <r(Ac) = c*2 — oi\. For 

the sake of simplicity, a(Xc) is denoted as a. Clearly, the design is independent 

of whether a2 > ot\ or a2 < a\. Thus, a is assumed to be positive without loss of 

generality. Substituting (2.12) into (2.6), the transmission of the filter is represented 

as 

A / C 2 s i n 2 ( V C 2 + fa(A) - a x ) 2 ) 
1 C2 + ( 7 7 ( A ) - a i )

2 

C2 sin2
 (L^/C2 + (77(A) - ai - <r)2) 

1 C2 + (r/(A) - a i - a)2 

For convenience of discussion, define that GC(A) = 10/o(?(F(A)). Then 

C2 sin2 (L VC 2 + (77(A) - « 0 2 ) 

' [ C2 + (77(A) - Q O 2 

(2.13) 

C2 sin2
 (L^/C2 + (77(A) - a i - a) 2) 

C2 + (77(A) - ai - a)2 (2.14) 
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In order to obtain the maximally flat stop-band optical filter, the j - th order deriva­

tives of the F(X) with respect to A should be zero at the center wavelength of the 

stop band for j == 1,2, ..n with n as large as possible. Assuming //(A) is a linear 

function and has constant first order derivative in a small optical wavelength range. 

dr}(\) = K 

d\ 
dif{\) 

d\n 0 n >= 2. (2.15) 

where K is a constant not equal to zero. This assumption is reasonable when the 

fiber diameter is far away from the critical point mentioned in [78]. 

dnF{\) dnF(V) Z(fy(A)\" 
d\n di]n \ d\ J 

_ ^mK" „ = 1,2. (2.16) 
drf ' 

Thus, the flatness of the stopband filter transmission can be more easily evaluated 

by the j - th order derivatives of F(rf) to rj instead the derivatives of the F(A) with 

respect to A. It is apparent that the transmission F(rj) exhibits a symmetrical to its 

value rjc — r](\c) = (ai 4- a2) /2. r\c denotes the reciprocal of the optical beatlength 

at the centerwavelength Ac. 

i - C 
2 

c2 + 
sin2 (LVC2 + xA 

= F(T]C + X) (2.17) 

Thus, all odd order derivatives of F(X) are zeros. Then, it is sufficient to start with 

the second order derivative of F(A). After simple calculations, the second order 
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derivative of F(X) at the center wavelength is obtained as 

d2F(\) 

drf(X) n(\:) 

- 1 2 8 C V 
(4C2 + a2)5 sin

2 Ul/C12 + 

L(4C2 + a2)cos f LWC*2 + x ) " 2v /4C2~+^2 sin ( L JC2 + ^ J 

16C2 

x ( - 8 C 2 + 6a2 + ( -6a 2 + Z,V + 8C2 + 4 C 2 L V ) c o s ( W 4 C 2 + a2)) 

64LC2 

(4C2 + a2)^ 
(2C2 + a2 + 2C2 cos(W4C2 + a2))(C2 - a2) 

x s in(W4C 2 + a2) (2.18) 

To obtain the maximally flat stopband filter, a is chosen to satisfy the following 

condition. 

= 0 (2.19) 
dif V=Vc 

Equation (2.19) involves transcendental functions. For any given values of C and 

L, its roots can be obtained numerically. However, only the smallest positive root 

of (2.19), denoted as (To, can be used to form a flat stopband. It is clearly that 

for any pairs of C and L, there is always an optimized <To to guarantee maximally 

flatness of the system transmission. The second order derivatives of the transmission 

for different C and L are plotted in Fig.2.8. Further examination shows that the 

stopband filter is actually third order maximally flat. Only for some special isolated 

value of C and L, it is possible that jna(\{ 

simultaneously. 

dn2W V=Vc 
0 and . i \{ 0 to hold 

V=Vc 
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Figure 2.8: Second order derivatives of the transmission F with respect to a. 

Substituting m = CL and /3 = oL into (2.18), gives 

d2F(X) 

dif(X) 7) (Ac 

128m4/32 . 2 / . / „ , (P 
———————sin' L\ ?n2 + T L2(4m2+/32)5 \ V 4 

x (4m2 +/i2)cos \ m2 + 

16m2 

/52 

- 2\/4?7i2 + /32sin I y m 2 + — 8* 

P(4rf + W (*"' + "" + *"' °" (^J+^)) 
x ( -8m 2 + 6/f + (-6/32 + /34 + 8m2 + 4m2/32) cos(v

/4m2 +/32)) 

64m2 

L2(4m2+/52)2 
r (2m 2 + f32 + 2m2cos(v

/4m2 + /?2))(m2 - /32) 

xsin(v/4m2+/32) (2.20) 

m indicates the maximum optical isolation of the notch transmission produced by 

each AF-AOTF. For any given value of m, o§L is constant. The relationship between 

OQL and CL is shown in Fig.2.9. 

The design rule of a mentioned above is based on the consideration of the flatness of 
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Figure 2.9: Relationship between a0L and CL for the maximally flat stopband filter. 

the overall transmission. However, there are some other performance requirements 

such as isolation, roll off factor and bandwidth on the overall transmission. These 

requirements must be considered in the design process of the filter. Thus, it is neces­

sary to discuss the optimization of C and L under the maximum flatness constraint 

(2.f9). Substituting r\ = ot\ + a/2 = a<i — a/2 into (2.13), the isolation of the stop-

band transmission, defined as the isolation of the filter at the centerwavelength Ac, 

can be expressed as 

G(XC) = -10log(F(Ac)) 

= -20 log 1 - C 
sin2 ( z V C 2 + a 2 /4) 

C2 + <r2/4 
(2.21) 

Let G(AC) = —10 log(Trf), where Id is the desired stopband isolation and Ij = 10(~^10) 

is the attenuation corresponding to jdB isolation. For any given value of CL, the 

required value of aL to achieve the desired isolation Id is a constant. It denoted as 
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crpL to distinguish with the OQL mentioned above. Denote 

x = <JL*C* + <r2L2/4; (2.22) 

Through (2.21), it can be obtained that 

sin (x) 1 — s/Li 

x* CM1 (2.23) 

(2.23) can be numerically solved. The optimized ap is 

apL = 2^x1-L2C2 (2.24) 

where XQ is he root of equation (2.23) for given CL. The required avL can be 

calculated for different CL. To simultaneously achieve maximally flat stopband and 

desired optical isolation, it is required that CTO = <JP- Thus, the optimal value of CL 

occurs at the cross point of a^L and apL as shown in Fig.2.10. 
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Figure 2.10: The optimized value of oL for the AF-AOTFs with different isolation. 
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Next the bandwidth of the designed optical tunable stopband filter is examined. 

It is usually evaluated by the width of the system spectral line (in frequency or 

wavelength) between the points where the filter transmission reaches the desired 

xdB isolation. The —xdB bandwidth of the designed optical filter is obtained as 

follows: By expanding F(\) to Taylor series at the centerwavelength of the filter 

and retaining the term lower than fourth order, it is obtained that: 

F(V) = F(vc) + 
dF(rj) 

4-
1 d3F{v) 

3! dif 

di] 

n=nc 

. . I d2F(rj) 
(v-VcY 

n=vc 
3 , 1 d4F(V) 

4! drf 
(v-vc)4 (2.25) 

V=Vc 

For the maximally flat stopband filter, the following equations are satisfied. 

dF(V) 

di) 

d?F(n) 

dif 

d?F{r)) 

dif 

n=nc 

n=ric 

v=nc 

0 

0 

0 (2.26) 

(2.25) is reduced to 

F(v) = F(Vc) + -
4! dr/4 (V ~ Vc)4 

V=Vc 

(2.27) 

Denote 

F(VX) 

F(Vc) 

h 

I, 

(2.28) 

(2.29) 
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where rjx denotes the value of?/ at the wavelength where the filter have xdB isolation. 

/ \ (1/4) 

4!(4 - h) 
d*F[r)) 

\ * ? 4 

+ Vc (2.30) 

V=*lc 

The —xdB bandwidth AA can be expressed as 

AA - ^ 
dX 

4!( /x- / j ) 

<*14 l n=n . 

d/4) 

+ ?/c 

TT\ 
(2.31) 

For stopband filter, another important index often used to evaluate the performance 

is the shape factor. Usually, the shape factor is defined as the desired —xdB band­

width over —3dB bandwidth 

Q 
AAX 

AA, 
(2.32) 

Substituting (2.31) into (2.32), the shape factor of the designed filter can be simply 

obtained as 

(1 /4) 

Q 

4 ! ( / x -
d*PM 

di)* 

Id) 

V=1c 

+ Vc 

(1/4) 
(2.33) 

4!(/3-/j) 
d4F M I + Vc 

For any required shape factor Qd, the fourth order derivative can be calculated as 

d4F(i]) 

dr]4 

n=nc 

QWs-id))xlA-mix-h))yA 

»fc(i - Q) 
(2.34) 
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The value of d
 d 4 can be calculated as 

dAF{\) 

drf(\) 
64C <2 

r((384C8L2 - a6(120 - 3 6 L V + L V ) 
,(AC) ( * * + * 2 ) 6 

- 32C6(-24 + 5 1 L V + L V ) - 16C"V(-96 + 5 1 L V + 2 L V ) 

+ C2(624CT4 + 4 8 L V - 10L4<x8))cos(W4C2 + a2) + 4(-48C6 

- 5 0 4 C V - 147CV - 24C4L2a4 - 32C*6L4a4 + 30a6 + 1 2 C 2 L V 

- 1 6 C 4 L V - 2 C 2 L V + 3C2(32C6L2 + 4 0 C V - 3a4 

+ 8C 4 ( -6 + LV2))cos(2Lv /4C2 + a2) - 2 W 4 C 2 + <r2(12a6 - L V 

+ 2CV 2 ( -135 + L V ) + 12C6(1 + 2 L V ) - C2a4(36 + 5Z,V)) 

s in(W4C 2 + a2) - 108C6W4C2 + a 2 s in(2W4C 2 + a2) 

+ 36C4La2 V4C2 + a2 sin(2L\/4C2 + a2))) (2.35) 

From (2.24), (2.12) and (2.34), the optimized values of er0, C and L can be calculated. 

The values of ot\ and a2 corresponding to a can be obtained as 

oc\ = ??(Ae) - -y and a2 = r?(Ac) + -£ (2.36) 

The design of AF-AOTF with maximally flat stopband transmission is summarized 

as follows. 
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Design scheme for AF-AOTF based maximally flat stopband transmission 

Step.l Calculate rjc, shape factor Q and optical isolation Ij of the desired 

optical filter. 

Step.2 Calculate the optimal phase mismatch difference CFQL for different 

value of CL under the flatness condition. 

Step.3 Calculate the required optimal phase mismatch difference apL for 

different value of CL to achieve desired stopband isolation. 

Step.4 Obtain the optimal value of isolation of each AF-AOTF m0 by solve 

the equation OQ = av or find the cross point in the Fig.2.10. 

Step.5 From (2.32) and (2.34) calculate the value of fourth order derivative 

—§4 at the centerwavelength Ac. 

Step.6 Obtain the optimal AO interaction length L and AO coupling co­

efficient C to achieve the desired bandwidth under the condition 

CL = m0. Next, calculate the corresponding phase mismatching 

difference a0 by solving equation (2.19). 

For the general case of using multi-stage AF-AOTF to implement the flat stopband 

filter, the design can be separated to several two-stage stopband filter design. Thus, 

for simplicity, we only consider the design of flat stopband transmission by using 

two AF-AOTF stages without loss of generality. To see the key parameters in the 

transmission design, we consider a numerical example of designing a maximally 

flat stopband filter with — bdB isolation. From (2.20), the optimal value of CL is 

0.883. The AO interaction length L is set from 10cm to 60cm with an increment 

of 10cm. The corresponding AO interaction length and required phase mismatch 

is calculated according to the design scheme mentioned above. The corresponding 

transmission is shown in Fig.2.11. It shows that the variation of the AO interaction 
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length L only changes the stopband bandwidth, when the isolation of the maximal 

flat stopband filter is fixed at —MB. Fig.2.12 shows the maximal flat stopband filter 
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Figure 2.11: Transmission of maximal flat stopband filters with different bandwidths 
but same transmission isolation of —MB . 

design for different transmission isolation of —MB, —lOdB and -1MB using the 

proposed design scheme. The corresponding optimal values of CL are 0.883, 1.1173 

and 1.250. In all of these three filter design, the AO interaction length L are set as 

60cm. The corresponding ao are numerically obtained as 3.0785, 2.2342 and 1.6453, 

respectively. 

From the design of maximally flat stopband filter, it is identified that the values of 

phase mismatch difference a, AO coupling coefficient C and AO interaction length L 

are solely determined by the parameters of the desired transmission such as flatness, 

isolation and bandwidth. In the same time, if the value of CT, C and L are given, 

the composite transmission is also solely determined. 
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Figure 2.12: Transmission of maximal flat stopband filters with different transmis­
sion isolations. 

2.4.2 Tunability of Multiple-Stage AF-AOTF. 

So the parameters that determine the transmission profile have been discussed. 

Next, we analyze how they change when the obtained complex transmission is tuned 

from one position to another position along the optical axis. It is well known that 

the notch profile of single-stage AF-AOTF can be controlled electronically by the 

frequency and the amplitude of its driving RF signal. The details of the relation­

ship between the notch profile and the control variables can be found in Appendix.C. 

Then, the realization of tunable complex transmission looks quite simple: simulta­

neously tuning all single-stage AF-AOTFs in the same manners. 

In the tuning process of multi-stage AF-AOTF, however, the unwanted transmission 

distortion will occur if no special treatment is taken. The cause of this distortion 

primarily comes from the following aspects: 

/ First of all, as shown in equation (2.5), the notch transmission profile of AF-

AOTF depends on the mismatch of two major characteristic parameters: the 

optical mode beatlength and the acoustic wavelength. These two parameters 
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are determined by a number of complicated factors such as applied RF signal 

frequency, fiber composition, fiber dimensions, fiber optical characteristic and 

PZT acoustic property (e.g. mechanical impedance). The dependence of a notch 

transmission on the control variables of an AF-AOTF is a multi-variable non­

linear function. Since the complex transmission of a multi-stage of AF-AOTF 

is actually the composition of all notch transmissions, the synchronization of all 

AF-AOTFs to maintain the desired composite transmission during the tuning 

process requires solving nonlinear equations for any wavelength in the tuning 

range. This is quite difficult to be implemented in practice. 

/ The second cause of the overall transmission deformation is the nonlinearity 

in the PZT acoustic response. The PZT has unequal response with respect 

to the driving RF signal frequency. When the transmission is tuned from one 

wavelength to another, the frequencies of each driving RF signals are changed. 

However, the acoustic amplitudes of different acoustic frequency elements vary 

not in the same manners. Some notch transmissions are enhanced while the 

others are weakened. As a result, the overall transmission will be distorted. 

/ Finally, due to the fabrication and manufacturing accuracy, the acoustic and 

optical properties of different AF-AOTFs are not identical. As a result, the 

variations of the notch transmission of different AF-AOTFs with respect to the 

optical wavelength are not identical as well. 

Clearly, given a desired transmission, the design parameters depend on the position 

of the desired transmission. When the designed transmission is tuned to a new po­

sition, all the parameters need to be recalculated in order to maintain the desired 

transmission. However, due to the reasons mentioned above, the nonlinear manners 

in which the control variables of the AF-AOTFs affect the composite transmission 

make the recalculation time consuming. As a result, the time response performance 

of the optical filter is deteriorated. Furthermore, separately control each AF-AOTF 
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requires a lot of accessory control and measurement components such as electronic 

calculation modules and optical detectors, which are used to implement the synchro­

nization between different AF-AOTF in the system calibration and tuning process. 

These accessory components will make the whole system quite expensive. 

Therefore, in practice, one hopes that the desired transmission can be tuned in a 

simple and cost effective manner like this: The overall complex transmission is tuned 

by adding a simple increment to each adjustable parameter, just like operating a 

single-stage AF-AOTF. But the system transmission must maintain the same profile 

during the tuning process mentioned above. This gives rise to the tunability of the 

composite transmission, which defines the transmission distortions when the trans­

mission is tuned to a new wavelength through the simple tuning method mentioned 

above. 

2.4.3 Measure of the Tunability of Multi-stage AF-AOTF 

To achieve an automatic synchronization control, a measure is needed to evaluate the 

transmission distortion during the tuning process. For certain complex transmission, 

there are many choices of the tunability measure used to evaluate the transmission 

distortion, for example, the transmission distortion of the bandstop or bandpass 

filter can be evaluated by the ripple or the bandwidth. However, if multi-stage 

AF-AOTF is used to deliver some other transmissions such as the enhanced notch 

profile, ripple and bandwidth are obviously inefficient. Therefore, the measure of the 

tunability must be chosen from the general parameters in the model of multi-stage 

AF-AOTF. 

As shown in Section 2.4.1, the composite transmission is solely determined by the 

phase mismatching difference a, AO coupling coefficient C and AO interaction length 

L. Since L is usually fixed for AF-AOTF and C is mainly used to control the isolation 
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of the notch, the tunability of the composite transmission can be reasonably assessed 

by the sensitivity of the phase-mismatch difference a with respect to the control 

variables of AF-AOTF. 

Without loss of generality, we assume that the phase-mismatch difference at the 

central wavelength Ac is chosen exactly as the optimal phase-mismatch difference as 

in the design of the maximally flat stopband transmission shown in Section 2.4.1, 

that is, a(X'c) = a0. Denote the phase-mismatch difference obtained at the new 

wavelength \'c as v{\'c). Then, we evaluate a phase-mismatch error Aa defined by 

Aff t <7(A'C) - a(Xc) 

= <r(K)-*o (2-37) 

The value of CTO is determined by the requirement on the complex transmission. For 

a given transmission, the optimized value <r0 is independent of wavelength where 

the filter is operating. During the whole tuning process, a0 should be a constant in 

order to obtain the desired transmission. For example, during the design process of 

the tunable maximally flat bandstop transmission shown in Section 2.4.1, the value 

of <7o in (2.19) and ap in (2.24) are only determined by AO coupling efficiency and 

AO interaction length. As long as the phase mismatch difference takes this value, 

a flat stopband transmission is obtained regardless of where the central wavelength 

of the stopband is. 

The reasons for using A<r as the tunability measure of AF-AOTF transmission 

deformation are summarized as follows 

• Phase mismatch error is suitable to quantitatively evaluate the tunability of 

multi-stage AF-AOTF with any transmission profile, either the bandstop filter 

or bandpass filter, either the notch filter or the EDFA gain equalization filter. 
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• The definition of phase mismatch error is independent of the control variables 

and the tuning mechanisms of the multi-stage AF-AOTF. No matter the tun­

ing process of the filter is implemented through the control of the driving RF 

signal or the control of the strain in the fiber, phase mismatch error can always 

quantitively evaluate the tunability of the system. 

• The relationship between the overall transmission deformation and the phase 

mismatch error is solely determined. 

• Phase mismatch error has high sensitivity to the system overall transmission 

deformation. 

• Phase mismatch error is independent of the AO interaction medium and the 

structure of AF-AOTF. No matter the AF-AOTFs are fabricated from single 

mode fiber, multi-mode fiber or fiber coupler structure, the definition of phase 

mismatch is same. 

• The calculation of the phase mismatch error is simple. 

2.5 Conclusion 

Multi-stage AF-AOTF is used to provide tunable complex transmission required by 

all-optical networks. But the obtained complex transmission is a composition of all 

notch transmissions, each of whom is introduced by one AO interaction stage. The 

tuning of this composite transmission is implemented by simultaneously controlling 

all AO interaction stages. However, due to the nonlinearity in the system operation 

process and manufacturing limitation, the complex transmission is distorted when 

it is being tuned. It results in unwanted system performance degradation. This 

chapter addresses the tunability of the composite transmission, which represents 
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the distortion of the composite transmission being tuned. A quantitative measure 

of the tunability is well defined for the first time. 
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Chapter 3 

Tunability Improvement of 

Multi-stage AF-AOTF by Strain 

Control 

3.1 Introduction 

Multi-stage AF-AOTF has become a promising means to provide tunable complex 

transmissions. By integrating several AO interaction stages together, the obtained 

complex transmission is a composition of several notch transmissions. However, as 

shown in last chapter, the nonlinear dependence of the notch transmission on the 

control variables of AF-AOTF creates a difficulty in synchronizing all AO interac­

tions to maintain the desired composite transmission while it is being tuned over 

a wide wavelength range. The distortions resulting from the nonlinearity become 

more serious when the tapered fiber is used to enhance the acousto-optical coupling 

efficiency [80, 81, 82]. 

In this chapter, we systematically develop a strain control scheme to improve the 
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tunability of the complex transmission produced by multi-stage AF-AOTF. Firstly 

in Section 3.2, we studied the strain effect on the tunability of the composite trans­

mission by using traditional cascading AF-AOTFs subject to frequency difference 

control. It is shown in theory for the first time that by applying high axial strain on 

each AO fiber in the cascading AF-AOTFs, the tunability of the resultant composite 

transmission can be enhanced. For the sake of clarity, the proof is first derived by 

considering the use of two AF-AOTFs to design an optical filter with a composite 

flat-stopband transmission. In this case, the flatness of the composite transmission 

can be used to visually describe the transmission profile distortions due to the asyn­

chronous tuning of AF-AOTFs. Through detailed mathematical derivations, the 

transmission profile distortion is proven to be a decreasing function of the strain, 

which in turn draws the derived conclusion. When more AF-AOTFs are cascaded, 

the tunability can be defined as an absolute sum of all differences between the phase 

mismatching coefficients of two adjacent component AF-AOTFs. Thus, the conclu­

sion is still valid for the general case where more AF-AOTFs are cascaded to form 

a complex transmission. At the last of this section, simulation results of the max­

imally flat bandstop transmissions by a two-stage and a four-stage AF-AOTF are 

reported to verify the theoretical conclusion. 

Secondly in Section 3.3, the strain difference control scheme is developed to improve 

the tunability. In this scheme, the desired overall transmission is realized by applying 

different but constant strain on the fiber in each AO interactions in multi-stage AF-

AOTF. Unlike the frequency difference control scheme, the acoustic frequency is 

only used to change the position of the whole composite transmission profile. The 

tunability of the multi-stage AF-AOTF subject to the proposed scheme is evaluated 

and compared with those subject to the frequency difference control scheme for the 

same application case. It is shown analytically that the composite transmission 

obtained by the strain difference control scheme can be maintained better than 

those obtained by the frequency difference control schemes. To verify the theoretical 
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analysis, simulation and experimental studies are done based on a two stage AF-

AOTF to deliver the maximally flat stopband transmission. 

3.2 Tunability Improvement by Incorporating Strain 

Control with Frequency Difference Control Scheme 

In the traditional multi-stage AF-AOTF design, all AO interactions are driven by 

the RF signals with different frequencies to superpose the desired complex trans­

mission profile. During the tuning process of the composite complex transmission, 

the frequencies of the driving RF signals of all AF-AOTFs are equally increased or 

decreased to shift the composite transmission profile along the optical wavelength. 

This operation has taken into account of the conveniences of tuning multi-stage 

AF-AOTF in practice. 

To see the strain control principle, the dependence of the composite transmission on 

an axial strain is derived first. Without loss of generality, we consider the use of two 

stages of AF-AOTFs to implement a tunable flat-stopband transmission. The reason 

of using such a transmission is the same as that shown in Section 2.4.1 because 

any composite transmission can always be expressed as weighted summation of 

several flat stopband transmissions. When more AF-AOTFs are integrated together, 

the tunability can be defined as an absolute sum of all differences between the 

phase mismatching coefficients of two adjacent component AF-AOTFs. Thus, the 

conclusion is still valid for the general case where more AF-AOTFs are cascaded to 

form any complex transmission. 
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3.2.1 Transmission of Two-stage AF-AOTFs Subject to Fre­

quency Difference Control With Strain Control 

In this case, the transmission of the multi-stage AF-AOTF is expressed by the model 

obtained in (2.6) and (A.12). The design problem of using AF-AOTF to implement a 

composite transmission profile can be described as choosing appropriate parameters, 

including /,- and st, so that the resultant composite transmission profile has the 

required shape. The tunability of the composite transmission profile can thus be 

assessed by analyzing the sensitivity of the transmission profile with respect to the 

design parameters. 

Here, the value of C is obtained by assuming that employed PZTs can provide 

enough high and stable AO coupling efficiency. This assumption is reasonable when 

the required isolation of the filter is in a range of relative small values. All AF-

AOTFs are assumed to be made from same type of fiber. To build the desired 

stopband transmission profile, the two AF-AOTFs are fabricated with the same AO 

lengths and the same AO coefficients, i.e. L\ = L2 = L and C\ = C2 = C without 

loss of generality. For the sake of simplicity, the axial strain on these AF-AOTFs 

are assumed to be the same, i.e. Si = s2 = s. Substituting (A.12) and (2.7) into 

(2.12) gives 

a = a2 — OL\ 

^ / 2 ^ A 

\J\Js2 + 4j^£r + ~sC^ V V s 2 + ̂ 1? + ~sCext 

Substituting (A. 12) into (2.36), the corresponding acoustic frequencies / i and f2 are 

/i(<T0>Ac) = Cext fa(Ac) - f ) yjs + ;r2r2 (r,(Ac) - f )2 

/ a K Ac) Cext (r/(Ac) + a ) yfs + TTV2 (r/(Ac) + f )2 
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With these RF frequencies, the cascading AF-AOTFs forms an optical filter that 

has the desired stopband transmission profile with the center wavelength of Ac. The 

tuning process of the traditional frequency difference control scheme is implemented 

simply as shifting the central wavelength of the transmission from wavelength Ac to 

other wavelength position A'c by adding an identical increment A / to both / i and 

/2 , while the strain s maintained unchanged. 

3.2.2 Tunability of Multi-stage AF-AOTF Subject to Fre­

quency Difference Control and Strain Control 

At the position where the maximum stopband transmission profile is initially de­

signed, the phase mismatching difference is chosen exactly as the optimal phase 

mismatch difference, that is, <r(Ac) = o§. In order to maintain the desired trans­

mission at other wavelength, the required value of the phase mismatch difference 

should be <7o as well. 

However, the value of a shifts away from its optimal value ao when the compos­

ite transmission shifts from Ac to Ac. The transmission profile at the Ac results 

from tuning the system transmission designed at Ac by maintaining a constant RF 

frequency difference A/(<TO, AC). 

Denote the phase mismatch difference obtained at the new wavelength Ac as (r(X'c). 

Then, the frequency difference control scheme specifies 

fMK), X'c) - /2(<r(A'c), Â ) = A/(a0 , Ac) = h(a0, Ac) - f2(a0, Ac). (3.3) 

Equation (3.2) shows that in order to obtain a phase mismatching difference a(X'c) at 

wavelength Ac, two RF frequencies /i(cr(A'c), A'c) and /2(cr(A'c), A'c) shall take values 
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given by 

fi(o(K),K) = c^ (v(K) - ^ ) Js + *2r> UK) - ^ ) 2 

V ' V/ i ~ (3.4) 
/2(CT(A'C), X'c) Cext (r,(\'c) + 2 ^ i ) yjs + i rV (*K>0 + ^ ) 

Substituting (3.2) and (3.4) into (3.3) and re-arranging terms, the phase mismatch 

error ACT defined in (2.37) can be expressed as 

ACT 

\ — s + \ s2 + 4n2r2 (v\/s + ir2r2v2 + uy/s + 7r2r2tt2 — t/>"\/-s + fl"2?"2^'2) 

V2AT 

- r (3.5) 

where 

i> 

u -

V = 

T = 

»(AC) - f 
= ?/(Ac) + f 

= «-f 
= y(K) + °i 

Clearly, the phase mismatch error ACT, representing the transmission profile distor­

tions, is determined by the axial strain s. As shown in following parts of this section, 

ACT has the following properties. 
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Proper ty . 1 

if /; is increasing function with respect to optical wavelength A, 

{ ACT > 0 if Ac > A' 
{ (3.6) 
{ ACT < 0 if Ac < A'c 

if 7) is decreasing function with respect to optical wavelength A, 

ACT < 0 if Ac > A' 
(3.7) 

ACT > 0 if Ac < A'c 

Property.2 

|ACT| is a decreasing function of s. (3.8) 

Therefore, it can be concluded that the tunability of a composite transmission profile 

resulted from cascading AF-AOTFs can be improved by applying axial strain s on 

the AO fibers. This conclusion can be extended to a general case where more AF-

AOTF stages are cascaded to form a composite transmission profile. In this case, it 

suffices to define a phase-mismatch error as follows: 

ACT = X > ' - ( X ) - * ( A C ) | (3.9) 

where n denotes the number of cascaded AF-AOTFs and CT{(A) denotes the difference 

between the phase mismatch coefficients of the zth and i + l t h AF-AOTF. The central 

wavelength of the composite transmission is located at A. 

3.2.3 Proof of Property. 1 in (3.6) and (3.7) 

Before proving the main result, several useful inequalities that can be easily verified 

are presented first. For any real numbers x, y and s such that s >= 0 and x > y, 
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the following inequalities are satisfied: 

x2 

s + Vs* + x2 

xy/s2 + x2 

X2 

V? + x2 

A
A

A
 

y2 

s + y/s2 + y2 

yy/s2 + y2 

y2 

y/s2 + xf 

(3.10) 

(3.11) 

(3.12) 

:Vs + ir2r2x2 - (x - A) y/s + -K2r2{x - A)2 

> yy/s + 7r2r2y2 - (y - A) y/s + n2r2(y - A)2 

f o r 2 x > A > 0 (3.13) 

.TV's + ir2r2x2 — (a; — A ) y s + 7r2r2(.x — A)2 

< yy/s + n2r2y2 - (y - A)y/s + n2r2(y - A)2 

for A < 0 (3.14) 

The sign of ACT is examined. For easy reference, the expression of ACT is rewrote as 

follows: 

\ —s + \ i s 2 + 4n2r2 (vy/s + ir2r2v2 + uy/s + n2r2u2 — ipyfs + n2r2xl)2 J 

ACT = -l p 
V27rr 

- r (3.15) 
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where 

1> 

u -

V = 

r = 

viK) - f 
= »KAe) + f 

= viK)-ai 
- v(K) + % 

(3.16) 

(3.17) 

(3.18) 

(3.19) 

The sign of ACT can be evaluated through examining the sign of \Z2irrAcr. It can 

clearly be expressed as \/2nrAa = A — B, where A and B are defined as 

A = \ —s + \ s2 + 4n2r2 (v\/s + ir2r2v2 + uVs + ir2r2u2 - ipy/s + n2r2ip2) 

(3.20) 

B = \FI-KTT (3.21) 

Thus, the sign of ACT can be judged by comparing A2 and B2. Using the definitions 

of A and B, it is readily to see that 

47r2r2 (v\/s + ir2r2v2 + u\/s + ir2r2u2 — ifr^Js + 7r2r2^2) 

s + \ s2 + 4n2r2 (v\/s + n2r2v2 4- u\Js + n2r2u2 — i^y/s + 7r2r2^2) 

( 2nr(vVs + n2r2v2 + uy/s + ir2r2u2 — tpy/s + n2r2ip2) J 

s + \ Is2 + (2nr(vy/s + n2r2v2 + u\/s + 7r2r2u2 — ^-^s + -n2r2ij;2) j 

(3.22) 
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B2 = (\/27rrr)2 

2n2r2T2(s + y/s2 + 47rVr2(s + 7r2r27 

s + \/s2 + 4ir2r2T2(s + n2r2T2) 

27r2rV(s + v/(-s + 27r2r2r2)2) 

s + \/s2 + 4TT2r2T2(s + ir2r2T2) 

4n2r2T2(s + ir2r2T2) 

s + yjs2 + 4n2r2T2(s + it2r2T2) 

(2irrry/s + TT2r2T2)2 

- 2 ) ) 

Js2 + (2irrT\/s + 7r2r2r2)2 
(3.23) 

To proceed, Ar? is defined as A77 = r/(Ac) - r/(Ac). From (3.16)-(3.19), it is immedi­

ately obtained that 

An = v - xj) = r - u (3.24) 

Then 

27rr ( vvs + n2r2v2 + uvs + n2r2u2 — ipys + ir2r2ip2 — TVS 4- n2r2T2) 

= 2nr ((vvs -\- n2r2v2 - ip\/s + TT2r2tp2) — (TVS + n2r2T2 — uVs + n2r2u2) j 

= 2nr(vVs + 7r2r2v2 — (v — Arj)\/s + n2r2(v — An)2) 

-2irr(T\/s + 7T2r2r2 - (r - An)y/s + n2r2(r - An)2) (3.25) 

Noted that 77(A) is an increasing function of A, for example, [55] for strong etched 

fiber based AF-AOTF. Thus, it is can be derived that when Ac > A'c, Ar; < 0. As 

cr0 is always positive, r > v. Applying (3.14) on (3.25) gives 

2?rr I vvs + ir2r2v2 + uvs + ir2r2u2 — ipy's + 7r2r2^2) > 2nrr\/s + n2r2r2 (3.26) 

Therefore, A2 > B2 can be concluded using the inequality in (3.10), which in turn 
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concludes that 

ACT > 0, if A, > Ac (3.27) 

When Ac < A'., A?; is positive. On the other hand, r + u > 0 gives r — u < 2r, and 

in turn, An < 2r. Using the fact v < r and applying inequality (3.13) on (3.25), 

the following equation is deduced. 

27rr (vVs + Tr2r2v2 + uV.s + n2r2u2 — ip\/s + n2r2ip2 J < 2nrrVs + 7r2r2r2 (3.28) 

Again, it follows from (3.10) that 

47r2r2 ( i V s + n2r2v2 + u\/s + %2r2u2 - tpy/s + ir2r2^2) 

s + \ J s2 + 47r2r2 ( v\/s + n2r2v2 + u \ / i + -n2r2u2 — tpy/s + -K2r2ip21 

(27rrry/g + 7r2r2r2)2
 2 Q 

5 + J « 2 + (2nrT\/s + n2r2T2)2 

Thus, the following conclusion can be drawn that when Ac < Ac, 

ACT < 0. (3.30) 

Through similar derivation, the conclusion of (3.7) for the case ?/(A) is an decreasing 

function of A can be simply proved. 
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3.2.4 Proof of Property 2 in (3.8) 

To prove the conclusion, the following denotations are introduced: 

f(s) = \Is2 + 47r2r2 (vVs + Tr2r2v2 + v\s + -K2r2v2 — tjjyjs + n2r2ip2 1 

-s (3.31) 

h(s) = vVs + Tx2r2v2 + vyjs + ?r2rV2 - -ip^/s + 7r2r2^2 (3.32) 

It is clear that Aa and / ( s ) have the same monotonicity respect to s. Thus, it suffices 

to prove that f(s) is a decreasing function of s. To this end, the first derivative of 

f(s) is evaluated. After some simple calculations, the derivative is obtained by 

df(s) = s + 4n2r2h(s)h(s)' - yjs2 + Av2r2h(s)2 

ds ' v/.s2 + 4TT2r2h(s)2 

where h(s)' denotes the first derivative with respect to s. On the other hand, a new 

function g(v) is defined as follows: 

g(v) = An2r2h(s)h(s)'2 + 2h(s)'s - h{s) (3.34) 

where h(s) is given in (3.32). Next, proof of g(v) < 0 for all s >= 0 is presented. The 

proof is divided into two cases where Ac > A'c and Ac < X'c are assumed respectively. 

The case where Ac > A'c is considered first. The first derivative of g(v) is calculated 
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as 

dg(v) ( / v2 \ v t u ip 
irr v s' + v2 + ' dv V y/s' + v2J \\/s' + v2 vV + u2 y/s' + ip2 

+2irr ( vvV + v2 + uVs' + v? — ip\fs' + ip2) 

' " U2 tp2 \ ( 1 V2 

I 

( 1 V2 \ V2 

+1rrs'[ ,-. * - , , . ,wo,.» ~ ^ v / ^ T ^ - ,- = (3.35) ^VTTv^ (s1 + v2)(s/2) J " y/TTv2 

where s' is used to denote ^ for convenience of presentation. 

Since OQ > 0, it is immediately obtained from (3.16) and (3.17) that u > ip, based 

on which the following relations are obtained: 

uVs' + u2 > ii<y/s' + i>2 (3.36) 

«a ih2 

> - I (3.37) 
vV + U2 y/s' + Ip 

Thus, the expression %L in (3.35) can be reduced by eliminating those items about 

u and ip. This results in 

Gggg+jjgV 
—:— > nr- ; 5 Y 2nrv 

dv s' + v2 

1 V2 

+nrs 

(-1 t ) 

JTTv2 (s' + v2)(3/2) 

1 
Vs' + v2 (s' 

- irrVs' + v2 

v2 

+ v2f3/2) 

v2 

-*r-j—i (3-38) 
vV + v2 

By expressing the last second item nr^/s' + v2 as nry/s' + v2 = wr J +" i , it can be 

easily verified that the right hand side of the inequality in (3.38) is zero. Thus, g(v) 

is monotonously increase function of v. If Ac > Â ., then v < ip by (3.16) and (3.18), 

and as a result, g(v) < g(ip) = 0 for all s > 0. Using this result, it can be readily 
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verified that 

s + 4TT2r2h(s)h(s)' < ^ s2 + Az2r2h{s)2 

«• 5 + A^2r2h{s)h{s)' - ^s2 + 4n2r2h(s)2 < 0 

Compared to (3.33), it is immediately concluded that 

^ < 0 (3.39) 

as 

Therefore, f(s) is a decreasing function of s, so is A. 

Now, the second case where Ac < A' is considered. In this case, v > ip- Thus, 

g(v) > g(ip) = 0. As a result, £ > 0 and f(s) is an increasing function of s. 

However, when Ac > Ac, the phase mismatching error Aa is negative. Therefore, 

| Aa| is still a decreasing function of s. 

3.2.5 Simulation Studies 

In this section, simulation studies are conducted to verify the theoretical analysis in 

the previous section. We consider an optical tunable filter constructed by cascading 

two single notch AF-AOTFs as shown in Fig.2.1. The two cascading AF-AOTFs are 

assumed to have the same parameters including the AO coupling coefficients, the 

AO lengths and the cladding diameters of the fibers. These parameters are chosen 

as C\ = C2 = 20, L\ = L-i = 50mm and r\ = r-i = 5/xm. The choices of these 

parameters are used as those obtained from the experimental results in [56, 82]. In 

the simulation, two scenarios are considered. In the first scenario, the performance 

of the designed filter is investigated when the transmission profile is designed at 

Ac = 1705nm and tuned to Ac = 1005nm, while the second scenario considers the 

transmission profile designed at Ac = 1005n?n and tuned to A'c = 1705n?n. In each 
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scenario, the performance of the designed filter in the presence and in the absence 

of the axial strains, i.e., s = 0.01 and s = 0, are compared respectively. 

3.1.1: Designed at Ac = 1705nm with 
s = 0 

3.1.2: Transmission profile in Fig.3.1.1 
tuned to A' = 1005mn 

3.1.3: Designed at Ac = 1705nm with 
s = 0.01 

3.1.4: Transmission profile in Fig.3.1.3 
tuned to A' = 1005nm 

Figure 3.f: Composite transmission profile of a two-stage cascading structure AF-
AOTF (designed at 1705nm). 

Maximum flat stopband transmission with FWHM 23nm is achieved with the op­

timal phase-mismatch difference obtained at <70 = 32.26m. Fig.3.1 shows the sim­

ulation results of the first scenario. Fig.3.1.1 and Fig.3.1.3 show the composite 
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flat-stopband transmission profile designed at Ac = I705nm in the presence and 

absence of axial strain, respectively. The corresponding transmission spectra after 

being tuned to X'c = 1005nm are shown respectively in Fig.3.1.2 and Fig.3.1.3. 

Clearly, the composite flat-stopband transmissions in both cases are distorted when 

they are tuned away from the designed position. Since n in this simulation case 

— — r " ^ j ! i X > J \ t • . • -

: \ "*: : f 
"""":" r~T" T '""• / ' T 

\ \ \ 
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3.2.1: designed at Ac = 1005nm with 
s = 0 

3.2.2: Transmission profile in Fig.3.2.1 
tuned to A' = 1705nm 

3.2.3: Designed at Ac = 1005nm with 
s = 0.01 

3.2.4: Transmission profile in Fig.3.2.3 
tuned to A' = 1705rem 

Figure 3.2: Composite transmission profile of a two-stage cascading structure AF-
AOTF (designed at 1005nm). 

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



3.2 Tunability Improvement by Incorporating Strain Control with Frequency 
Difference Control Scheme 64 

is considered as an increasing function with respect to A [55], ACT > 0 when the 

central wavelength decreases. The bottoms of the transmission profile form a hump 

in the middle of the stopband. This results from the two notches moving away from 

each other when the transmission is being tuned away from the designed position. 

Clearly, the distortion in the tuned transmission is less for the case with high axial 

strain. This agrees with the theoretical analysis above. 

The simulation results of the second scenario are summarized in Fig.3.2. In this 

case, the flat transmission is designed at Ac = 1005????? and the performance is 

examined by tuning the transmission to the wavelength A'c = 1705m??. Similarly, 

the transmission initially designed at 1005nm with and without an axial strain are 

respectively shown in Fig.3.2.1 and Fig.3.2.3. The transmission profile after being 

tuned to A'c = 1705????? are shown in Fig.3.2.2 and Fig.3.2.4, respectively. 

Based on these figures, the same conclusion as in the first scenario can be drawn. 

In the present case, both tuned transmissions become much sharper towards the 

bottom than the composite flat-stopband transmission profile as designed. This is 

because n is an increasing function [56] with respect to A, A<r < 0 when the central 

wavelength increases. Thus, the two notches approach closer to each other when 

the composite transmission is being tuned. All these curves again confirm that 

applying high axial strain in the fiber is capable of achieving better tunability of the 

composite transmission. 

Next, we consider cascading more AF-AOTFs to deliver a wider flat stopband trans­

mission with FWHM 36nm. In the simulation, four AF-AOTFs are cascaded. All 

AF-AOTFs are assumed to have the same parameters as the one used in the simu­

lations mentioned above. The flat transmission is designed with the central wave­

length Ac = 1705nm. To design this transmission, any adjacent two AF-AOTFs 

are designed to deliver a composite flat-stopband transmission with FWHM 18nm. 

The tunability of the complex transmission is examined by tuning the transmis-
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sion to a new central wavelength at Â  = 1005nm. Fig.3.3.1 and Fig.3.3.3 show 

the transmission profile designed with and without an axial strain, respectively. 

The transmission profile after tuned to Â, = 1005mn are shown in Fig.3.3.2 and 

IftM ttSS 
Oprcal wavelinjm mm 

id *• 

3.3.1: Designed at Ac = 1705nm with 
s = 0 

3.3.2: Transmission profile in Fig.3.3.1 
tuned to A' = 1005nm 
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3.3.3: Designed at Ac = 1705rem with 
s = 0.01 

3.3.4: Transmission profile in Fig.3.3.3 
tuned to A' = 1005rcm 

Figure 3.3: Composite transmission profile of a four-stage cascading structure AF-
AOTF (designed at 1705nm). 

Fig.3.3.4, respectively. Comparing the distorted transmissions in these figures, it is 

obvious that the complex transmissions resulting from axial strain suffer less dis­

tortion than those obtained without applying axial strain. This result justifies the 
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main conclusion of this chapter in the case where multiple AF-AOTFs are cascaded 

together to deliver a complex transmission. 

Acoustic Frequency (MHz) 

Figure 3.4: Effect of strain on the performance of flat-stopband transmission. 

Lastly, the filter performance with respect to the axial strain variation is inves­

tigated. To this end, a composite flat-stopband is designed at Ao = 1705nm by 

choosing s = 0.01, f\ = 3.919MHz and A / = 33913.3#z. The tunabihty of the 

filter is examined for three cases where the axial strain takes values of 0.01, 0.0105 

and 0.0095, respectively. This is equivalent to considering ±5% variations on the 

nominal strain. For each case, the composite flat-stopband is tuned by varying f\ 

every 0.039MHz from 3.919MHz down to 1.911 MHz. At each step during the 

tuning process, the tunabihty of the stopband is assessed by measuring the FWHM 

bandwidth and the central wavelength of the composite flat-stopband. The cor­

responding results are plotted as curves as shown in Fig.3.4. It is clear that the 

strain variations not only affect the FWHM bandwidth, but also cause a shift to 

the central wavelength of the composite flat-stopband. The bigger the strain, the 

smaller the changes in the FWHM bandwidth, and in turn the better the tunabihty. 

However, a bigger strain gives rise to a bigger shift to the central wavelength from 
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the desired position. This shift can be compensated by using a small value of j \ 

when the composite flat-stopband is designed at 1705ra«. 

3.3 Timability Improvement of Multi-stage AF-

AOTF by Using Strain Difference Control 

In early research of AF-AOTF, the notch transmission of a single-stage AF-AOTF 

is tuned by controlling the acoustic frequency. Thus, frequency difference control 

scheme is the only available method to implement the complex transmission by using 

multi-stage AF-AOTF. Recently, it was found that the axial strain applied on the 

AO interaction can also substantially used to change the center wavelength of the 

notch transmission of a single-stage AF-AOTF [83]. However, the strain control 

scheme is not widely employed in AF-AOTF technology in the following years. 

This is mainly because dynamically strain control is quite complicated and highly 

expensive in real applications compared with the conventional acoustic frequency 

control, which can be easily achieved through electronic means. But exploring the 

use fixed strain is still valuable in the AF-AOTF transmission profile design in some 

applications. 

In last section, the frequency difference control scheme of using multi-stage AF-

AOTF to deliver a complex transmission is presented and discussed. In that case, 

both the transmission formation and the transmission tuning are controlled through 

the RF signal frequency modulation. These two kinds of controls are coupled with 

each other. As a result, the transmission yielded by the frequency difference control 

suffers transmission distortions. 

In this section, a strain difference control scheme for the design of optical tunable 

filter with complex transmission profile is proposed. In this scheme, an optimized 
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and fixed strain difference, unlike the frequency difference used in the traditional 

design, is introduced to obtain the required phase mismatch and in turn form the 

complex transmission by using shifted notches. All AO interactions stages are driven 

by the same RF signal, which is used to tune the center wavelength of the trans­

mission. Through theoretical analysis, it is shown that the composite transmission 

profile obtained by the strain difference control scheme can be maintained better 

than those obtained by the frequency difference control scheme. 

3.3.1 Transmission of Multi-stage AF-AOTF Subject to Strain 

Difference Control 

To illustrate the strain difference control scheme, a two-stage maximally flat stop-

band filter design is used as an illustrative design example again for the same reasons 

as mentioned in the last section. As in the last section, we consider C\ = C<i = C and 

L\ = Li = L. The overall transmission profile of the system is determined by phase 

mismatch difference a, which indicates the relation between the different phase mis­

matching coefficients 5, of all AO interactions. For any 5i, the tunable parameters 

are the acoustic frequency fi and the strain s;. In conventional frequency differ­

ence control scheme, the desired phase mismatch difference a is obtained through 

introducing optimized frequency difference A / between ft. In the strain difference 

control scheme, the acoustic frequencies applied on all AO interaction stages are cho­

sen the same. The required phase mismatch difference a is achieved by applying the 

different axial strains in each piece of bare fiber responsible for the AO interactions. 

For a two-stage AF-AOTF, we take fi = /2 = / and s\ ^ s2- The center wavelength 

of the transmission is at Ac. Sj and s% are obtained by solving the equation a = ao 

where CTO is the desired phase mismatch difference. To implement a flat stop band 
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transmission, the required axial strains can be derived as 

S2(<TO,AC) = — 4 
4 C e I f ( ' ) ( A c ) + ^ 1 ) 

The strains S\ and s2 with values given in (3.40) are applied on two AO fibers 

respectively and they are fixed during the tuning process. As a result, the flat 

stopband transmission is obtained at wavelength Ac. In the strain difference control 

scheme tuning the transmission to a new wavelength position Ac is done very simply 

by adjusting the driving RF signal frequency / . 

3.3.2 Tunability of Multi-stage AF-AOTF Subject to Strain 

Difference Control 

The tunability of the transmission obtained by the strain difference control scheme 

is analyzed by examining the change of the phase mismatching difference error 

ACT. Since only the strain difference is of concern, the axial strain on the first AO 

interaction stage Si is chosen as the base strain and denoted as s in the rest part 

of this chapter. From (3.40), the strain difference between the two AO interaction 

stages shall be 

As(a0,\c) = S2(<T0,\C) -Si(a0,Xc) 

-277(ACK(16/2 + Clxt^r\al - 4r?2(Ae))
2) 

Clxt(al-^{\C)Y 
(3.41) 

According to the strain difference control scheme proposed in the last subsection, 

the strain difference As and base strain s are maintained as a constant during the 
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tuning process of the central wavelength from Xc to A ,̂, tha t is, 

As(Xc) = As(X'c) 

s(Xc) = s(X'c) (3.42) 

Thus , the phase mismatching error Acr defined in (2.37) is obtained as 

^ I A*K.v_i=A.r,..;u = * ~ A (3-43) I <\s(a'0,Xc)=As(o0,\c) 
27rry'sr1

2 - p + vVr 2
4 + (srf - p)2 

where 

r , /;(AC) - ^ (3.44) 

T2 = ??(AC) + ^ (3.45) 

r[ = V(K)-^ (3-46) 

r'2 = «(K) + J (3-47) 

p = TT2r2
V(Xc)a0(W(Xc)+a2

0) (3.48) 

p = 47r 2 r 27f(s + 7rV 27f) (3.49) 

Performing t he similar procedures as used in tunabil i ty analysis of the frequency 

difference control scheme in section 3.2.2, the corresponding phase mismatching 

error is 

Aa | A /K^)=A/( t r 0 ,A c ) = \Jif + r2
2 - T\ - T'2 (3.50) 

Compar ing equat ions (3.43) and (3.50), it has 

IA c r I As(<,x'c)=As(a0x) I < I A ^ U / K ^ ) = A / ( < 7 „ , A C ) | if « > 27rV?/(A c)a0 (3.51) 

This inequality shows theoretically tha t if proper strains are applied on the AO in-
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teractions, the composite transmission profile obtained by using the strain difference 

control scheme has a better tunability than that obtained by using the frequency 

difference control scheme. 

3.3.3 Proof of the Inequal i ty (3.51) 

For the sake of easy reference, a new denotation z = rjceo(<±ril + <7Q) is introduced. 

The phase mismatch errors Aa for the strain difference control and the frequency 

scheme can be expressed as 

y/2T2T'iy/s + 7r2r2r[2 

ST? - n2r2z + V^TTVTPCS + 7r2r27f)T4 + (sr2 - 7r2r2
2)2 

-T'2 (3.52) 

A<T|A/'=A/ = \JT? + 2i]ca0 - r2 (3.53) 

where As' = As(a'0,\'c), As = As(a0,Xc), A / ' = Af(cr'0,X'c) and A / = A/(«r0,Ac). 

In order to prove inequality (3.51), the following two equations are used: 

167rV4r2
4?/c

2ag + 167rVr2
4TfVo - 47r4r42r2

2(r1'
2 + 2nca0) 

= l^^rWA(r?-rl) (3.54) 

47r2r27f r4 - 4r27r2r2r2
2(r1

/2 + 2nca0) 

= 87r2r2r2
2r7ca0(r1'

2 - r2) (3.55) 

It shows that (3.54) and (3.55) have the same sign. If T[ = n(\'c) - ^ < n = 

rj(Xc) - f, it is clear from (3.54) and (3.55) that 

167r4r4r4r/2a2 + 167r4r4r4Tf r ^ o - 47r4r42r2(r(2 + 2r/ca0) < 0 (3.56) 

47r2r2r1'
2r4 - 4T27r2r2r2(7f + 2?/ca0) < 0 (3.57) 
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Similarly, if T[ = 1](\'C) - f > r, = T](XC) - f, it is clear from (3.54) and (3.55) that 

167TVT2
4?7C

2^ + l6n4r4T%T?r]c(7o - ^4T4ZT2{T^ + 2T/C<T0) > 0 (3.58) 

47r2r2r1'
2r2

4 - 4r27r2r2r2(rf + 2iho0) > 0 (3.59) 

Therefore, if s > 2n r nca0, we have 

s > 2n2r27]ca0 

l6n4r4T4ifca
2

0 + 16TT4r4T4T,2ilca0 ~ 47r4r4zr2(r1'
2 + 2>/ca0) 

4 7 r2 r2T /2 r4 _ 4T27 r2 r2T2( r /2 + 3^) ^°^ 

When r{ = r;(A'c) - f < n = ??(AC) - ^ , using (3.57), the above inequality is 

re-arranged as 

s{^2r2r'2r4 - 4r1Vr2r2
2(T{2 + 2nca0)) < 16n4 r4 T4

V
2
ca

2 + K>n4r4T4T?Vca0 

-47r4r4
2r2

2(r1'2 + 2Vca0) (3.61) 

From which, it follows that 

4n2r2T?(s + 7r2r2r1'
2)r4 + (sr2 - TTVZ) 2 < 27r2r2r2(r[2 + 2rjc<r0) 

+(ST2 - 7r2r22))2 (3.62) 

Following equations are deduced 

J^4n2r2T?(s + TT2r2T?)T% + (sr2 - n2r2z)2 - (ST2 - n2r2z) 

< s/2nrT2^T? + 2nca0 (3.63) 
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On the other hand, it follows from (3.52) that 

A ( T I A S « , A ' C ) = A S ( < 7 O , A C ) 

V2yr[y/s + TT2r2r[2 

- To 

y/srf - n2r2z + yj4n2r2T?(s + 7r2r27f)r2
4 + (srf - n2r2W 

y/2\J^fixWfis + 7r2r2r(2)r2
4 + (ST2 - T T W ) 2 - (ST2 - n2r2z) 

27rrr2
 2 

(3.64) 

Combining (3.53) and (3.63) gives 

A(J I As(a'0,\>c)=As(a„,\c) < \JT? + 2Vc<?Q ~ A = A ( 7 | A / « , A ' C ) = A / ( < 7 < , , A C ) (3-65) 

which confirms inequality (3.51). In a special case when an enhanced notch transmis­

sion is considered, o0 = 0, ACT |AS{<<X>C)=AS(<,.,\C) = °> a n d Aa | A / K X ) = A / ( ( 7 o i A c ) = 0. 

Therefore, the equality in (3.51) holds for s > 0. 

When r{ = rj(X'c) - <f > TX = rj(Xc) - f, using (3.59), the inequality (3.60) is 

re-arranged as 

S(47rV2r1'
2r2

4 - 4r1
27r2r2r2

2(rf + 2ilca0)) > l f c r V r ^ + l f o r V ^ ^ , , 

-47r4r42T2
2(7f + 2r?ca0) (3.66) 

With the similar derivation, following equation can be obtained 

Aa I AS«,A'C)=A^0 ,AC) > \IT? + 2%<TO - r^ = A<T| A / K ) V C )=A/K,A C ) (3.67) 

But at this time, A<r | A s K ; A 'C )=ASK,AC ) a n d ^ ( 7IA/«,A'C)=A/(^,AC) are negative. Thus, 
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the conclusion is drawn that when s > 2n2r2i]ca0l 

l A ( J \ As(a'0,\'c)=As(a0,\c) I ^ = \^\Af(a'0,\'c)=Af(a0,Xc)\- (3.68) 

3.3.4 Simulation Studies 

To see the above analysis more intuitively, we compare the tunability of the max­

imally flat stopband tunable filter respectively implemented by using the strain 

difference control scheme and the frequency difference control scheme in simulation, 

fn the first simulation, the stopband transmission is designed at the initial central 

wavelength Ac = 1500n?n and tuned to A^ = 1600nm. 

In the second simulation, the stopband transmission is designed at the central wave­

length Ac = I600mn and tuned to \c> = 1500nm in the opposite direction. The ap­

plied parameters C and L are chosen as 1.48 and 60cm, respectively. As discussed 

in the last section, the corresponding optimal phase mismatching difference a0 is 

3.0631026371. With those parameters, the minimum strain required in (3.51) is ob­

tained as 2ir2r2ri(\c)<T0 = 0.000337521 and 0.000258264 for maximally flat stopband 

designed at 1500nm and 1600nm, respectively. Thus, the strains on the fiber are 

controlled to s = 0.05 in the simulation. 

The stopband transmission is tuned from 1500nm to 1600ran. The corresponding 

transmissions of the strain difference control scheme are shown in Fig.3.5. Firstly 

the composite transmission profile is designed at Ac = 1500nra and maximally flat 

stop bands as specified are obtained via both the strain difference control and fre­

quency difference control. Fig.3.5.1 shows the stopband transmission designed at 

1500nm subject to strain difference control. Fig.3.5.3 shows the stopband trans­

mission designed at 1500nm subject to frequency difference control. Fig.3.5.2 and 

Fig.3.5.4 respectively show the results of the stopband transmission profile designed 
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by the strain difference control and frequency difference control being tuned to the 

central wavelengths at 1600mn. 

3.5.1: Stopband transmission profile de­
signed at Ac = 1500nm subject to strain 
difference control. 

3.5.2: Transmission profile in Fig.3.5.1 
tuned to A' = 1600nra. 

3.5.3: Stopband transmission profile de­
signed at Ac = 1500nm subject to fre­
quency difference control. 

3.5.4: Transmission profile in Fig.3.5.3 
tuned to A' = 1600nm. 

Figure 3.5: Composite transmission profile of two-stage AF-AOTF subject to strain 
difference control and frequency difference control (initially designed at 1500nm). 

Fig.3.6 shows the stopband transmission designed at 1600nm and tuned to I500r??n. 

Fig.3.6.1 and Fig.3.6.2 show the transmissions obtained by using strain difference 

control scheme. The corresponding transmissions by using the frequency difference 

control scheme are shown in Fig.3.6.3 and Fig.3.6.4, respectively. In both cases 

no matter, which direction is tuned to, the composite transmission distortions are 
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obviously suppressed by using the strain difference control scheme. These curves 

again confirm that the strain difference control scheme is capable of achieving better 

tunability of the composite transmission profile than the frequency difference control 

scheme. 

3.6.1: Stopband transmission profile de­
signed at Ac = 1600rcm subject to strain 
difference control. 

3.6.2: Transmission profile in Fig.3.6.1 
tuned to A' = 1500nm. 

3.6.3: Stopband transmission profile de­
signed at Ac = 1600raro subject to fre­
quency difference control. 

3.6.4: Transmission profile in Fig.3.6.3 
tuned to A' = 1500nm. 

Figure 3.6: Composite transmission profile of two-stage AF-AOTF subject to strain 
difference control and frequency difference control (initially designed at 1600?im). 
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3.3.5 PZT Nonlinearity Effect on the Transmission Defor­

mation 

In above discussion, we focused on the tuning mechanisms of multi-stage AF-AOTF 

while assuming that the all employed PZTs can provide strong AO coupling effi­

ciency. Under this assumption, we have C\ = Ci in the whole tuning range. But, 

this assumption is not always hold for the AF-AOTFs using un-etched single mode 

fiber due to the relative weak coupling between the fundamental mode and cladding 

mode. For this kind of AF-AOTF devices, the acoustic bandwidth limitation of 

PZT strongly affect the performance of AF-AOTF and necessary to be considered. 

In theory, the model of PZT is very complicated. It has many resonance frequencies 

and antiresonance frequencies. However, in the neighborhood of resonance frequency 

of main mode of vibration, a simple lumped element lossy circuit can be used to 

qualitative analysis the characteristics of PZT [84]. The corresponding AO coupling 

coefficient C in a small acoustic bandwidth near a resonance frequency of PZT is 

approximately described as 

V(f2 - F2? + f2k2 

k = JL (3.70) 

where L is the motional inductance, R is the motional resistance, V and F are 

the driving electric voltage and resonance frequency of the PZT respectively, r is 

the conversion ratio between the mechanical vibration amplitude and AO coupling 

coefficient. Substitute (3.69) into (2.1), the transmission of a single-stage AF-AOTF 
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by considering the nonlinearity of the PZT is obtained as 

G(X,f) 10 log ^ 

, TV/{A-K-) , 2 

101og(l- : ^ f e ~ 

smL V(/ 2-4+ /WM ( A J ) } 

1 0 1 ° g ( 1 r 2 ^ 2 + 167r' i (5
2(A,/)((/2-F2)2 + /2fc2) ) ( 3 ' 7 1 ) 

Thus, the transmission resulting from cascading several AF-AOTFs with considering 

the nonlinearity of all the PZTs are obtained by. 

G(XJuVi) = 10 log ( ft ( l - c ^ sin2 U s/cj + % 

( 

10 log 
.V / 

n 
v

= i
 v 

r2Vt
2 sin2 L (s/j0l^p^XJir) 

' ' W? + 16n45HKM(ff- F*)> + f?k*)"' ' 

In the above model, f{, Vj and F are the driven RF signal frequency, driving elec­

tric voltage and resonance frequency of the ith PZT. For the case of cascading two 

AF-AOTFs, the desired transmission G(X) can be implemented through carefully 

setting values of fi, fa, V\, V?,. But, the relationships between these design parame­

ters and the operating position of the filter are nonlinear. Hence, when the designed 

transmission is tuned to a new position by adding an identical increment A / to 

both / i and ji, the transmission will deviate from its initially designed shape. 

To build a flat stopband filter by two AF-AOTFs, the two AO coupling coefficients 
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must be kept matching. 

CAfuVi) = C2(f2,V2) = C (3.73) 

Apply (3.69) to (3.73), we can obtain that 

h = Cext(v(Xo) ~ f ) V
/ - 5 i + ^ 2 ( 7 ? ( A c ) - f ) 2 (3-74) 

h = Cext(ri(Xo) + f ) v / 5 2 + 7r2r2(7KAc) + f ) 2 

For the frequency difference control scheme with strain applied, it is set that S\ = s2. 

When the transmission shift to a new position by the tuning of the acoustic frequency 

to / i + A / and f2 + A / , we obtain the corresponding acoustic coupling coefficients 

denoted by C, are 

Q = TVy(47r2) 
1
 y/((fi+&ff--r2f-+(h+Af)Hi , _ v 

O2 = 
y/(f2~F2)2+f2k2y/((h+Af+^-F^^ + (h+Af+u)2k2 

The mismatch of AO coupling efficiency mismatch after and before transmission 

operating position shifting can be obtained by 

AC_ = T V ^ 2 ) (3.76) 
v / ( ( / 1 + A / ) 2 - F 2 ) 2 + (/1 + A / ) 2 F 

r^1/(47r2)v/((/1 + uf - F 2) 2 + (/1 + ^)2A;2 

v U 2 - n 2 + / i 2 ^ V ( ( / i + A / + v? - F2)2 + (/! + A / + */)2fc2 

where (̂  > 0 is the required frequency difference to generate the desired optimal 

phase mismatch. Obviously, when the composite transmission is shifted away from 

its initial design position along the wavelength, we have|ACSl=S2=5 | 7̂  0. This 

mismatch thus contributes transmission deformation. 
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For the case of strain difference control scheme, without loss of generality, we assume 

that «i = s. According to the strain difference control scheme, the applied RF signals 

on two AF-AOTFs have equal frequency. 

/ i = h (3-77) 

Thus, the optimized strain difference is 

And from the initialization condition (3.74), it can be easily derived that 

V, = V2 (3.79) 

Obviously, the corresponding amplitude mismatch after and before transmission 

operating position shifting is 

A C S I = S J S 2 = J S + A S = 0 (3.80) 

Thus we can conclude now that: the transmission distortion caused by the AO cou­

pling efficiency variation due to the PZT nonlinearity effect can also be suppressed 

by strain difference control scheme. 

To see the overall effect of the strain on the tunability of AF-AOTF, by considering 

both the phase mismatch and the PZT nonlinearity, simulation studies are conducted 

to verify the theoretical analysis. 

In the simulation,we choose the parameters respectively as C\ = C2 = 0.9327, L\ = 

L2 = Ira and F\ = F2 = 2.3084M/iz. The obtained transmission is well consistent 

with the experimental results. The performance of the designed filter is investigated 

when the transmission is designed at Ac = 1543nra and tuned to A'c = 1546nra. 
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We compare the performance of the designed filter subject to frequency difference 

control and subject to strain difference control. 

Fig. 3.7.1 shows the simulation results where the flat stopband transmission profile 

that is initially designed at the optical wavelength Ac = 1543nm and tuned to 

Ac = 1546nm subject to frequency difference control. The initial flat stopband 

transmission profile is implemented by setting the frequency of the RF signal of the 

second PZT lower by 0.0063Mhz than that of the first PZT. which has the value of 

2.3047Mhz. 

In the case of using strain difference control scheme, both two RF signals take the 

same frequency of / = 2.3047Mhz. The flatness of the stopband is guaranteed 

through the axial strain difference control with s\ = 0.01 and s2 = 0.01047. Fig. 

3.7.2 shows the corresponding transmission profile when the center wavelength shifts 

from 1543nm to 1546nm by tuning the RF signal frequency / . 

'%*0 1541 1542 1545 1544 '545 1546 1547 1548 1549 1550 

Wavelength (nm) 

3.7.1: Composite transmission 
profile deformation subject to fre­
quency difference control. 

' ' & Q 1541 1542 1543 1544 1545 1546 154? 1548 1549 1550 

Wavelength (nm) 

3.7.2: Composite transmis­
sion profile deformation subject to 
strain difference control. 

Figure 3.7: Composite spectral responses of a two-stage cascading AF-AOTF sub­
ject to frequency difference and strain difference control schemes with consideration 
of the PZT nonlinearity. 

From the simulation results, it is clear that compared with the frequency design 

scheme, strain difference control scheme can much more sufficiently suppress the 
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transmission deformations due to both the phase mismatch difference variation the 

PZT frequency response nonlinearity. 

3.3.6 Experimental Results 

This section reports experimental results of the tunability comparison of composite 

transmission obtained respectively by the strain difference control scheme and the 

frequency difference control scheme. To this end, the maximally flat stop band 

transmission is implemented by using different schemes with two AO interaction 

stages. 

First, a two-stage AF-AOTF subject to strain difference control scheme is consid­

ered. The AF-AOTF is fabricated using a 4m long standard SMF-28 single mode 

fiber. The two stripped sections are obtained with roughly the same length of 60c???. 

In the experiment, a C-band light source is used to provide a broadband light input 

to the filter. The transmission profile of the filter is observed by an optical spectrum 

analyzer (OSA). 

4 j 1 1 i i 

" f t t t 1541 1542 154} 1544 1545 1546 1547 154* 1549 1550 

Wavelength (nm) 

Figure 3.8: Composite transmission profile of two-stage AF-AOTF subject to strain 
difference control at the calibrated wavelength (Ac = 1543nm) 
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To obtain the maximally flat stop band transmission, the system is calibrated by 

the following procedures. Firstly, the RF frequency is tuned to 2.348A/Hz and am­

plitudes of the RF signal are maintained at 300mV\ In this case, OSA prompts two 

shifted notch spectra. Then, with the RF frequency fixed, strain is applied on each 

stripped sections by moving the damper stages. The strain adjustment is carried 

on until the two notch responses overlap with each other and form a flat stopband 

transmission. After the calibration is done, a flat stopband transmission profile as 

shown in Fig.3.8 is obtained. To examine the tunability of the stopband transmis­

sion, the RF signal is tuned from 2.348MHz to 2.327MHz with all other setting 

parameters fixed. The transmission profile in response to RF signal frequencies of 

2.341MHz, 2.334MHz and 2.327MHz are shown in curves 2, 3 and 4 in Fig.3.9, 

respectively. 

" 

' « « « - - > • — * • — J-- •• 
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Figure 3.9: Composite transmission profile of two-stage AF-AOTF subject to strain 
difference control at different central wavelengths (curve 1: /=2.348Mhz; curve 2: 
/=2.341MHz; curve 3: /=2.334MHz; curve 4: /=2.327MHz). 

Next, the implementation of the maximally flat stop band transmission by using 

two-stage AF-AOTF subject to frequency difference control is considered. Both AO 

interaction stages are have the same AO length with that used in the strain difference 

control, but they are controlled only by radio frequencies (RF) signal /* (i = 1,2) 
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without applying strain. Similarly, the system is first calibrated by tuning the RF 

frequency f\ and /2 to 2.36QM Hz and 2.3MMHz, respectively. So a flat stop band 

transmission as in Fig.3.8 is obtained at the central wavelength 1543nm. Then, 

for sake of comparison, the stop band transmission is tuned respectively to have 

the same central wavelengths as those of curves 2, 3 and 4 in Fig.3.9 by tuning 

the frequencies f\ and f% while maintaining a constant difference as f\ — f'2 = 

O.OOiiMHz. The corresponding responses are displayed in Fig.3.10. Comparing the 

responses in Fig.3.10 and Fig.3.9, it is clear that the multi-stage AF-AOTF with 

the strain difference control has less transmission deformation than the cascading 

structure AF-AOTF subject to the frequency difference control. The experiment 

results are in reasonable agreement with the simulation results. As shown in Fig.3.7, 

the PZT nonlinearity can introduce additional distortion on the system transmission 

profile. It justifies the theoretical conclusion in above two sections that the strain 

difference control can produce a desired composite transmission profile without the 

synchronization problem suffered by existing all-fiber AOTF filters subject to the 

frequency difference control. 

1B40 1541 1M2 1543 1544 1545 1546 1547 1548 1549 1550 

Wavelength (nm) 

Figure 3.10: Composite transmission profile of two-stage AF-AOTF subject to fre­
quency difference control (curve 1: /1//2 = 2.360Mhz/2.364Mhz; curve 2: /1//2 
= 2.355Mhz/2.359Mhz; curve 3: / i / / 2 = 2.350Mhz/2.354Mhz; curve 4: / i / / a = 
2.345Mhz/2.349Mhz). 
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3.4 Conclusions 

In this chapter, strain control schemes to improve the system tunability of multi­

stage AF-AOTF are studied. Firstly, in the traditional multi-stage AF-AOTF where 

all participant AF-AOTFs are controlled by different frequency RF signals, the 

strain effect on the transmission tunability is theoretically studied for the first time. 

It is proven analytically that applying strong axial strain on each acousto-optical 

interaction fiber can improve the tunability of the multi-stage AF-AOTF subject to 

frequency difference control. 

Secondly, a novel strain difference control scheme to achieve the desired tunable 

complex transmission is proposed. In the proposed scheme, all AO interaction stages 

are driven by the RF signals with same frequency. The realization of the complex 

transmission profile is achieved by applying different and constant strains on the fiber 

in each AO interaction stage. Besides the tunability improvement, the tuning of the 

multi-stage AF-AOTF is implemented through timing the single RF signal frequency 

just like one AF-AOTF. Theoretical analysis shows this design scheme can effective 

suppress the transmission profile distortion due to both the AF-AOTF principle 

nonlinearity and the PZT performance limitation. As a result, the system tunability 

is improved by using the proposed design scheme. The theoretical conclusions are 

verified by the simulation and experimental results. 
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Chapter 4 

Loop Structure AF-AOTF 

4.1 Introduction 

In this chapter, we address the effect of the acoustic bandwidth which is the key 

implementation issue of multi-stage AF-AOTF. It is found the acoustic bandwidth 

is the key factor limiting the further improvement of the tunability of the com­

posite transmission no matter which improved control schemes in the last chapter 

are applied. To solve the problem, a loop structure AF-AOTF is proposed and 

demonstrated. This AF-AOTF structure accommodating multiple AO interactions 

can utilize the full range of the acoustic bandwidth. It thus can provide better 

tunability working with the improved control schemes. 

To see the effect of the acoustic bandwidth on the tunability, we first consider 

two traditional multi-stage AF-AOTFs in section 4.2. One is the cascading AF-

AOTFs and the other is the multi-frequency AF-AOTF which applies multiple RF 

frequencies on single PZT to drive an AO interaction. Then, in section 4.3, we 

present the results of using loop structure AF-AOTF to deliver enhanced notch 

transmission by the strain difference control scheme. In section 4.4, the performance 
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of the loop structure AF-AOTF is compared with the traditional structures of multi­

stage AF-AOTF in terms of implementation issues including the applicability of the 

improved control schemes, the transmission modulation agility, the practical tuning 

range, the tuning time, the tunability of the transmission, and the system costs. 

4.2 Acoustic Bandwidth Limitation of Traditional 

Multi-stage AF-AOTFs 

As shown in Chapter 3, a multi-stage AF-AOTF is the most efficient method to 

function as an optical tunable filter with complex transmission. The tuning of the 

obtained complex transmission is achieved by controlling all participant AF-AOTFs 

simultaneously. Conventionally, there are two structures of multi-stage AF-AOTF. 

One is the cascading structure and the other is the multi-frequency AF-AOTF. The 

control schemes of multi-stage AF-AOTF have been analyzed in the last chapters. 

Now we examine an implementation issues, acoustic bandwidth, with these multi­

stage AF-AOTFs. 

4.2.1 Cascading Structure AF-AOTF 

The most familiar multi-stage AF-AOTF is cascading AF-AOTF. A cascading struc­

ture multi-stage AF-AOTF is shown in Fig.4.L 

The cascading structure AF-AOTF is fabricated on n pieces of fiber whose coatings 

are stripped off. Each piece of bare fiber is adhered to the tip of an isolate taper 

shape horn. The bottom of these horns are attached to n axial mode piezoelectric 

transducers (PZT) individually. Each PZT is driven by an isolate RF signal gen­

erator. Between any two neighboring AO interaction stages, optical mode striper, 

acoustic damper and several meters fiber with polymer coating are employed to 
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Figure 4.1: Schematic diagram of cascading structure AF-AOTF. PZT-Piezoelectric 
transducer. OSA-Optical spectrum analyzer. 

filter out the unwanted resultant acoustic wave and optical power in the high or­

der mode. For the un-polarized light source, polarization controller or polarizer is 

inserted between two neighbor AO interaction stages to avoid the polarization effect. 

For the cascading structure AF-AOTF, the AO interactions perform on different 

pieces of isolate bare fiber. Each AO interaction stage has its own individual acous­

tic signal control system. Therefore, the control of the acoustic wave frequency, 

amplitude and the axial strain of certain AO interaction stage are independent with 

that of other AO interaction stages. Furthermore, the fiber diameter, AO interaction 

length and even the fiber material of each AO interaction stage can be separately ad­

justed without any side-effects on other parts of the system. As shown in Chapter 2, 

through varying above parameters, the optical isolation, center wavelength, notch 

bandwidth and roll-off factor of a single-stage AF-AOTF can be fully controlled. 

Among different multi-stage AF-AOTFs, cascading structure multi-stage AF-AOTF 

has most available control variables. Hence, cascading AF-AOTF has the most ex­

cellent flexibility on the complex transmission profile modulation. Compared with 
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other multi-stage AF-AOTF structures, more complex transmission profiles can be 

achieved in relative simpler manners by using cascading AF-AOTF . 

Figure 4.2: Experimental setup of cascading structure AF-AOTF. 

However, in practice, the tunability of the complex transmission produced by the 

cascading structure AF-AOTF is not excellent. AF-AOTF can only provide strong 

AO interaction in certain acoustic frequency range. This acoustic frequency range 

is denoted as the acoustic bandwidth of AF-AOTF. It has been recognized as the 

primary factor that restricts the tuning range of AF-AOTF [56]. For a single-stage 

AF-AOTF, the acoustic bandwidth of the system is determined by the piezoelectric 

ceramic material, fabrication of AF-AOTF, horn shape and many other mechanical 

factors. For a cascading multi-stage AF-AOTF, there are more than one acoustic 

transducers exist in the system. Because the limitations on the material homoge-

neousness and fabrication accuracy, it is difficult and expensive to assure that all 

acoustic transducers of different AO interaction stages have identical acoustic prop­

erties. Thus, in practice, mismatches between the acoustic bandwidths of different 

AO interaction stages are inevitable. Acoustic bandwidth mismatches between dif­

ferent AO interaction stages will result in reduction of the practical tuning range 
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of the multi-stage AF-AOTF. In the whole tuning range of multi-stage AF-AOTF, 

the acoustic transducers of all AO interaction stages are required to provide strong 

acoustic power to maintain the overall transmission profile. Therefore, the practical 

acoustic bandwidth of the multi-stage AF-AOTF is the intersection of the acoustic 

bandwidths of all AO interaction stages. Due to the acoustic bandwidths of different 

AO interaction stages are not identical, the practical acoustic bandwidth is narrow 

than any one of them and the tuning range of the system can be greatly reduced. 

Fig.4.3 shows an example of the acoustic bandwidth effect on cascading structure 

multi-stage AF-AOTF. Two single-stage AF-AOTFs are cascaded to deliver a band-

stop transmission. These single-stage AF-AOTFs are fabricated from two pieces of 

equally etched single mode fiber with 50^m in diameter. Both of them have in­

teraction length of 10cm. During the fabrication process, the horns and PZTs are 

carefully chosen to reduce the acoustic bandwidth mismatch between the acoustic 

transducers of these two AO stages as much as possible under the current facil­

ity condition. The frequency difference control scheme is applied on this two-stage 

AF-AOTF and its transmission is tuned in the range of [I566ran, 1580nraJ. From 

Fig.4.3, it shows that when the transmission is tuned to the edge of the system 

bandwidth, one of the two participant notch transmissions will become very weak, 

while the other one still have strong AO coupling efficiency. The acoustic band­

width mismatch between two AO interaction stages greatly reduces the practical 

bandwidth of the system. 

Therefore, the acoustic bandwidth mismatch between different AO interaction stages 

introduces difficulties into the control of cascading structure AF-AOTF. To obtain 

desired AO coupling efficiency at certain wavelength, each AO interaction stage 

needs an individual RF signal control module. During the tuning process of the 

multi-stage AF-AOTF, all these RF signals need to be recalculated and synchronized 

with each other. The calculation workload of the device is thus big, which in turn 
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Figure 4.3: The optical tuning range limitation of cascading AF-AOTF. 

limits the system response speed. 

Furthermore, for the cascading structure AF-AOTF, each AO interaction stage 

needs a complete setup including PZT, horn and RF signal control module. The 

number of accessory components make the system is often troubled by high costs, 

massive volume and excessive power requirement. Especially when the device has 

many AO interaction stages, these problems will become more serious. 

For the cascading structure AF-AOTF, both the frequency difference control scheme 

and the strain difference control scheme can be applied to implement complex trans­

mission because the strain and the acoustic frequency on each AO interaction stage 

can be controlled individually. 

4.2.2 Multi-Frequency AF-AOTF 

Another structure of multi-stage AF-AOTF is multi-frequency AF-AOTF as shown 

in Fig.4.4. 

An acoustic signal containing multiple frequency components can be applied on an 
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Figure 4.4: Schematic diagram of multi-frequency AF-AOTF. 

single AO interaction stage to produce various transmissions. For a multi-frequency 

AF-AOTF, different acoustic waves share a set of AO interaction stage that con­

sists of one-piece bare fiber, PZT, horn, mode stripper and acoustic damper. Each 

acoustic wave is produced by a RF signal at certain frequency and produces a notch 

transmission. The isolation and central wavelength of the notch transmission can 

be individually controlled through modulating the amplitude of a frequency com­

ponent RF signal. An AF-AOTF driven by a RF signal with n different frequency 

components is equivalent to an optical filter with n effective AO interaction stages, 

while all AO interaction stages share the same acoustic medium and producer. 

Multi-frequency AF-AOTF greatly simplifies the device configuration. Only one set 

of PZT, horn, mode stripper and acoustic damper are required. It leads to some 

advantages such as small volume and low cost. 

For multi-frequency AF-AOTF, if the applied RF signal frequencies are close to each 

other, coherent crosstalk between different acoustic waves will happen and disturb 

the desired transmission. To show this phenomena, an experiment is carried out, 
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where a multiple-frequency AF-AOTF is used to deliver the stopband transmission. 

Fig.4.5.1 shows the experimental results where the AO interaction length is chosen 

as 60cm and two RF frequencies are applied on the same PZT. When the frequencies 

of these two RF signals are tuned to 2.360MHz and 2.370M Hz, respectively, a clear 

interference spectrum pattern is observed on OSA. Further reducing the difference 

between the frequencies of these two RF signals will enhance the interference pattern 

as shown in Fig.4.5.2. 
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4.5.1: Two-stage Multiple-frequency AF-
AOTF (/j = 2.360MHz and / 2 = 
2.370MHz). 

4.5.2: Two-stage Multiple-frequency 
AF-AOTF (/j = 2.360MHz and f2 = 
2.365MHz). 

Figure 4.5: Coherent cross talk between different frequency acoustic waves in the 
multi-frequency AF-AOTF. 

To avoid the cross talk problem, the RF frequencies are spaced enough with each 

other. The notch transmissions used to form a complex transmission is actually con­

tributed by different mode coupling. However, the number of available evacuation 

optical modes for AO coupling process is limited. Currently, there are not more than 

four cladding modes observed in experiment. Thus, the number of AO interactions 

for multi-frequency AF-AOTF is limited and may not satisfy the requirement of 

some applications. 

Furthermore, because the light power in the fundamental mode is coupled into differ-
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ent cladding modes, the required frequency difference between different RF driving 

signals is large, about 0.3M Hz - 0.8MHz. To obtain the desired isolation, the fre­

quencies of all these driving signals must be guaranteed in the acoustic bandwidth 

of the PZT. Therefore, for multi-frequency AF-AOTF, the PZT acoustic bandwidth 

limitation has more serious effect on the device tuning range in practice. For exam­

ple, assuming the PZT acoustic bandwidth is given from 'I.hMHz to 3MHz. Then, 

for the AO coupling between Lpoi and Lp^x, the corresponding optical wavelength 

can be tuned from 1650nm to 1550nm. But for the AO coupling between Lpoi and 

Lpf2 modes, the corresponding optical tuning range can only be tuned from 1600nm 

to 1500n?n. Thus, to build a bandstop transmission, the available optical tuning 

range of the system is from 1550nm to 1600n??i. The tuning range of the system is 

reduced from fOOnm to bOnm by the mismatch between the optical bandwidth of 

the AO coupling between different modes. 

Finally, the optical beatlength Lg between different pairs of optical modes have 

different relationships with the optical wavelength. For example, assuming that 

LB\OI,II is the optical beatlength between Lpoi mode and Lp^ mode; LB101,12 is 

the optical beatlength between the Lpoi mode and Lpf2 mode. The corresponding 

RF driving signals are /1 and /2, respectively. When the central wavelength of 

the notch shifts from A0 to Ai, the required variation of LB|OI,I2 and LB|OI,II are 

ALB|OI,II(AO —• Ai) and ALB|0I,I2(AO —• Ai), respectively. We always have that 

ALB|OI,II(AO —• Ai) 7̂  ALB|OI,I2 (Ac - Ai) (4.1) 

The required acoustic frequency variation for different AO interaction stages are 

different A/ i ^ A/ 2 . To maintain the overall transmission in the whole tuning 

range of the device, separated control modules are required for the RF signals /1 

and J2- When many acoustic waves are applied on the fiber, the control of all the RF 

signals will be quite complicated and possibly offset the benefit from the simplicity 
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of the configuration. 

In multi-frequency AF-AOTF, all AO interaction stages share the same AO inter­

action medium. Thus, the mechanical parameters such as AO interaction length, 

fiber diameter and axial strain of all AO interaction stages are same. As a result, 

the optical properties such as bandwidth and roll-factor of all notch spectra are 

correlated with each other. This causes some limitation on the overall transmission 

design. 

Only the frequency difference control scheme can be applied in the design of multi-

frequency AF-AOTF. The transmission deformation of the system is worse than 

other structures which can accommodate both the strain control and the frequency 

control. To overcome this problem, additional frequency composite control with a 

careful design is required to suppress the phase mismatch error during the center 

wavelength tuning process. 

4.3 Loop Structure AF-AOTF 

To overcome the limitations of the traditional multi-stage AF-AOTF, a loop struc­

ture of multi-stage AF-AOTF is proposed to implement the optical tunable filter 

to deliver complex transmissions. This structure can accommodate the proposed 

tunability improve schemes. The schematic diagram of loop structure AF-AOTF is 

shown in Fig.4.6. 

The filter is fabricated by folding a piece of fiber to form a loop. Several sections of 

the fiber in the loop are stripped off their coating. One end of each of these sections is 

placed in parallel and attached to the tip of same horn, which is adhered to an axial 

mode PZT. The other ends of the stripped sections inside the loop are respectively 

fixed at several moving acoustic damper stages, respectively. When a radio frequency 
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Figure 4.6: Schematic diagram of loop structure AF-AOTF. 

(RF) voltage is applied to the PZT, an acoustic field is formed and amplified at the 

tip of the metal horn. The resultant flexural acoustic waves propagate along each 

pieces of stripped fiber and produce micro bends along them. In turn, the AO 

coupling happens on each piece of fiber. Therefore, each piece of stripped sections 

forms an AO interaction stages. As they are driven by a single acoustic excitation 

source, the acoustic wave frequency on each piece of bare fiber is the same and 

the center wavelengths of all notches exist at the same optical wavelength. By 

individually controlling the strain on different piece of bare fiber, the position of 

each notch profile is shifted to the desired position. The overall transmission of 

these notches exactly meets the desired complex transmission. The strains applied 

on each piece of bare fiber are fixed. The centerwavelength of obtained transmission 

is controlled by the frequency of the RF signal only. The process of the system 

centerwavelength tuning is simple and naturally synchronous just like that of a 

single-stage AF-AOTF. 

The loop structure is free from the synchronizing of different AO interaction stages, 

which results in many attractive features. The most attractive feature is that loop 
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structure can efficiently make use of the acoustic bandwidth PZT and has large 

tuning range. For loop structure, the optical power in the fundamental mode is 

coupled to the same cladding mode. But unlike the multi-frequency AF-AOTF, 

there is no coherent cross-talk problem for the loop structure AF-AOTF. This is 

because all AO couplings happen on individual AO interaction regions. On each 

piece of bare fiber, there is only one acoustic wave exist. In combination with 

the fact that all AO interaction stage are driven by the same RF signal through 

same acoustic generator, the optical tuning range for all AO interaction stages are 

identical. The whole acoustic bandwidth of PZT is available for the system, which 

means large tuning range. 

Secondly, because in all AO interaction stages the optical power in the fundamental 

mode is coupled to the same cladding mode, the relationship between the acoustic 

frequency and corresponding optical center wavelength are the same. All notches 

are synchronically shifted along the optical wavelength when the driving RF signal 

frequency changes. It greatly simplifies the control scheme design of the system. 

The required calculation time is greatly reduced, which leads to fast tuning speed. 

Thirdly, because each AO interaction stage has an individual AO coupling medium, 

the bandwidth of each notch profile can be modulated through varying the fiber 

diameters individually. Therefore, the modulation agility on transmission of loop 

structure AF-AOTF is worse than that of cascading structure AF-AOTF but bet­

ter than multi-frequency AF-AOTF. Finally, for loop structure, only one acoustic 

generator is required. The corresponding acoustic signal control system design is 

also greatly simplified as mentioned above. Because during the tuning process, the 

strain difference is fixed and it can be obtained during the calibration process, no 

complex strain control components are required. Compared with other structures, 

the loop structure is the most economic solution of the optical tunable filter with 

complex transmission. 
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In the following parts of this section, we use two examples to show the advantages 

of loop structure. In first case, loop structure is used to solve the weak AO coupling 

efficiency problem for single mode fiber based AF-AOTF. In the second case, loop 

structure is used to deliver bandstop transmission. By comparing with the experi­

mental results obtained by using cascading structure AF-AOTF and multi-frequency 

AF-AOTF, it shows that loop structure AF-AOTF is less affected by the acoustic 

bandwidth limitation and has superiority on the system tunability. 

Single mode fiber is the standard optical link in most optical networks currently. As 

a result, AF-AOTF based on single mode fiber is an attractive component for optical 

communication because it can be simply employed in most optical networks with­

out any modifications. However, the AO coupling efficiency of the single mode fiber 

based AF-AOTF is low due to the weak overlap of acoustic and optical field in the 

single mode fiber. Although enhancing the power of the acoustic field is a straight­

forward way to generate strong AO coupling in single mode fiber, the acoustic power 

in the fiber is limited by the power utilization efficiency of the acoustic transducer 

and acoustic attenuation along the fiber[85]. This greatly limits the application of 

single mode fiber based AF-AOTFs. Several schemes have been proposed to im­

prove the AO coupling efficiency. They include the one of applying AO interaction 

on tapers and couplers [65],[56], the one of using longitudinally coupling acoustic 

flexural waves [58], and the one of reducing the cladding diameter by chemically 

etching fiber[80, 81]. These schemes have been shown to be able to improve the 

AO interaction even though with some limitations, but they need special treatment 

of fiber and their improvement is still limited. Actually, a simple way to obtain 

an enhanced notch transmission is to use a multi-stage AF-AOTF. By tuning the 

acoustic frequencies of all cascaded AOTFs, the notch transmissions of AOTFs can 

be made to superpose at the same central wavelength, and in turn a composite en­

hanced notch transmission can be achieved. However, a synchronous tuning of all 

the frequencies is required to maintain an acceptable superposition result when the 
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composite transmission is being tuned from one central wavelength to another. It 

is quite difficult for the conventional cascading structure AF-AOTF. By using loop 

structure, the difficulty in synchronous tuning is naturally avoided. 

Figure 4.7: Experimental setup of loop structure AF-AOTF. 

A two-stage loop structure AF-AOTF based on single mode fiber is built up to im­

plement an enhanced tunable notch filter according to the configuration in Fig.4.7. 

In the experimental setup, both AO interaction stages have the same AO interaction 

length of 60cm. The buffered fiber between two AO interaction stages is left with 

lm long, and the driving power applied to the PZT is maintained at \30mW. In the 

experiment, a C-band SLED light source is used to provide a broadband light input 

to the filter. The transmission of the filter is observed by an optical spectrum ana­

lyzer (OSA). To obtain an enhanced notch transmission, the AOTF is calibrated by 

the following procedures. First, the RF frequency is tuned to 2.38MHz. In this case, 

the OSA shows two shifted notch spectra. Then, with the RF frequency fixed, strain 

is applied respectively on each stripped section by moving the damper stages. The 

strain adjustment is carried on until the two notch responses totally overlap. After 

the calibration is done, a single notch transmission is obtained as shown by curve 
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2 in Fig.4.8. The RF1 signal is varied to examine the tunability of loop structure 
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Figure 4.8: Transmission of enhanced notch filter based on loop structure AF-AOTF 
in response to tuning RF signal frequency (l-f=2.390Mtfz;2-f=2.380A/i7z;3-
i=2.370MHz). 

AF-AOTF with all other setting parameters fixed. Fig.4.8 shows the output spec­

tra in response to RF frequencies 2.39MHz, 2.38MHz and 2.37MHz, respectively. 

By continuously tuning the RF frequency, identical notch responses are observed 

at other wavelengths over the whole C-band. This result shows that the notch 

transmission can be shifted with the RF frequency, just as tuning a conventional 

AF-AOTF. For comparison, a conventional AF-AOTF with a single AO interaction 

section[86] is also built in experiment with the same settings as above, e.g., 130mW 

RF signal power and 60cm long stripped sections. Tuned the RF frequency respec­

tively to 2.37MHz, 2.38MHz and 2.39MHz, the notch responses are recorded in 

Fig.4.9. Comparing the transmissions in these two figures, it is clear that the loop 

structure AF-AOTF greatly enhances the notch transmission with the maximum 

optical isolation being increased from 9dB for the conventional AF-AOTF to 20dB. 

In addition, loop structure design needs only one set of accessory equipment such as 

RF signal generator, PZT and horn. The filter can be more easily controlled by a 

more economical means than the ones obtained by cascading structure AF-AOTF. 
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Figure 4.9: Transmission of single-stage AF-AOTF in response to tuning RF signal 
frequency (l-f=2.390Mi7z;2-f=2.380M#2;3-f=2.370M#z). 

In last section, we have shown the acoustic bandwidth effect on the cascading struc­

ture AF-AOTF and multi-frequency AF-AOTF. Now we will conduct some experi­

mental studies to exam the acoustic bandwidth effect on loop structure AF-AOTF. 

The experiment of on using two-stage loop AF-AOTF to deliver a bandstop trans­

mission as shown in Fig.4.3 is conducted in first. The experimental results is shown 

in Fig.5.7 and more discussion can be found in next chapter where the applications 

of multi-stage AF-AOTF are discussed in detail. 

Then, to illustrate the effect of the acoustic bandwidth of PZT on the multiple-

frequency AF-AOTF and to demonstrate the performance when using multiple loops 

in the strain-controlled AF-AOTF, we conducted experiments by using four notches 

to deliver a maximally flat stop-band transmission with a wider bandwidth. A 

strain-controlled loop AF-AOTF with four loops is fabricated by using a SMF -

28 fiber as shown in Fig.4.10 where only one arm of each loop is used as an AO 

interaction stage. The length of any AO interaction stage is chosen as 20cm. A 

maximally flat stop-band transmission is first calibrated at 1570?im by applying an 

acoustic frequency of 2.711MHz and tuning the strain of each arm. The calibrated 
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Figure 4.10: Experimental setup of a four-loop strain-controlled AF-AOTF 

stop-band is shown by curve 2 in Fig.4.11.1. After the calibration, we tune the 

frequencies to 2133MHz and 2.689 Af Hz, respectively. The corresponding stopband 

transmissions are shown by curve 1 and 3 in Fig.4.11.1 respectively. The results 

demonstrate that multiple loops can be implemented in the loop structure AF-

AOTF to generate a more complex transmission profile. It is also noted from the 

experimental results that the AO coupling efficiency would be limited if too many 

loops are used. For the multiple-frequency AF-AOTF, it is fabricated as shown 

in Fig.4.11.2, where the AO length is chosen as 20cm and four RF frequencies are 

applied on the PZT. To achieve the same flat stopband transmission at 1570nm as 

the one displayed by curve 2 in Fig.4.11.1, four frequencies are chosen as l.MOMHz, 

2.240MHz, 2.692MHz, and 3.341MHz so that the notches resulting from mode-

coupling Lpoi - Lpfi, Lpoi — Lpf2, Lpoi — Lpf3 and Lpm — Lp°}A are obtained and 

superposed. By tuning the acoustic amplitudes of each notch, a flat stop-band 

transmission is calibrated at 1570nm and it is shown in curve2 of Fig.4.11.2. The 

maximum isolation of the bandstop transmission is limited by the mode coupling 

efficiency of Lpoi — Lp^A. Then, we tune the composite stopband by the same 

tuning method as that used in the loop structure AF-AOTF. In the method, all the 
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acoustic frequencies are tuned with the same incremental value while the acoustic 

amplitudes remain the same as calibrated. The stopband transmission is tuned to 

the same central wavelengths as in Fig.4.11.1. The results are shown in curves 1 

and 3 of Fig.4.11.2, respectively. Compare to the curves in Fig.4.11.1, it is observed 

that the stopbands resulting from the multiple-frequency AF-AOTF have severe 

distortion. This can be understood by examining the frequency responses of the 

PZT with respect to different mode coupling. 

4.11.1: Four-loop Strain-controlled AF- 4.11.2: Multiple-frequency AF-AOTF 
AOTF 

Figure 4.11: The bandstop responses obtained by the loop AF-AOTF and the 
multiple-frequency AF-AOTF 

The frequency responses are measured in experiment by recording the isolation of the 

notch resulting from each mode-coupling while the notch is tuned within the range 

of 1560nra — 1580nm as shown in Fig.4.11.2. The measurement results are given in 

Fig.4.12. When the stopband transmission is tuned in the range, the four frequencies 

used by the multiple-frequency AF-AOTF spread in four bands denoted respectively 

by band 1 to band 4 in Fig.4.12, while the frequency of the strain-controlled loop 

AF-AOTF tunes only band 3. Clearly, since band 2 has a bigger variation than 

band 3, the strain-controlled loop AF-AOTF exhibits a better tunability than that 

of the multiple-frequency AF-AOTF. 

Of course, compared to the traditional multi-stage AF-AOTFs, the loop structure 
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Figure 4.12: Frequency responses of PZT for different mode couplings 

also has limitations in some aspects. In loop structure AF-AOTF, the sharing of 

the acoustic generator avoids the synchronizing problems but reduces the modula­

tion agility on transmission. Different notches isolations are achieved through indi­

vidually adjusting the AO interaction length of each AO interaction at the initial 

static state. During the tuning process, the isolation of the system can be modu­

lated through adjusting the RF signal amplitude. But compared with the cascading 

structure AF-AOTF, it is not convenient to dynamically adjust the isolation of each 

notch profile individually for that dynamically modulating the acoustic interaction 

length is quite complicated in practice. 

For the loop structure AF-AOTF, all AO interaction stages are driven by the same 

RF signal and only the strain difference control can be applied. Because the strain 

is fixed during the tuning process, the modulation agility on transmission is less 

than the cascading structure AF-AOTF but better than that of the multi-frequency 

AF-AOTF. 
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4.4 Comparison of Different Integration Structures 

of Multi-stage AF-AOTF 

In previous sections, three implementation structures of multi-stage AF-AOTF with 

complex transmission have been discussed. It shows that loop structure AF-AOTF 

has superiority on tunability. However, other structures also have some advan­

tages in particular applications. To give a comprehensive comparison of different 

multi-stage AF-AOTF structures, the performance of the loop structure AF-AOTF 

is compared with the traditional structures of multi-stage AF-AOTF in terms of 

following implementation issues: 

• Applicability of the improved control schemes: The control schemes, frequency 

difference control and strain difference control, that can be applied on the 

multi-stage AF-AOTF. 

• Agility on transmission profile modulation: The ability to implement what 

kind of transmission profiles by using multi-stage AF-AOTF. 

• Tuning range: The practical tuning range of the AF-AOTF, which is primarily 

limited by the acoustic bandwidth limitation of the acoustic transducer. 

• Tuning time: The tuning time of multi-stage AF-AOTF including the calcu­

lation time of the control parameters. 

• Tunability: The transmission distortions when the transmission is tuned to a 

new central wavelength. 

• System costs: The total cost of the system including the cost on the acoustic 

transducers, control components and other accessary equipments. 

The comparison of different AF-AOTF structure is summarized in Table.4.1. 
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Table 4.1: Comparison of different integration structures for AF-AOTF 
Structure 

Configuration 
Control scheme 

Agility on trans­
mission profile 
modulation 
Practical tuning 
range 
Tuning time 
Tunability 

System Cost 

Cascading struc­
ture AF-AOTF 
Complicated 
Frequency 
difference mod­
ulation scheme 
or strain differ­
ence modulation 
scheme 
High 

Depends on the 
fabrication 
Long 
Depends on the 
fabrication 
High 

multi-frequency 
AF-AOTF 
Simple 
Frequency 
difference mod­
ulation scheme 

Low 

Small 

Long 
Poor 

Normal 

Loop Structure 
AF-AOTF 
Simple 
Strain difference 
modulation 
scheme 

Normal 

Large 

Short 
Excellent 

Low 

From Table.4.1 and discussions in previous sections, we can draw some remarks 

about the properties of the three structures multi-stage AF-AOTF. First, it shows 

that the loop structure AF-AOTF working with the strain difference control scheme 

can provide the best tunability and the highest cost efficiency. It is suitable to 

be employed in the applications where the operating wavelength is required to be 

shifted in large tuning range with a desired transmission. The applications include 

dynamic multiplexer, demultiplexer, tunable attenuator, tunable elimination filter 

and tunable signal modulator. 

Secondly, the cascading structure AF-AOTF has the best modulation agility on the 

transmission. Both the strain difference control scheme and the frequency difference 

control scheme can be applied on this structure. But the tuning range of the cascad­

ing structure AF-AOTF is limited by the synchronization problem. The cascading 

structure AF-AOTF is suitable to be used in the applications where the transmission 

is required to be in-line modulated and the system operating wavelength is fixed or 
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confined in small range. For example, it can be used in the dynamic EDFA gain 

equalization. 

Third, the multi-frequency AF-AOTF has the average performance in most charac­

teristics. It is simple and economic compared to the cascading structure AF-AOTF. 

But its modulation ability on transmission is limited by the number of the available 

cladding modes. Only the frequency difference control scheme can be applied on the 

multi-frequency AF-AOTF. If the demand on the accuracy of system transmission is 

not critical, multi-frequency AF-AOTF may be a good choice in some applications. 

4.5 Conclusion 

In this chapter, the practical problems in the implementation of multi-stage AF-

AOTF with complex transmission are studied. To overcome the limitations with 

the traditional multi-stage AF-AOTF, a novel loop structure AF-AOTF is proposed 

to accommodate the proposed tunability improved schemes. Its performance is 

compared with those of other structures. Based on the comparison results, the 

optimal application environments for different integration structures are addressed 

to provide a design guideline for implementation of the optical tunable filter with 

complex spectrum based on AF-AOTF technology. 
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Chapter 5 

Applications of AF-AOTF in 

Optical Communications 

5.1 Introduction 

In early chapters, the design, optimization and physical implementation of the tun­

able complex transmission profile based on multi-stage AF-AOTF have been sys­

tematically developed. This chapter will illustrate several typical and important 

applications of the tunable complex transmission profile in the optical communi­

cation system. In all these applications, AF-AOTF plays an important role to 

implement the modulation of the optical signals. However, as the objectives of 

these applications are different, the design and control of the employed AF-AOTFs 

are significantly different as well. Thus, it is necessary to individually develop and 

discuss the design and control scheme in each application. In the following sev­

eral chapters, these problems of AF-AOTF in the applications of optical Add/Drop 

multiplexing, EDFA gain equalization and EDFA gain clamping are studied. 
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5.2 Application of AF-AOTF in Optical Add/Drop 

Multiplexing 

Optical fiber can transmit the optical signal in wide bandwidth, which can reach 

about 25 — 30THz, without large transmission loss. The traditional time division 

multiplexing scheme usually works at the speed not more than 100GHz and cannot 

utilize the broad bandwidth of fiber. It is limited by the speed of the time multiplex­

ing and demultiplexing components. To exploit more of the broad bandwidth of the 

fiber, wavelength division multiplexing technology (WDM) is developed. In WDM 

networks, the information is transmitted through multiple channels located at dif­

ferent wavelengths. The modulation speed of certain single wavelength is reduced, 

while the whole bandwidth capacity of the networks is greatly increased. One of the 

enabling technologies for WDM networks is dynamic Optical Wavelength Add/Drop 

Multiplexing (OADM) [2]. It plays a key role in the implementation of some impor­

tant logic functions such as the optical routing and optical switching. To achieve 

the dynamic optical wavelength Add/Drop multiplexing, the optical transmission 

profile is required to be modulated and tuned along the optical wavelength with 

time. Obviously, optical tunable filter is essential for these operations. Among the 

available optical tunable filter technologies, AF-AOTF is promising for OADM for 

its attractive characteristics mentioned in Chapter 1. The idea of OADM based AF-

AOTF technology has been reported in [74], where single-stage AF-AOTF was used 

to select out the optical channels to be added/dropped. However, the performance 

of the employed AF-AOTF is not optimized for OADM application. For dynamic 

OADM, the employed optical tunable filter should have an enough wide bandwidth 

and a fast roll-off factor in order to suppress the channel crosstalk and minimize 

the transmission profile distortion. To achieve these requirements, optimization and 

particular design of AF-AOTF transmission performance for the OADM application 

are necessary and have not been reported yet. 
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In this section, the realization issue of broadband optical tunable filter based on 

AF-AOTF technology for the dynamic OADM application is studied. Optical trans­

mission profiles with different bandwidths and fast roll-off factor are obtained in ex­

periment. These filters are implemented by the multi-stage AF-AOTF with a loop 

structure subject to strain difference control. 

5.2.1 Performance Requirements of AF-AOTF for Dynamic 

Optical Add/Drop Multiplexing 

For the dynamic optical Add/Drop multiplexing, the employed optical tunable filter 

is expected to have the following features. 

• Firstly, since the practical optical pulses on each channel usually have certain 

pulse width and it is often required to add/drop multiple channels at the same 

time, the tunable filter should have a wide enough bandwidth with certain 

attenuation or gain value. 

• Secondly, because that more and more transmission channels are simulta­

neously employed in one optical fiber, the optical channel spacing becomes 

smaller and smaller. As a result, the crosstalk between neighbor channels 

becomes serious. To avoid this problem, fast roll-off at the band edge is de­

manded. Usually, the roll-off factor of the designed filter is evaluated by the 

shape factor which is defined as the ratio between two bandwidth - the band­

width at a specified attenuation on the roll-off curve to the corner bandwidth 

at its specified attenuation, usually —3dB. Especially, high shape factor is 

urgently demanded by the dense wavelength division multiplexing networks. 

• Finally, because the channel switching and dynamic network reconfiguration 

will happen in high frequency in the dynamic optical networks, the tunable 
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filter for Add/Drop multiplexing must have fast response speed and simple 

control scheme. Therefore excellent tunability is also required. 

5.2.2 Limitation of Ultra-Broadband Single-Stage AF-AOTF 

for Dynamic Optical Add/Drop Multiplexing 

The ordinary bandwidth of signal AF-AOTF is in the range of 0.4 ~ 2nm at the 

attenuation of —3dB using available standard single mode fiber. Li and Jin reported 

the method to control the bandwidth of AF-AOTF in [78, 75]. The ultra narrow 

band AF-AOTF with -MB bandwidth OAnm and ultra-broad band AF-AOTF 

with —MB bandwidth of 362nra were fabricated in experiment. However, in these 

demonstrations, the narrow or broad transmission bandwidth is achieved at the 

expense of a slow band roll-off. The transmission bandwidth at all isolation or gain 

value is almost equally broadened with the decreasing of the fiber diameters. Thus, 

the shape factor of a single-stage AF-AOTF is quite low and cannot provide the 

desired transmission performance. 

The limitation of the shape factor of single AF-AOTF is because that the transmis­

sion profile of single AF-AOTF is a Sine square function and its shape factor is only 

determined by the optical isolation. For a single-stage AF-AOTF, the transmission 

function is 

C'L2 sin2(LVC^¥)\ 
L2C2 + m2 ) ( ' 

To achieve xdB isolation, it requires that 

s in 2 (WC 2 + £2h 1 - 10<~*/10) 
L2C2 + L2b2 ' ~ {CLf ( 5"2) 

G = 10 log 
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Denoting \/L2C2 + L2S'2 as h, (5.2) become as 

sin2(/?) 1 - IQ(-*/IO) 

h2 (CL)2 (5.3) 

Equation (5.3) can be numerically solved for any CL value. Denote the solution of 

(5.3) for the xdB isolation as hx. Thus, the required 8 for xdB isolation is 

t. - ̂ SEEE (,4) 

Expanding 8 to Taylor series and keeping the linear term AA at the centerwavelength 

where 5 = 0 gives 

. 88 AA 
Ox = 0C+ .-

dX 2 dS_AX 
~dX~Y 

Recalling the definition of 8 in Chapter 2, following equation is deduced 

(5.5) 

m d \A LB) 

dX 8X 
n OLB 

Tr
B~dX 

(5.6) 

Thus, xdB-bandwidth is 

2 y j g - (CL)2L2 

\xdB irLaLB AA \xdB
 v x

 r ^ / * (5.7) 
dX 

5A ^ ' 

where C is the coupling coefficient, L is the AO interaction length, hx (for a; = 
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12 or 3) is the root of the following equation 

sin2 (hx) 1 - iQ(-*/"» 

hx ~ (CL)2 

Therefore, the xdB to — MB band shape factor is given by 

(5.8) 

Jhx
2 - (CL)2 

Qx = V , a (5-9) 
y/h\ - (CL)2 

For the case of the ultra-broad band AF-AOTF, ^f- = 0 and the xf/5-bandwidth 

can no longer be determined by (5.7). But through expanding Qx to Taylor series 

and maintaining the quadratic term AA, it can be obtained that 

. d<5AA 02<JAA2 

°* c + d\ 2 + dX2 4 
d25 AA2 , n, 

M W~ ( 5 - 1 0 > 

With the condition that ^- = 0, the second order derivatives of 5 to A can be 

obtained as 

d28 

ox2 
d f 7T OLB 

dX \L2
B OX 

w d2LB 

L\ dX2 (5.11) 

Thus, the xdB-bandwidth can be obtained as 

/ A 

AA I xdB = 2 \ / W 

2\/V r k r (5-12) 7TL- a^" 
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The corresponding xdB to — 3dB band shape factor is given by 

Q, 
tfh* - (CLY 

VH - WW 
(5.13) 

Equation (5.7) and (5.13) show that the shape factor of single-stage AF-AOTF is 

only determined by the AO interaction length L and AO coupling coefficient C. It 

is quite limited and cannot satisfy the requirement of many applications. To show 

this, —V2dB to — SdB band shape factors is examined to evaluate the transmission 

performance of the filter. During this comparison, all filters are required to deliver 

a stopband of 0.4nm — lMB-bandwidth. 
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Figure 5.1: —YldB to — 3dB band shape factors of a single-stage AF-AOTF. 

Fig.5.1 depicts the values of Qu corresponding to system maximum isolation, which 

is equal to —20log(cos(CL)). Qu is an increasing function with respect to the 

optical isolation of the single AF-AOTF. To achieve high shape factor, high isolation 

induced by the single AF-AOTF is required. However, due to coupling efficiency 

limitation of PZT, high isolation is quite difficult to be implemented in wide optical 

wavelength range. Furthermore, even any high isolation could be obtained, the 

maximum value of the —YldB to -3dB shape factor is still quite limited, no more 
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than 10% for normal AF-AOTF and 30% for ultra-broad band AF-AOTF. 

Actually, for the ultra-broad band AF-AOTF, as the condition | | = 0 only hold in 

a small wavelength band, the shape factor is much smaller than the values shown 

in the Fig.5.1 (for example, the ultra-broad band AF-AOTF shown in [75]). 

5.2.3 Application of Broadband Multi-stage AF-AOTF in 

Dynamic Optical Add/Drop Multiplexing 

Although the bandwidth of the filter can be greatly increased by etching the cladding 

diameter, the shape factor or the roll-off factor is still unsatisfactory. Thus, to imple­

ment a tunable stopband with desired bandwidth and fast roll-off or high shape fac­

tor, multi-stage AF-AOTF becomes the only practical way. The schematic diagram 

of dynamic optical wavelength Add/Drop multiplexing based on AF-AOTF tech­

nology is shown in Fig.5.2. The dynamic optical wavelength Add/Drop multiplexer 

is primarily composed of two parts, optical mode conversion part and optical mode 

selective routing part. The mode conversion part is based on multi-stage AF-AOTF. 

It splits the optical power in dropped wavelengths and transited wavelengths to dif­

ferent optical modes. The optical mode selective routing part is achieved through 

mode selective coupler [73] or null coupler [87]. These mode selective components 

are based on the fact that different optical mode has different field distribution along 

the fiber cross-section. Then, by carefully adjusting the distance between two fibers, 

optical field distribution are specialized in such a way that the strong overlap only 

happens between two cladding modes or a cladding mode and the guided funda­

mental mode. Through the optical mode selective routing part, optical power in 

cladding modes are directed to the neighboring fiber instead of being filtered out as 

the mode stripper does, while optical power in the fundamental mode is guided and 

transmitted along the original optical path. 
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Figure 5.2: Schematic diagram of dynamic optical wavelength Add/Drop multiplex­
ing based on loop structure AF-AOTF. 

In the dynamic add/drop multiplexing, the operational wavelength is required to be 

tuned along optical wavelength. During this tuning process, the transmission profile 

deformation is undesired. Thus, the required most important ability of the system 

transmission profile is to be exactly maintained during the tuning process. Because 

the tuning speed is quite important for dynamic Add/Drop Multiplexing, the control 

scheme for optical tunable filter is desired to be as simple as possible to reduce the 

time cost on calculation. Thus, according to the discussions presented in Chapter 3 

and Chapter 4, loop structure multi-stage AF-AOTF subject to the strain difference 

control is chosen for the application of dynamic add/drop multiplexing to obtain the 

best tunability. The axial strain in different fibers only need to be calibrated during 

the fabrication process and fixed during the tuning process. No complicated strain 

control is imposed on the system. In the proposed filter, all AO interaction stages 

are driven by one acoustic excitation source, the stopband is tuned by adjusting one 

acoustic frequency, just like tuning a single-stage AF-AOTF. 
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5.2.4 Experimental Results 

The mode selective components have broad bandwidth more than several tens 

nanometers, which can cover whole C band in optical communication technology. 

The system overall transmission profile is primarily determined by the optical tun­

able filter involved in the system. In addition, the mode selective components are 

not the major objective considered in this thesis and high performance mode selec­

tive coupler has been reported in [73]. Thus, for the sake of simplicity, the discussion 

is focused on the design of the mode conversion part of the system. A narrow-band 

and a wide-band tunable stopband filter are fabricated with the structure shown in 

Fig.4.6. 
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Figure 5.3: Narrow stopband transmission obtained by the loop AF-AOTF subject 
to strain difference control. 

Firstly, a two-stage AF-AOTF is fabricated to deliver a narrow-band stopband trans­

mission with — 12dB bandwidth of OAnm and — ZdB bandwidth of l.Onm. The filter 

uses a standard SMF-28 single mode fiber to form a loop. The two stripped sections 

are obtained with roughly the same length of 60cm. In the experiment, a C-band 

light source is used to provide a broadband light input to the filter. The output 

spectral responses of the filter are observed by an optical spectrum analyzer (OSA). 
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The RF signal applying to the PZT is produced by a signal generator and amplified 

by a 37dB power amplifier. The filter is calibrated by the following procedures. 

Firstly, the RF frequency is tuned to 3.093MHz and the amplitude of the RF signal 

is maintained at 200??(V. In this case, OSA shows two shifted notch spectra with 

Vl.bdB attenuation. Then, with the RF frequency and amplitude fixed, strain is 

applied respectively on each of the stripped sections by moving the damper stages. 

The strain adjustment is continued until the two notch responses overlap with each 

other and form a flat stop transmission at 1545nm as shown in Fig.5.3. 

'Ml 1S43 164* 15*5 15*6 M4T 1548 

Wavelength <nm) 

Figure 5.4: Experimental measurements of the narrow stopband transmission tun-
ability. 

To examine the tunability of the stopband transmission, the RF frequency is varied 

while all other setting parameters are fixed. The stopband transmission profile in 

response to RF frequencies of 3.115MHz, 3.093MHz and 3.071MHz are shown as 

curves 1, 2 and 3 in Fig.5.3, respectively. Continuing the tuning process of the central 

wavelength of the stopband every lnm from 1541nm to 1549nm, the —3dB- and the 

— 12<iB-bandwidths are recorded. The tunability of the stopband is measured by 

the band shape factor which is defined as the ratio between —YldB bandwidth and 

—3dB bandwidth. The band shape factors together with the — 12dB-bandwidths at 
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different central wavelengths are plotted as curves marked by squares in Fig.5.4. It 

is seen from the figure that the variations of the — 12<iB-bandwidths are less than 

O.O'Inm and the variations of the -\2dB to — 3dB band shape factors are less than 

4%. 

I5*S 15(0 187S 158C ISSS 
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Figure 5.5: Broad stopband transmission obtained by the loop AF-AOTF subject 
to strain difference control (4nm -12<iB-bandwidth and 3dB/nm band roll-off). 

As a comparison, the same transmission profile is implemented by cascading two AF-

AOTFs without applying strong axial strains. Both AF-AOTFs are fabricated with 

the same AO length as that used in the loop structure AF-AOTF and are controlled 

by two RF signals with the frequencies of fc (i = 1,2), respectively. Similarly, 

the two-stage cascading structure AF-AOTF is firstly calibrated by tuning the RF 

frequencies / i and / 2 respectively to 3.079MHz and to 3.077MHz, so that the same 

stopband as shown by curve 2 in Fig.5.3 is obtained at the central wavelength of 

1545nra. Then, the stopband transmission is tuned by varying the frequencies fi and 

f2 while maintaining a constant difference as / i — / 2 = 0.002MHz to maintain the 

stopband shape. Tuning the stopband central wavelength from 1541nra to 1549rwn 

with an increment of lnm each time, the — 12d5-bandwidths and the -YldB to 

-3dB band shape factors of the corresponding stopbands are recorded and plotted 
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Figure 5.6: Experimental measurements of the broad stopband transmission tun-
ability. 

by the triangular-marked curves in Fig.5.4. Compared to the square-marked curves, 

it is obvious that the multi-stage AF-AOTF subject to strain difference control 

can deliver a more consistent stopband than the AF-AOTF subject to frequency 

difference control. The variations of the — I2<iB-bandwidth and the —V2dB to — 3dB 

band shape factors have been improved by one factor with the proposed AF-AOTF 

subject to strain difference control. If the band roll-off is defined as how fast the 

stopband drops from O.ldB to —!2dB, the narrow-band tunable filter has 6dB/nm 

roll-off. 

Next, an multi-stage AF-AOTF subject to strain difference control as illustrated 

in Fig.4.6 is fabricated to deliver a broad stopband transmission with 4nm —V2dB-

bandwidth. To this end, the AO fibers are chemically etched to bOum in diameter 

and the AO lengths are chosen as 10cm. By performing the same calibration proce­

dures mentioned above for the narrow-band filter, the desired stopband is obtained 

at 1572nm as shown by curve 2 in Fig.5.5 with the RF frequency being set at 

/ = 3.1MHz. Then, the - 12d5-bandwidth and the -12dB to -3dB band shape 

factor are examined while tuning the stopband from 1566nm and 1580nm by 2nm. 
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The results are plotted as square-marked curves in Fig.5.6. Similarly, the same 

etched fiber is used to fabricate a two-stage cascading structure AF-AOTF without 

applying axial strains. The — 12d£?-bandwidths and the —12dB to —MB band shape 

factors of the cascading structure AF-AOTF are examined over the same band of 

[1566nm, 1580nm]. The recorded results are included as triangular-marked curves 

in Fig.5.6. Clearly, the same conclusions as those for the narrow-band filter can be 

drawn for the wide-band stopband filter. Note that the proposed scheme can also 

be used to generate other bandwidths by etching the fiber with different diameters. 

•2 

4 

s 

f « 
a 

I * 
S 
= -10 
I -12 
I 14 

e 
z 

-16 

•1» 

20 
1530 1535 1540 1545 1550 1555 

W.welen<|1h(nm) 

Figure 5.7: Extra-broad stopband transmission obtained by the three-stage loop 
AF-AOTF subject to strain difference control. 

Furthermore, extra-broad stopband transmission with more than 7.5nm —\2dB-

bandwidth is obtained based on the loop structure three-stage AF-AOTF in exper­

iment to show the integration ability of loop structure AF-AOTF. The employed 

AO fibers diameter is 45/im and the AO lengths are 10cm. Then, through same cal­

ibration procedures mentioned above except for the fiber looped twice, the desired 

stopband is obtained at 1572nm as shown by solid curve in Fig.5.7 with the RF fre­

quency being set at / = 1.306Mhz. Then, the -12(/B-bandwidth and the —YldB 
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Figure 5.8: Experimental measurements of the extra-broad stopband transmission 
tunability. 

to —MB band shape factor are examined while tuning the stopband from 1537????i 

and 1547?im by Iran as shown in Fig.5.7. The corresponding —V2dB bandwidth 

and shape factor are shown in Fig.5.8. 

In the experiments mentioned above, high — YldB to -MB shape factor of 0.41, 

0.38 and 0.6 are achieved. The required maximum optical isolation for any one 

component AF-AOTF is not more than —l2dB. Under the same condition, the 

shape factor of single notch AF-AOTF is not more than 0.1 even strongly etched 

fiber is employed. Thus, by using the proposed multi-stage AF-AOTF, high shape 

factor is achieved with small RF driving power. It is also easier to be implemented in 

practice. Obviously, proposed multi-stage AF-AOTF is more suitable for the imple­

mentation of dynamic optical add/drop multiplexing. The optical pulse dispersion is 

suppressed and serious cross-talk between transited channels and modulated chan­

nels can be avoided. The required channel spacing is reduced, which means more 

available optical channels can be employed in the same optical link. It increases the 

utilization efficiency of the optical bandwidth and provides a potential solution for 

high performance dynamic OADM in practice. 
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5.3 Applications of AF-AOTF in EDFA Gain Con­

trol 

As a high efficient optical amplifier, Erbium-doped fiber amplifier (EDFA) plays a 

key role in current long haul optical network and is indispensable for the future 

high speed all-optical networks [88, 89]. However, EDFA is suffered by the following 

technical limitations when it is employed in all-optical WDM networks. 

Firstly, The EDFA gain is not uniform with respect to optical wavelength and the 

optical signal at about 1535nm is usually more strongly enhanced than those in other 

wavelengths. Thus, when a flat wide band optical signal passes through an EDFA, 

the transmission profile is not uniform with optical wavelength as shown in Fig.5.9. 

Furthermore, if a number of EDFAs are cascaded in a chain, which is common 

in long-haul optical communication networks, the power difference among these 

wavelengths is amplified by each amplifier. For example, just IdB difference can 

grow to more than lOdB after 10 amplifiers. High power difference among the optical 

wavelengths results in low signal to noise ratio and lead to serious transmission 

errors. Therefore, the optical band around 1535nm cannot be used as the signal 

channel and the usable EDFA bandwidth is significantly limited. To solve this 

bandwidth limitation, static and dynamic EDFA gain equalization technologies are 

developed recently and have attracted more and more attention [90]. 

Secondly, because EDFA operates near saturation, the total output power of the 

amplifier is almost constant. As a result, the system input power variation directly 

affects the amplifier gain in all signal channels. When intensity modulated signal 

is incident on an EDFA, undesired time varying perturbation appears in all signal 

channels. More seriously, these perturbations are amplified and accumulated along 

the amplifier chain and cause high bit error rate at the receiver. Therefore, EDFA 

gain clamping is another hot research topic for optical amplifying technology. 
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Different kinds of tunable complex transmission profiles play key role in all EDFA 

gain control processes mentioned above. In the same time, as shown in the early 

chapters of the thesis, multi-stage AF-AOTF is an important implementation means 

of tunable complex transmission profile. Therefore, application of multi-stage AF-

AOTF in the EDFA gain control has became an interest research topic. In the rest 

part of this section, we will present some pilot study results on design and control 

of multi-stage AF-AOTF in these applications. 

5.3.1 Application of AF-AOTF in EDFA Gain Equalization 

Both static and dynamic EDFA gain equalization require some optical tunable filters 

to generate some complex transmission profile to precisely compensate the unflatness 

of EDFA gain profile. It is undoubted that multi-stage AF-AOTF is an appropriate 

choice due to its excellent properties such as wide tuning range, high transmission 

profile modulation agility and simple control scheme [66, 91, 92]. However, the 

design and control of multi-stage AF-AOTF for these applications, especially for 

the dynamic EDFA gain equalization, still need to be further developed. In the rest 

of this section, an improved genetic algorithm is proposed to solve the nonlinear 

multi-variables optimization difficulty in the dynamic control of transmission profile 

of EDFA gain compensation filter. Theoretical analysis of proposed algorithm is 

analyzed and verified by simulations. 

5.3.1.1 Static EDFA Gain Equalization Using AF-AOTF 

As mentioned in Chapter 2, AF-AOTF has a flexible notch transmission profile. 

The isolation and centerwavelength of the notch transmission can be electronically 

modulated. By cascading several AF-AOTFs, any transmission profile can be imple­

mented. Thus, AF-AOTF technology provides advantages in the optical transmis-

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



5.3 Applications of AF-AOTF in EDFA Gain Control 125 

>sa» i#w >«o is» is» is« MW >$?>? « » J«O »«eo 

Figure 5.9: Typical gain profile of EDFA. 

sion profile design and is appropriate for the application of EDFA gain equalization. 

Typical EDFA gain profile is shown in Fig.5.9. The available bandwidth of EDFA 

is about 30nm, which is within the tuning range of AF-AOTF. There is a peak with 

bandwidth of about 8nm around 1530m?? need to be suppressed. 
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Figure 5.10: Schematic diagram of static EDFA gain equalization using AF-AOTF. 

To suppress the additional peak in the EDFA gain spectrum, several AF-AOTFs are 

cascaded to implement the desired transmission profile for EDFA gain compensa­

tion. Because the operating position of system overall transmission is fixed, the best 

structure for the integration of several AF-AOTFs is the cascading structure accord­

ing to the discussion in Chapter 3. A schematic of static EDFA gain equalization is 
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shown in Fig.5.10. 
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5.11.1: Overall transmission profile after 5.11.2: Transmission profile of static 
static equalization. EDFA gain equalizer. 

Figure 5.11: Static EDFA gain equalization. 

Fig.5.11 shows an example where two AF-AOTFs are cascaded to suppress the 

effect of the peak in EDFA gain spectrum. After static gain equalizer, flat overall 

gain transmission profile is obtained with the maximum gain excursion of 0.56dB. 

Obviously, using more AF-AOTFs can reduce the excursion of the gain profile at 

the cost of the system economic efficiency. 

5.3.1.2 Dynamic EDFA Gain Equalization Using AF-AOTF 

Compared with the static gain equalization of EDFA, dynamic EDFA gain equaliza­

tion is much more useful but difficult to be implemented [93]. Because of the EDFA 

gain tilt effect, if the input optical power changes, the gain profile of EDFA changes 

as well. For different wavelengths, the corresponding gain variations are different. 

The gain increments of some wavelengths are larger than those of others and the 

gain profile leans to certain direction. This effect is denoted as the gain tilt effect of 

EDFA. Thus, using a fixed gain compensation filter that is designed in static EDFA 

gain equalization, the overall gain profile of the system cannot maintain its flatness 
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any more. For this kind of system, dynamic EDFA gain equalization is required to 

suppress the gain tilt effect. 
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Figure 5.12: Schematic diagram of the dynamic EDFA equalizer. 

The dynamic EDFA gain equalization is implemented through connecting EDFA 

with a dynamic EDFA compensating filter. The transmission of this filter can 

automatically follow the variation of EDFA transmission. The overall transmission 

profile of EDFA and following filter are flat in all time. Some kinds of optical filter 

technologies have been used to achieve dynamic EDFA gain compensation. They 

include Mach-Zehnder filter, fiber Bragg grating [94, 95] and some other approaches 

[96]. In these methods, Mach-Zehnder filter is limited by its tuning range, which 

cannot cover the whole bandwidth of EDFA. Fiber Bragg grating is not easily to be 

tuned once it has been fabricated. Compared with the methods mentioned above, 

the dynamic EDFA gain equalization using all-fiber acousto-optic tunable filter is a 

potential solution [66]. The schematic diagram of dynamic gain equalization using 

AF-AOTF is shown in Fig.5.12. 

The EDFA gain equalizer is based on an n-stage AF-AOTF. A Multiplexer and 

several photo detectors are used to obtain the gain spectrum information of EDFA. 

Computer is used to analyze the detected EDFA gain profile and control the RF 

signal generators to provide appropriate AF-AOTF driving signals. 
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The bandwidth of EDFA is divided into n sub-bands equidistantly. Each stage is 

charged by one AF-AOTF, which is assumed to be fabricated from fiber taper for 

sake of simplicity. The driving signal frequency of each AF-AOTF can be determined 

as 

Cext\Un ~ h 1 ̂  
647r3r3no /< = ""Z^J01 for < = 1.2,3...n (5.14) 

where A; is cent erwave length of ith sub-band. The cost function of this sub-band is 

Jx = ma.x-A,-A,+1{(lnPout(A) - lnPe(A) - lnF(A))2} (5.15) 

where P0Ut(A) denotes the output transmission profile of the equalizer and F(A) = 

p^k) is the transfer function of the EDFA gain compensation filter. A; and A;+i 

are the starting and the ending wavelength of ith sub-band. According to the model 

of multi-stage AF-AOTF (2.6) shown in Chapter 3, F(\) can be obtained as 

™ - U^-TM^^M^2^)) (5-I6) 

8y/27r2joijiin0(l + x) (5.17) 

The major difficulty of dynamic EDFA gain equalization is dynamically designing 

and optimizing the optical filter parameters such as the RF signal frequency fi, 

amplitude U{ and AO coupling length Li of each AF-AOTF. These works make sure 

the overall transmission profile F(A) are always kept match with the desired EDFA 

gain compensation transmission profile at any time. This is guaranteed by minimiz­

ing the system cost function J = E"=1 J,. The major problems in the optimization 

process are: The gain profile of the EDFA is a nonlinear function with respect to 

optical wavelengths. It depends on the absorption and emission spectra of EDFA. 

These parameters are measured in experiment and have no general and clear mathe­

matical expression. The filter design is difficult to be archived by using conventional 
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linear optimization schemes. These optimization schemes are suffered by local min­

ima problem and the obtained system performance is not satisfied. Thus, reliable 

nonlinear optimization scheme is required to solve this problem. In next section, an 

improved genetic algorithm is proposed to implement the EDFA gain compensation 

filter design. 

5.3.1.3 Genetic Algorithm 

Genetic algorithm is numerical technique that mimics the process of survival of the 

fittest. It is well-suited to do the simultaneous optimization of several features within 

multi-dimensional spaces. Especially, genetic algorithm does not need any differen­

tiation operations and has no local minima problem. The algorithm is explained 

below 

l)For each AF-AOTF, there are three parameters available to be used as the control 

parameters: the AO coupling length, the frequency and amplitude of the applied 

RF signal. 

2) An initial gene group with n genes is generated using random values within the 

predetermined limitations. These limitations are caused by the PZT transducer 

coupling efficient and the operation length limitation in real applications, n is the 

number of the sampling of the approached curve. 

3) The suitability of the solution is evaluated by its fitness. It is completed by com­

paring the system response with the desired response along the optical wavelength. 

The absolute values of the error at each sampling point are summed together as the 

fitness. 

fit(i) = T,%1\Fj~Cm\ (5.18) 

where Fj is the sampling value of the desired system response function, which is 

used as access pool. C{<j) is the function value produced by applying the parameters 
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in ith gene. Obviously, using more sampling points will obtain better optimization 

results. However, it causes large calculation workload. 

4) The best gene, which has the minimum fitness, in the old generation, is preserved 

in advance. The average value of fitness is also calculated. In the next step, a 

new generation genes (child generation) is produced based on the gene information 

of the present generation genes (parent generation). It is preferred that the genes 

in each new generation are better than those in the old generation. Thus, the 

child generation genes should inherit the excellent characteristics and cast away the 

bad properties in the parent generation as much as possible. This is implemented 

through crossover possibility design. The crossover possibility Pc(j) of each gene is 

generated based on its fitness as 

0.5(/itmq,-/tt(j)) f i , ( j ) > f U 

0.5 ; fit(j) < fitavg 

It is shown that the gene with better performance has lower crossover possibility. 

Then, a random crossover possibility Pc is produced to determine the crossover 

point. The genes after this point (Pc(i) > Pc) are exchanged according to the rule 

below. 

Gene(i) = A • Gene(i) + (1 - A) • Gene(k) (5.20) 

where A is a random value within 0 to 1, Gene(k) is a gene randomly selected from 

the rest genes in the parent generation. 

5) To ensure that no region of the solution space becomes inaccessible to the algo­

rithm, mutation is applied to child generation. The fitness of each gene in the child 

generation is calculated again and the mutation possibility is produced as 

o.5(/amax-/«W) fit(j)>fitavg. 
Pm{j) = { ftt—-f'tavs 9 (5.21) 

0.5 ; fit(j) < fitavg 
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Figure 5.13: The process of crossover. 

Same as the crossover process, a random mutation possibility Pm is produced to 

determine the mutation point. The genes after this point (Pc(i) > P) are exchanged 

according to the rule below. 

Gene(i) = A • Gene(i) + (1 - A) • Gene(r) (5.22) 

where A is also a random value within 0 to 1, Gene(r) is a gene randomly produced 

in the whole optimization space. 

After mutation has been applied, the offspring constitutes the new generation. Then, 

the worst gene in the new generation genes is replaced by the best gene of the last 

generation. The purpose of this process is to ensure that the child generation genes 

are not worse than the parent generation genes and converge to a global optimization 

point. Steps 3 ~ 5 are repeated until the specification of the approach error is met. 
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Figure 5.14: The process of mutation. 

5.3.1.4 Case Study 

To show the optical filter design scheme, six AF-AOTFs are used to suppress the 

EDFA gain profile as a case study. In this case, the desired system response is the 

gain transmission profile as shown by the dot dash line in Fig.5.15. It can exactly 

compensate the gain unflatness of EDFA. The required gain transmission profile is 

produced by cascading six AF-AOTFs. The available control parameters are the 

RF signal frequency Ui, RF signal amplitudes Ui and the AO interaction length Lt 

for each AF-AOTF. Then, the best solution that includes 18 parameters for the six 

AF-AOTFs is generated by using the improved genetic algorithm. 

The simulated response of this system with the optimized control parameters is 

obtained. Fig.5.15 shows the transmission combination of six AF-AOTFs. The dot 

dash line is the desired transmission profile that is used to suppress the EDFA gain 

peak around 1535nm. The solid line is the overall transmission profile of the six 

AF-AOTFs combination. The other dash lines show the transmission profile of each 

AF-AOTF. It represents the efficiency of the optimization of the system using the 

improved genetic algorithm. When the gain profile of EDFA is changed, previous 

design of EDFA gain equalizer cannot maintain the flatness of the output power 
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Figure 5.15: Composite transmission profile of the dynamic EDFA gain equalizer 
based on AF-AOTF technology and Genetic Algorithm designed at — 17.5dB. 

transmission. Then, the optical detectors detect the unflat EDFA gain profile and 

feed it back to the controller. The controller automatically calculates the required 

control parameters for all AF-AOTFs using the improved genetic algorithm. Fig.5.16 

shows the redesigned transmission profile for the gain equalizer. The corresponding 

output power spectra of EDFA are shown in Fig.5.17. In both two cases, excellent 

flatness of EDFA gain profile is obtained with signal ripple less than IdB over 

wide dynamic range covering the total EDFA bandwidth and the gain tilt effect is 

suppressed through dynamic design of the control signal for all AF-AOTFs. 

The genetic algorithm has several further advantages over conventional analytically 

based techniques. First of all, there is no predetermined information or linear ap­

proximation of EDFA gain profile required in the filter design process. Thus, for 

any random gain profile deformation of EDFA, this scheme can always find the best 

group of filter design parameters. In other words, the optimization result can be 

adaptively adjusted in the dynamic process of the system, which is necessary for the 

adaptive EDFA gain control. Furthermore, in order to reduce the computing time, 

a look-up table approach is useful. The overall transmission profile are measured 

under all possible situations and used to calculate the relative control signal in ad-
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Figure 5.16: Composite transmission profile of the dynamic EDFA gain equalizer 
based on AF-AOTF technology and Genetic Algorithm designed at — Vi.bdB. 

vance. All these information are stored in a data table. In the real applications, the 

required parameter values for each AF-AOTF are called up according to the on-line 

measurement of the transmission profile of AF-AOTF. If the computer speed is high 

enough, the system response time is only limited by the acoustic wave transient time 

of about 10/.IS. The look-up table approach can greatly improve the tuning speed of 

the system. 

5.3.2 Application of AF-AOTF in EDFA Gain Clamping 

In most applications in WDM optical communication networks, the EDFA gain is 

not only required to be equal with respect to optical wavelength but also to be con­

stant with respect to time. In last section, the solution of first requirement, dynamic 

EDFA gain equalization based on multi-stage AF-AOTF, has been presented and 

discussed. In this section, we will discuss the solution of the second requirement, 

which is usually denoted by EDFA gain clamping in scientific literature. 

Several EDFA gain clamping technologies have been proposed. They include auto-
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Figure 5.17: EDFA transmission profile after dynamic equalization using Genetic 
Algorithm. 

matic EDFA gain clamping by all-optical feedback [97, 98], fast pump control [99], 

fast electronic feedforward [100] and fast link control [101]. Among these technolo­

gies, automatic EDFA gain clamping by all-optical feedback scheme shows great 

attraction for future all-optical networks. This scheme employs an all-optical feed­

back loop on the amplifier and forms a self-oscillating laser cavity. In the steady 

state, the EDFA gain exactly compensates the laser loop loss at the laser wave­

length. With a constant and appropriate laser loop loss or in other word optical 

feedback level, the static EDFA gain is automatically clamped at desired value. 

However, future dynamic all-optical network will face more critical request on the 

dynamic performance. The transmission routing, wavelength allocation and trans­

mission path control will be implemented on the optical level [44, 11, 102]. The 

traffic and network reconfiguration will be regular and the input power variation 

through the EDFA employed in the network will be more frequent and violent 

[103, 104, 105, 106, 107, 108, 109]. As a result, when all-optical feedback gain 

clamping scheme is used on the EDFA employed in these dynamic optical networks, 

high frequency and long sustained optical signal power relaxation oscillation tran­

sient occurs in the optical transmission link [110, 111, 112, 113]. Especially for 

— Output spectrum after Equalization at-13tS 
Output spectrum b«fof ̂ Equalization at -1MB 
Output spectrum after Equalization at-17 SdB 
Output spectrum befot* EquaAzatlcn at -P 5dB 
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large-scale networks, where a large number of EDFAs are employed in the chain, 

the power relaxation oscillation is amplified by each cascaded EDFAs and becomes 

more and more serious along the EDFA chain. At the end of the optical transmis­

sion link, the survival channel power transient will be too fast for the corrective 

action to work and the maximum excursion power in the laser wavelength will ex­

ceed the thresholds for nonlinear effects such as stimulated Brillouin scattering. As 

a result, strong nonlinear effect and high transmission error appear in the signal 

channels. Obviously, current design of all-optical gain clamped EDFA cannot meet 

the requirement of the future dynamic all-optical networks until the slowly decaying 

relaxation oscillation transient is avoided or suppressed. 

The power relaxation oscillation transient in all-optical gain clamped EDFA is 

caused by the under-damped response of the system with respect to the abrupt 

variation of the EDFA input power. In current design of all-optical gain clamped 

EDFA, the optical feedback loop loss or in other word the optical feedback level of 

the ring laser is fixed at certain value to obtain desired EDFA gain in steady state, 

which is called static all-optical EDFA gain clamping in rest parts of this section. 

Dynamic performance related to system transient is not an issue for consideration. 

The employment of constant optical feedback level results in small system damp­

ing constant [114]. To suppress the undesired oscillatory transient, higher damping 

constant and strong optical feedback is expected. 

Thus, we propose a novel system design with dynamic optical feedback level control 

using AF-AOTF to improve the dynamic performance of all-optical gain clamped 

EDFA, while ensuring the steady state performance in this section. In the pro­

posed optical amplifier design, both static and dynamic performances of the system 

are considered by choosing appropriate poles with pole placement method. AF-

AOTF instead of the optical attenuator, which is employed in the traditional static 

all-optical EDFA gain clamping design, is used to dynamically modulate the opti-
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cal feedback level. Compared with ordinary static all-optical gain EDFA clamping 

scheme, dramatic improvement on the EDFA dynamic performance can be obtained 

with the employment of the proposed dynamic optical feedback level control design. 

In the following sections, a briefly discussion on current static all-optical EDFA gain 

clamping technology is given first. Some basic issues such as mathematical model 

of EDFA and operating principle of all-optical gain clamped EDFA are presented. 

Then, the structure of all-optical gain clamped EDFA with dynamic feedback level 

control is presented and the corresponding system mathematical model is derived 

with the consideration of AF-AOTF dynamics. Based on this model, dynamic op­

tical feedback level control rule is designed using pole placement method. At last, 

the characteristics and efficiency of the proposed scheme are analyzed and verified 

by simulation results. 

5.3.2.1 Static All-optical EDFA Gain Clamping 

First of all, it is necessary to briefly present the basic principle of ordinary static 

all-optical EDFA gain clamping technology. This makes the illustration in the rest 

parts of this chapter more clear and avoid some complicated denotations, which 

may lead to misunderstanding. Fig.5.18 is a schematic diagram of static all-optical 

EDFA gain clamping. Multi-wavelength optical signal is sent to EDFA after passing 

through an optical coupler. After being amplified by EDFA, the optical signal is 

spitted into two by another optical coupler: the direct transmission signal and the 

feedback signal. The feedback optical signal is attenuated by the optical attenuator 

to certain level. A wavelength selective power splitter or an optical bandpass filter 

is employed in the feedback loop to make sure that only the optical power in certain 

wavelength can be fed back into the EDFA. The attenuation level of the attenuator 

can be manually tuned to certain value to obtain desired static EDFA gain in the 

calibration process. But during operating process of the system, the attenuation 
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level is fixed. 
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Figure 5.18: Schematic diagram of all-optical gain clamped EDFA. 

It is assumed that the system is employed in ordinary WDM networks and there are 

n — 1 information transmission channels passing through the EDFA. Each of these 

channels is assigned an appropriative optical wavelength in the EDFA passband. 

The EDFA pump wavelength is taken as the nth channel. Besides these n channels, 

an optical feedback channel is employed to form the ring laser cavity at an additional 

wavelength, which is named feedback laser wavelength. EDFA can be described as 

[115] 

jis dGAt) „ , , 
- + Gi(t)+Ai <It 

E „+l F m^[ e G i ( ( ) _ j] (5.23) 

A, ad 

where Pln{t), P / s and cti are input signal power, intrinsic saturation power and ab-
pout 

sorption constant of the ith signal channel, respectively, Gi(t) = ln(-^r) denotes the 

EDFA gain parameter of this signal channel and r is the lifetime of the metastable 

level, / is the EDF fiber length. Equations (5.23) represents the coupled relation­

ships between all n signal channels. Noting that the right sides of these equations 
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are the same, the following equations can be easily derived. 

pis 
Gi(oo) = -£s(Gk(oo) + Ak) - Ai 

i 

i = 1 • • • n 

(5.24) 

where Gj(oo) denotes the steady state amplifier gain parameter in the ?'th signal 

channel. Equations (5.24) show that if the steady state amplifier gain of any one 

signal channel is obtained, the steady amplifier gains of all other channels can be 

determined. Furthermore, It can be easily obtained that 

>is dGAt) „ , . 

at Hs dGl{k) „.„ 
T^-^ + G,(k) + Ak (5.25) 

Above equation has a solution that 

pis pis 
G&) = -pls(Gk(t) + Ak) -At + (-£g(Gk(0) + .4,) - Gi(0) - Ai) exp(—) (5.26) 

If the EDFA is in steady state at t = 0, the last term in right side of (5.26) is zero 

and the transient EDFA gain parameter satisfies the following relationships. 

P[S 
Gi(t) pTs(Gk(t) + Ak) - A, 

i 

i = 1 • • • n 

(5.27) 

Thus, if the amplifier gain of certain channel e°k can be controlled, the EDFA gains 

in other channels are also under control. The output optical power in the n + 1th 

signal channel, the feedback laser channel, Pp is selected as the single system output 

variable. The ring laser cavity is in steady state only when the round trip gain of the 

laser is equal to 1. In the steady state, EDFA gain of the laser wavelength exactly 

compensates the laser loop loss introduced by the couplers and the attenuator. The 
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corresponding gain parameter is represented as 

GL(oo) = ln 
pkxh 

(5.28) 

where GL(OO) denotes the steady state EDFA gain parameter of the optical feed­

back laser channel, (3 is the fixed gain of the optical attenuator, k\ and k? are the 

cross coupling ratio of two couplers respectively. For convenience of illustration, 

the subscript L is used to denote those variables associated with the feedback laser 

channel in the rest parts of this chapter. Assume that the demanded EDFA gain 

parameter of fcth signal channel is Gf. According to (5.24) and (5.27), the corre­

sponding expected value of the EDFA gain parameters at the laser wavelength can 
, pIS 

be calculated as GL = -^(Gf + At.) — Ai. The required ring laser loop loss induced 

by the optical attenuator is 

P kxk2 
(5.29) 

Usually for the static EDFA gain equalization, k is chosen as the wavelength that 

has the minimal gain in EDFA passband. 
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Figure 5.19: Block diagram of all-optical EDFA gain clamping. 

Fig.5.19 shows the block diagram of all-optical gain clamped EDFA. The minus sign 
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in this figure means that the variation of the laser feedback power Pi always on the 

opposite direction with the input power variation APin. If the signal input power 

variation is positive, the EDFA gain in the feedback laser channel e°L will reduce, 

while if the signal input power variation is negative, the EDFA gain will increase. 

As a result, the feedback laser power PL = PFe°L always try to compensate the 

input power variation and maintain the total input power of EDFA constant. When 

appropriate laser loop loss shown in (5.29) is employed, the feedback laser power 

converges to its steady state value after a relaxation oscillation transient. The total 

input power of EDFA is maintained as its initial value, which results in constant 

EDFA gain as shown in (5.28). 

In static all-optical EDFA gain clamping, constant optical feedback level limits the 

damping constant for the system and there is a high frequency relaxation oscillation 

transient with a large value of settling time. To suppress this undesired transient, a 

higher system damping constant is required. Consequently, the optical feedback level 

should have a value higher or lower than its steady state value when the amplifier 

input power reducing or increasing, respectively. At the same time, the convergence 

and steady state of the system must be maintained. Thus, control of the optical 

feedback level, named dynamic all-optical EDFA gain clamping, is demanded to 

simultaneously satisfy the system static and dynamic performance requirements. 

5.3.2.2 Dynamic All-optical EDFA Gain Clamping Using AF-AOTF 

The schematic diagram of dynamic all-optical EDFA gain clamping using AF-AOTF 

is shown in Fig.5.20. Here, an AF-AOTF is inserted into the ring laser cavity to 

modulate the optical power feedback level. The choice of AF-AOTF is because of 

its all-optical property, excellent electronic controllability and good dynamic perfor­

mance. These properties make the computer aided dynamic optical feedback level 

control through electronic means is possible. At the input port of AF-AOTF, opti-
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Figure 5.20: Schematic diagram of dynamic all-optical EDFA gain clamping using 
AF-AOTF. MSC— Mode selective coupler. 

cal power in all wavelengths is guided in the fundamental mode. When they pass 

through AF-AOTF, a portion of optical power in a narrow band wavelength is cou­

pled into higher order mode. Then, after passing the mode selective coupler (MSC) 

[59], the optical power in the high order mode is selected out and fed back to the 

ring laser cavity. The laser optical feedback level through AF-AOTF is indirectly 

controlled by the RF signal, which is used to generate the acoustic wave in the AO 

interaction fiber. Then, the remaining problem is how to design proper control rule 

for the RF signal generator to obtain excellent dynamic performance. 

First of all, a mathematical model for the system is derived. The laser channel can 

be characterized by the linear differential equation [114]. 

rrt^P- = \n[eG^0(t)k1k2}-PUt) 
Pexit) 

l-eG^p(t)kik2_ 
(5.30) 

where Fex(f) denotes the power of possible external perturbation signal, rrt is the 

propagation time of the light around the closed loop, /3(f) indicates the cross coupling 

ratio of AF-AOTF. The cross coupling ratio of MSC is assumed as 100%. Usually, 
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the perturbation term Pex(t) <C PUt) and it can be neglected. 

Tr(^r^ = wGL{t)mkM (5.3i) 

Recall the EDFA model shown in equation (5.23) and assume the AF-AOTF as a 

time delay system with a time constant T, the system can be represented as 

dGL(t) , GL(t) AL gki^Kf!^ ~ ̂  ^)(eGt("-l),c,o^ 

~^r + — + ~ = w~r W~r—( } 

T r t ^ ^ - = HeG^i3(t)kM (5.33) 

dP(t) M),r (A ,-M 

— £ - = — — + Kau{t) (5.34) 

where /3(t) is the AF-AOTF transmission gain, u(t) is the driving RF signal ampli­

tude and Ka is power conversion constant of PZT. The AF-AOTF time constant 

T can be approximated by the acoustic wave propagation time through the AO in­

teraction range. To increase the accuracy of the model, the amplified spontaneous 

emission (ASE) effect is involved into Pi(t) by employing an effective bandwidth 

noise Av over all EDFA spectrum [116] as: Pi(t) = P*n(t) + hviAvi. Block diagram 

of the system is shown in Fig.5.21. Compared with Figure.5.19, a dynamic optical 

feedback level control block is introduced into the system to dynamically modulate 

the ring laser round loop loss. 

The system is nonlinear and makes the control rule design difficult. Thus, it is 

necessary to do some simplification and linearization. In the steady state, — ^ = 

°; dlndtL{t) = °; ¥ = °- T h e s t e a d y s t a t e v a l u e s o f E D F A § a i n Parameter, feed­

back input power and AF-AOTF transmission gain in the ring laser wavelength are 

denoted as GL(OO), PL(OO) and /3(oo), respectively. When the input signal channel 

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



5.3 Applications of AF-AOTF in EDFA Gain Control 144 

AP, In G....G 

•i i— EDFA 

/ 

Exp(GL) 

Optical 
feedback level 

AF-AOTF 

- + GLW -o-— -o— 
PW 

Dynamic optical feedback level control 

Figure 5.21: Block diagram of EDFA gain clamping with dynamic feedback level 
control using AF-AOTF. 

number is determined, these values are constant and can be easily determined as 

GL(oo) 

0(oo) 

u(oo) 

Then, define that 

pis 
^(Gd

k + Ak)-AL 

1 
eGL(oo)klk2 

£$U[Pi(t)( 

P(oo) 
KaT 

AGL(t) = 

A In PL(t) = 

A/5(t) = 

A«(t) = 

eom _ 1}] + P ^ ( G L ( O O ) + AL) 

(eGL(oo) _ ! ) 

GL(t) - GL(oo) 

In PL(t)~ In PL(oo) 

P(t) - P(oo) 

u(t) — u(oo) 

(5.35) 

(5.36) 

(5.37) 

(5.38) 

(5.39) 

(5.40) 

(5.41) 

(5.42) 
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The gain variation (about 0.5dB) is usually small compared to the steady gain 

(above 20dB) and the input power variation can be approximated as 

£?=1P t(i)(eGi(() - 1) « Er=1F!(i)(eG'(o°) - 1) 

= P.(t) + P0 (5.43) 

where P0 = E,"=1F!(0)(eGi(oo) - 1) + PL(oo){eGL(oo) - 1) is the steady signal power 

increment and Pv(t) is the signal input power increment variation of EDFA. Then, 

substituting (5.39)-(5.43) into equations (5.32)-(5.34), gives 

dAGL(t) AGL(t)+GL(oo) AL Pv(t) + P0 - PL{oo)(eG^oo) - 1) 
(it T T P[ST 

p(A\nPL(t)+\nPL(oG))(eAGL(t)+GL(oo) _ j \ 

(5.44) 

TrtdAln
dt

L(t) = He{AG'(t)+G[-(oo))kMAf](t)+P(oo))} 

(5.45) 

dAp(t) A[3(t) + p(oo) 
dt 

Ka(Au(t) + u(oo)) 

(5.46) 

The right sides of equations (5.44)-(5.46) are expanded to Taylor series with re­

spect to Giit), \nPi(t) and fi(t) at the steady point (GL(oo), PL(oo),fi(oo)). Then, 

substituting (5.35)-(5.38) into the obtained equations and cancelling the common 
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terms, gives 

dAGL(t) 
dt 

dA\nPL(t) 

dt 

dA/3{t) 

dt 

AGL(t) Pv(t) eG^°°>PL(oo) 

P[Sr P[Sr 
PL{oo){eGL^ - 1) 

AGL(t) , eG^k,k2A(3{t) , D 

h K&ii\t) 

AGL(t) 

Til 

A(3{t) 

T 
+ KaAu(t) 

A In PL(t) + J?AG(*) + /fei„„(0 (5.47) 

(5.48) 

(5.49) 

where R^oit), RA\np(t) and R&p{t) represent the second and higher order terms of 

AGi(t), AlnP/XO a n d A/3(i), respectively. For convenience of illustration, denote 

Xi = Adit), x2 = AlnPi,(f), x3 = A/3(f) and u' = Au(t). A simple linear 

approximation model of the system is represented as follows 

x = Ax + Bu' + v (5.50) 

where 

1 eaL(^)pL(oo) 

and 

-pY~r 

_1_ 

PL(oc)(eGL(~)_l) 

0 

0 

eGL(°°)fc1fc2 

Trt 

T 

(5.51) 

B 

0 

0 (5.52) 

where x = [£i, #2> ^ F ls the state vector of the system and u' is the system feedback 

to be designed, v = — piS; is the temporal external disturbance. 
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5.3.2.3 Design of Dynamic Optical Feedback Level Control 

Now the remaining problem is how to design the feedback signal u'. Here it is done 

through static feedback, i.e. u' = KTx = hiXi + hiXi +^3X3. By adjusting the state 

feedback gain matrix K = [h\, hi, /i3JT, the poles of the system can be placed at any 

desired positions and excellent dynamic performance can be obtained. However, the 

measurement of %i is too complicated to be implemented in practice. To obtain 

the real time value of Xi, PL(OO) must be predetermined. As shown in equation 

(5.37), the real time value of PL(OC) depends on the randomly varied network traffic 

situation. Thus, to measure Xi, all signal channels must be continuously monitored 

with some expensive equipment such as optical spectrum analyzer. It also requires 

long processing time and causes failure of the control system. To avoid this problem, 

only X\ and £3 are used as the feedback signal, i.e. hi = 0. Variables X\ and Xi 

can be simply obtained by measuring the optical powers before and after EDFA in 

the single feedback laser wavelength, which can be clone with several cheap optical 

detectors. Furthermore, because the feedback ring laser can be separately set at 

the wavelength far away from the signal channels, less noise and disturbance are 

introduced into the transmitted signals. With K = [hi,0,hs]T, the closed loop 

system is 

x = Ax (5.53) 

where 

A 

_ I _ 
r 

eaH<*>) pL(oo) 

Kail! 

PL(oo)(eG£(°°> 

0 

0 

') 0 

e°L(<»)fc,ltj 
Trt 

-j + Kah 

(5.54) 

Based on linear system theory, the system is stable when the real parts of all eigenval­

ues of A are negative. In our case, the system is designed to have one real eigenvalue 
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Xi = q and two conjugated complex eigenvalues A2 = r + sj and A3 = r — sj. Then, 

the following relationships are deduced. 

q + 2r 

2 + s2 + 2qr = 

f/(r2 + s2) 

= «n + a33 

= Oll033 — fll2«21 

= (a3id23 - a2i(i33)ai2 

(5.55) 

(5.56) 

(5.57) 

where a,j is the element at ith row and jth column in matrix A. The values hi 

and ft,3 depend on 031 and a33, respectively. But there are three equations and two 

variables a3x and 033. This makes some limitations on the placement of system poles. 

(5.55) and (5.56) make a constraint on the placement of system poles position. 

(an - r)2 + s2 + a12a2i q = (5.58) 
an — 2r 

The required hi and h3 are 

(r2 + $2 - cinr - ai2a2i)
2 + (4ai2a2i + a2

n)s
2 

hi = -. —: (5.59) 
Kaai2a23{au - 2r) 

1 , 2r r2 + s2 + ana2i 
KaT Ka Ka(an - 2r) 

5.3.2.4 Case Study and Discussion 

In this section, some simulations to evaluate the efficiency of dynamic all-optical 

EDFA gain clamping scheme are carried out to verify the design scheme in the 

previous section. In these simulations, the designed optical amplifier is employed in 

a WDM optical network, which involves a 16 EDFAs chain. 

Firstly, transient of single EDFA using the structure shown in Fig.5.20 is examined. 

In the simulation, ASE effect is considered as a noise with effective bandwidth of 

Aveff = 125GHz [98] over all optical spectrum of EDFA. Saturation parameter is 
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Figure 5.22: Dynamic transient of all-optical gain clamped EDFA. 

taken as (, = 5.58 x 1014m~' • s"1. The Metastable lifetime r, round trip time rTi 

and AF-AOTF time constant T are 10ms, 0.1^5 and 10/.ts, respectively. The EDFA 

is pumped at 1480nra with laser power of 40mW. The EDF fiber length / = 10m. 

Eight channels are employed from 1548nm to 1551.5nm with interval of 0.5nm and 

input powers of 0.025?nI47/channel. The feedback laser wavelength is 1547nm. The 

signal channel at the wavelength 1548nm is selected as the survival channel. In 

the simulation, it is assumed that the channels are abruptly switched and the most 

serious case for the network transmission power variation is that there are 5 out of 

8 signal channels are added or dropped. 

For comparison, static all-optical EDFA gain clamping is studied Firstly. The re­

quired attenuation gain of the attenuator is calculated as 0.0739. When 5 of 8 

channels are dropped, for the static gain clamping case, the system eigenvalues are 

—0.1206 ± 1.5418z, which leads to a damping constant of 0.078. The dynamic tran­

sients of output power and EDFA gain are shown in the dot curves in Fig.5.22.1 and 

Fig.5.23.1, respectively. 
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Figure 5.23: Dynamic transient of all-optical gain clamped EDFA. 

Then, the AF-AOTF control rule is designed according to the method mentioned in 

last section. Because of the nonlinearity of the system, system dynamic performance 

is dominated by the real eigenvalue q only at the point very close to the steady state, 

where the system linearization is carried out. But at this time, the power excursion 

has been suppressed to a small level, which is close or below the value acceptable 

to the system. In most time of the transient, the system state is relative far away 

from the linearization point and the system dynamic performance is determined by 

the two complex eigenvalues. Because the principal aim is to reduce the effect the 

oscillation process, the absolute value of r should be selected as large as possible. 

However, according to equation (5.58), reducing r moves the corresponding values 

of q in the positive direction of the real axis. It makes the effect of the real pole 

q very strong and cause long convergence time. In the worst case, it can make the 

system unstable. Thus, there is a tradeoff problem. In the simulation, the values of 

r and s are set as —0.63119 and 1.46833, respectively. The corresponding value of q 

is —0.0811. The feedback level design parameters are Kahi = —0.0749 and Kahz = 

— 1. With this design, the system stability is guaranteed firstly. Furthermore, the 
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two complex eigenvalues are moved away from the imaginary axis and the oscillatory 

effect is reduced. The selection of q makes both the laser power excursion and the 

system convergence speed acceptable. The power and gain transient of the system 

are shown in the solid curves in Fig.5.22.1 and Fig.5.23, respectively. 

When 5 out of 8 channels are added, the system state matrix A is changed because 

of the variation of PL(OC) and the system eigenvalues are — 0.01705±0.5773i. Using 

same feedback gain matrix K designed above, the two complex system eigenvalues 

are -0.0606 ± 0.41491 According to equation (5.58), the corresponding value of q 

is —1.9121. The responding simulation results are shown in Fig.5.22 and Fig.5.23.1, 

respectively. 

Based on the results, it can be noted that the output power oscillation in survival 

signal channel is very strong and need quite long time to converge to its steady 

state value. In the case using dynamic optical feedback level control, when the 

total input power of EDFA changed, the signal output power variation or the gain 

variation in the survival signal channel increases to its maximum value and smoothly 

reduces to the steady state. It is clear that the total time required for the output 

power and gain of the survival channel converges to its steady state, called system 

recovery time, is greatly reduced from 300/is to about 40^s. That means much 

fewer transmitted bits are affected by the undesired transient. The gain oscillation 

frequency or in other word gain variation speed is greatly reduced by applying the 

dynamic feedback level control. Then, the critical correction action speed at the 

receiver is greatly reduced. 

In the real application, the highest output power excursion is happened at the 

compensating laser wavelength especially when a number of channels are added or 

dropped [112]. It causes the nonlinear effect such as Stimulated Brillouin Scattering 

in the optical fiber, which introduces noise and perturbation into the transmitted 

information. Thus, the power excursion at the compensating laser wavelength must 
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be suppressed. Fig.5.22.2 shows the output power transient at the feedback laser 

wavelength. It is clear that the power excursion at the compensating laser channel is 

greatly suppressed from bdBm to OAdBm through applying the dynamic feedback 

level control. 

From above discussion, it can be concluded that the relaxation oscillation transient 

in the signal channel is damped and the maximum power excursion in the feedback 

laser wavelength is suppressed. In turn, the transmission error rate is decreased and 

the optical nonlinear effect in the fiber is avoided. 

It must be noted that the maximum power excursion in the survival signal channel 

is enhanced by using the dynamic all-optical EDFA gain clamping scheme compared 

with that in the static all-optical EDFA gain clamping. But this negative effect on 

the system dynamic performance is not significant. Firstly, the power excursion 

in signal channel is much smaller than that of the feedback ring laser channel and 

cannot reach the threshold of the nonlinear optical effect. Secondly, by using dy­

namic optical feedback control, the relaxation oscillation effect accumulation along 

the EDFA chain is much slower than that of the static all-optical EDFA gain clamp­

ing case. As a result, the overall maximum power excursion in the survival signal 

channel slowly vanishes along the EDFA chain and has insignificant effect on the 

network performance. Furthermore, we found that if introduce the information of 

the slope of the ring laser power variation into the control signal design, this power 

excursion can be strongly suppressed. More research on this problem is under going. 

The simulations for the cases that there are 1,2...4 out of 8 channels are added and 

dropped are also be done. In these simulations, the feedback gain matrix K is the 

same with that designed for the case 5 out of 8 channels are added and dropped. 

Similar results are obtained. From these simulation results, it is found that if the 

designed system is stable when the most serious input power variation happens, for 

any other cases, the system is always stable. 
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5.3.2.5 EDFA Chain Gain Clamping 
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Figure 5.24: Schematic diagram of gain control of an EDFA chain using dynamic 
EDFA gain equalization scheme and gain clamping with dynamic feedback level 
control scheme. 

The relaxation oscillation in any single gain clamped EDFA is not so serious to 

result in burst transmission error. However, it becomes serious transmission error 

when this unwanted transient effect is accumulated along the EDFA chain. Thus, 

it is necessary to examine the efficiency of proposed optical amplifier design in an 

optical transmission link involving long EDFA chain. 

Fig.5.24 shows the schematic diagram of EDFA chain gain clamping with dynamic 

feedback level control. 16 EDFAs are cascaded in the chain. The first EDFA is all-

optical gain clamped using the structure shown in Fig.5.20. Following each EDFA, 

EDFA gain equalization filter implemented by multi-stage AF-AOTF, which is dis­

cussed in last section, is employed to equalize the un-flat gain profile. The span loss 

between two neighboring EDFAs is 2MB, which is equal to the desired equalized 

amplifier gain and 80km fiber span loss. The leaked ring laser power of first EDFA 

propagates along the EDFAs chain and acts as a compensation signal. 

The transmission signals and control parameters of the system are same with that 

used in last simulation. Recovery time defined in [110] is one of the important indices 
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Figure 5.25: Recovery time of output power for a 16-EDFA chain. 

used to evaluate the penalty of EDFA gain transient. Fig.5.25 shows the relationship 

between the system recovery time and the cascaded EDFA number when several 

signal channels are added and dropped. It shows that the recovery time is greatly 

reduced by applying the dynamic feedback level control. Furthermore, the trend 

that the recovery time increases with respect to the cascaded EDFA number along 

the EDFA chain is suppressed. 

Fig.5.26, Fig.5.28 and Fig.5.27 show the power excursion and gain variation of the 

system for each EDFA along the chain. From Fig.5.26.1 and Fig.5.26.2, it is obvious 

that the power excursion in the compensating laser channel is greatly suppressed by 

the proposed scheme. The signal channel gain variation along the EDFA chain is 

shown in Fig.5.27.1 and Fig.5.27.2. With the proposed scheme, the gain variation 

converges more rapidly to its steady state value. When 5 out of 8 signal channels 

are dropped, the overall survival signal channel gain variation is smaller than that 

of the static all-optical EDFA gain clamping after the 6th EDFA. For the case that 

same signal channels are added, better overall survival signal gain variation can be 

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library

http://Ui.ll


5.3 Applications of AF-AOTF in EDFA Gain Control 155 

s 
fa 

Fixed feertb.uk level 
Dynamic fte.Jh.ict level 

1? U K 

L 

• Fi*e«l 1~.ll' v k level 
- [lymuile feeilbeek level 

Number of EGFAs 

5.26.1: The compensation laser power re­
sponse along the EDFA chain when 5 out 
of 8 channels are dropped. 

5.26.2: Power excursion of the compen­
sating laser channel along the EDFA chain 
when 5 out of 8 channels are added. 

Figure 5.26: Feedback laser power transient for a 16-EDFA chain. 

obtained only after the second EDFA. Similar conclusion can be drawn for the power 

excursion of the survival signal channel as shown in Fig.5.28.1 and Fig.5.28.2. By 

applying dynamic feedback level control, the increase speed of the survival signal 

channel maximum excursion with the number of EDFAs cascaded in the chain is 

smaller than that of the static all-optical EDFA gain clamping. After the 13th 

EDFA, the overall value of the maximum excursion power is below that of the static 

all-optical EDFA gain clamping. Similarly, only after the second EDFA, the survival 

signal power excursion of the proposed scheme is smaller than that of the static all-

optical EDFA gain clamping. 

Above results are explained as follows: The direction of EDFA gain variation is 

opposite to the input power variation. Thus, the output power variation in the 

foregoing EDFA results in opposite direction gain variation in the followed EDFA. 

The gain variation of the followed EDFA diminishes the amplification effect of the 

excursion power. However, because EDFA has a large time constant, the opposite 

direction gain variation of EDFA is much slower than the variation of the input 
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5.27.1: Gain variation of the survival 
channel along the EDFA chain when 5 out 
of 8 channels are dropped. 

5.27.2: Gain variation of the survival 
channel along the EDFA chain when 5 out 
of 8 channels are added. 

Figure 5.27: Gain transient for a 16-EDFA chain. 

power. For the case of static all-optical EDFA gain clamping, the total input power 

excursion is very large and happened at high speed. The EDFA gain variation is 

not sufficient and cannot totally counteract the effect of power variation. Thus, the 

total output power variation is in the same direction as the input power variation 

and propagates to the next EDFA. The power excursion of system is amplified by 

each EDFA in the chain and accumulated more and more serious. For the case of the 

dynamic feedback level control, the power excursion in the feedback laser channel 

is suppressed and the power variation speed is greatly reduced. The gain variation 

along the EDFA chain has sufficient long time to accumulate to enough high value 

and dominates the slow and weak input power variation effect. As a result, the 

relaxation oscillation accumulation along the EDFA chain is suppressed. 

Then, the application of multi-stage AF-AOTF for EDFA gain control have been 

discussed in this section. It shows that through combining EDFA gain equalization 

scheme shown in last sub-section and EDFA gain clamping scheme presented in 

this sub-section, the gain control problems of EDFA with respect to the optical 
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5.28.1: Power excursion of the survival 
channel along the EDFA chain when 5 out 
of 8 channels are dropped. 

5.28.2: Power excursion of the survival 
channel along the EDFA chain when 5 out 
of 8 channels are added. 

Figure 5.28: Output power transient for a 16-EDFA chain. 

wavelength and time can be solved. 

5.4 Conclusion 

In this chapter, pilot studies on the design and control issues of particular appli­

cations of tunable complex transmission profile in optical communication networks 

are carried out. 

Firstly, the application of multi-stage AF-AOTF in dynamic optical add/drop mul­

tiplexing is discussed. In this applications, multi-stage AF-AOTF is used to deliver 

the desired tunable high - 12d5 to — MB shape factor stopband transmission pro­

file. To obtain excellent tunability along the optical wavelength and reduce the 

complexity of the system, the desired transmission profile is implemented by loop 

structure AF-AOTF subject to strain difference control. The proposed filter is pre­

sented by experiments to deliver stopband transmission spectra with 0.4nra, inm 

and 7.5nm - 12<18-bandwidth, which have high -12dB to -MB shape factor of 
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0.41, 0.38 and 0.6, respectively. 

Secondly, the application of multi-stage AF-AOTF in the gain control of EDFA is 

discussed. Multi-stage AF-AOTF is successfully used to solve two primary issues, 

EDFA gain equalization and EDFA gain clamping, in the EDFA gain control. For 

the former issue, an improved genetic algorithm is applied to adaptively optimize 

the control parameters of the combined AO interaction stages. The ripple of EDFA 

gain profile is suppressed to a value less than ldB. For the second issue, a novel 

and efficient design scheme used to suppress the relaxation oscillation in all-optical 

gain clamped EDFA has been proposed. By using an AF-AOTF to dynamically 

modulate the ring laser feedback level, both transient and steady state performance 

of the system can be controlled. Poles placement method is used to optimize the dy­

namic performance of the system. The relaxation oscillation exists in all-optical gain 

clamped EDFA is sufficiently suppressed. By using the proposed multi-stage AF-

AOTF based dynamic EDFA gain equalization and gain clamping schemes, EDFA 

gain are fully controlled with respect to both optical wavelength and time. It makes 

EDFA can be employed in the future high speed smart all-optical networks. 
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Chapter 6 

Conclusions and 

Recommendations for Further 

Research 

6.1 Conclusions 

In this thesis, the design, control and implementation of all-fiber tunable filter using 

multi-stage AF-AOTF technology has been systemically studied. The tuning per­

formance improvement of multi-stage AF-AOTF with complex transmission profile 

is the core contribution of the thesis. For the multi-stage AF-AOTF, its key perfor­

mance factor "tunability" is addressed and the quantitative measure of the tunabil-

ity is given. Based on this measure, two kinds of tunability improvement schemes 

for multi-stage AF-AOTF are developed and their performance are demonstrated 

through theoretical analysis, simulation studies, and experiments. To accommo­

date these improved scheme, a loop structure multi-stage AF-AOTF is proposed by 

studying the practical limitations of the traditional multi-stage AF-AOTF struc-
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tures. Furthermore, the thesis has conducted pilot studies on the applications of 

the obtained high performance multi-stage AF-AOTF in designing dynamic optical 

add/drop multiplexing filter, EDFA gain equalization and EDFA gain clamping. 

The major contributions of this thesis are summarized in the following aspects. 

Implementation of different dynamic functions required by all-optical communica­

tion networks by using multi-stage AF-AOTF is systemically studied. Multi-stage 

AF-AOTF is used to realize the optical tunable optical filter with pre-specified com­

plex transmissions. The desired complex transmission is formed by superposition of 

several shifted notch transmissions. Each of these notch transmissions is generated 

by one AO interaction stage. High performance tunable optical filter is required 

to maintain the pre-specified spectrum being maintained while the transmission is 

being tuned. In the same time, the tuning mechanism must be as simple as pos­

sible from the practical point of view. To design such a tuning mechanism with 

pre-specifications, the concept of tunability of a complex transmission and a quan­

titative measure of the tunability are for the first time formulated in the thesis. 

This advancement enables us to quantify the capability of a composite transmission 

being maintained while its position is tuned from one wavelength to another. 

Using the proposed tunability measure, a strain control scheme is proposed and sys­

tematically developed to obtain tunable optical tunable filters with specified com­

plex transmissions by using multi-stage AF-AOTFs. This scheme is first developed 

based on the traditional multi-stage AF-AOTF design which cascades multiple AF-

AOTFs subject to frequency difference control scheme. In this design, the desired 

complex transmission profile is achieved by applying different frequency RF signals 

on each AO interaction stage where axial strain is applied as well. The tuning of 

the composite transmission is achieved through adding an identical increment on 

the RF signal frequency of all AO interaction stages. The axial strain effect on the 

system tunability is modelled and analyzed for the first time. It is shown in theory 
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that by applying a fixed axial strain on each AO fiber in the cascaded AF-AOTFs, 

the tunability of the resultant composite transmission can be enhanced. 

To further improve the tunability of multi-stage AF-AOTF, a strain difference con­

trol scheme is proposed. In this scheme, the desired composite transmission profile is 

realized by introducing different but fixed strains on different AO interaction stages 

in the calibration stage. The driving RF signal frequency of all participant AF-

AOTFs are kept identical. The overall transmission is tuned simply by tuning this 

single RF signal frequency as tuning a single stage of AO-AOTF. This simplicity 

gives advantage over the traditional frequency difference control scheme. Through 

theoretical analysis, it is shown that multi-stage AF-AOTF subject to strain dif­

ference control has better tunability than the multi-stage AF-AOTF subject to fre­

quency difference scheme when they are used to deliver same complex transmission 

profile. The theoretical analysis is justified by both simulation and experimental 

studies where the desired complex transmission is simulated by a maximally flat 

stop band transmission. 

Besides the tuning schemes, the improvement of the tunability is studied from prac­

tical perspective by addressing the implementation issues of multi-stage AF-AOTF. 

In traditional multi-stage AF-AOTF, each AF-AOTF is driven by individual piezo­

electric transducer (PZT). The characteristics of the PZTs deviate one from the oth­

ers. To avoid the synchronizing problems between different AO interaction stages 

in the system, a novel loop structure AF-AOTF is proposed in the thesis to avoid 

the system tunability degradation due to the mismatch between frequency band­

width of different PZT in the cascading structure AF-AOTF. Enhanced notch filter 

using the proposed loop structure is demonstrated to solve the weak AO coupling 

efficiency problem of single mode fiber based AF-AOTF. Experimental results of 

tunable bandstop transmission by different multi-stage AF-AOTF structure are ob­

tained and used as a case study to demonstrate the superiority of the proposed loop 
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structure on the different AO interaction stage synchronization. The characteristics 

of different AF-AOTF integration structures are compared and their advantages and 

disadvantages of them in different applications are also analyzed. 

To demonstrate the performance improvement of multi-stage AF-AOTF and its 

applications in all-optical communication networks, two typical and important ap­

plications of the proposed AF-AOTFs design are investigated in the thesis as well. 

In the first application, a loop structure multi-stage AF-AOTF subject to strain 

difference control design is used to obtain a dynamic optical wavelength add/drop 

multiplexing filter over a broadband. As the filter can be design with high roll-off 

factor, the channel crosstalk and signal distortion in multiplexing is greatly reduced. 

In the second applications, the proposed design is used to design filters for gain con­

trol of erbium-doped fiber amplifiers in two typical applications. Two gain control 

applications are studied. First, an improved genetic algorithm is proposed to tune 

on-line the control parameters of multi-stage AF-AOTF to equalize the dynamic 

gain of EDFA. Second, a novel all-optical EDFA gain clamping scheme with dy­

namic optical feedback level control using AF-AOTF is proposed. In this design, 

the dynamic model taking into account the AF-AOTF dynamics is derived first, 

based on which poles placement method is applied to obtain the tuning rules of 

AF-AOTF. It is shown that the EDFA transmission penalty due to the relaxation 

oscillation transient is strongly suppressed by the proposed scheme. 

6.2 Recommendations for Further Research 

In this thesis, it has been presented that the employed PZT can directly affect 

the performance of AF-AOTF. The synchronization problem between different AF-

AOTFs is avoided through applying loop structure design. However, there are still 

some challenges in the detailed study of the effect of PZT characteristics on the per-
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formance of AF-AOTF. The guideline for the design and manufacturing of PZT or 

acoustic transducer for AF-AOTF is still underdeveloped. It is also quite interesting 

to theoretically analyze the acoustic wave propagating in the fiber. Especially, the­

oretical analysis on the acoustic field establishment and resonance effect involved in 

the AF-AOTF is an attractive topic since it gives guidance on the implementation 

and control of AF-AOTF in practice. 

In this thesis, the design of AF-AOTF is based on current available fiber or simple 

modulation such as etching the diameter of the fiber. Since the refractive index 

profile of the fiber is designed for optical transmission, it induces some limitation on 

the performance of all-fiber acousto-optic tunable filter. For example, the minimum 

bandwidth of AF-AOTF is not narrow enough based on any current fiber. The 

special fiber index profile design for AF-AOTF is useful. 

The polarization effect on the AF-AOTF is an interesting topic. Some basic research 

in this area has been carrying out. The obtained results show that AF-AOTF is 

possible to be used in PMD compensation for it is polarization dependent. 

The dynamic EDFA gain equalization based on AF-AOTF technology can be further 

explored by applying other control methods and signal processing in the system. 

In this thesis, the advantage and efficiency of loop structure AF-AOTF have been 

presented. It can be further explored in components design. For example, the tech­

nically design of acoustic transducer for the loop structure AF-AOTF to increasing 

the maximum number of integrated AO interaction stages and AO coupling effi­

ciency maybe an interesting topic. 
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APPENDIX A. 

Acoustic Field in AF-AOTF 

There are three kinds of acoustic modes can be guided in the optical fiber: longitudi­

nal, torsional and flexural waves. All of them can introduce periodic refractive index 

grating in the fiber. However, because the refractive index displacement caused by 

the longitudinal wave is uniform in the transverse plane, the AO coupling coefficient 

calculated from equation (2.4) is very weak. Therefore, the optical mode coupling 

excited by longitudinal wave can be neglected. The mode coupling introduced by 

the torsional wave is strong polarization dependent. It is only used in some special 

applications. But for the normal applications, flexural acoustic wave is the most 

common selection. 

The transverse displacement of flexural acoustic wave propagates along the fiber can 

be described as [51, 56] 

u(z, t) = UQ cos{ut — KZ) (A.l) 

where UQ and to are the amplitude and angular frequency of the flexural wave, 

respectively, K is the acoustic wave constant. This flexural wave periodically changes 

the optical refractive index of the fiber. The net change of the refractive index can 

be described as 

n(z,t) = n0 + Ancos(ojt - KZ) (A.2) 

where no is the initial value of fiber refractive index. The refractive index change 

An is produced from two sources. First, the mechanical micro-bending of the fiber 

cause the optical path length of the light transmitted through it increasing. Total 

optical path length change of the light in the fiber is antisymmetric along the acous­

tic polarization axis in the transverse plane. To quantitively calculate the optical 

path increasing, the fiber are divided into lot of fractions with small length of A-. 

When acoustic wave propagates along the fiber, each fraction become a small corner 
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bending curve with radius R. Thus, the optical path change due to the geometrical 

micro-bending in the transverse plane of each fiber fraction is 

A/ = k0n0y/RAz (A.3) 

where ko is the propagation constant of the light. The overall optical path change 

of the fiber is 

AL = Y,Al 

k0n0yz 

R 
(A.4) 

where z is the optical light transmission distance. The optical path change can be 

taken as result of the effect of refractive index variation. The effective refractive 

index change due to the "geometric change", here denote by Ang, can be given as 

Ang = noyK2uocos(ujt — KZ) (A.5) 

The derivation of above equation use the following approximation 

1 1 
n 1? 

= K2Uo COs((dt — KZ) (A.6) 

The other primary effect cause the refractive index variation is the elasto-optic 

effect. Because the size of optical fiber in longitudinal dimension is much larger 

than that in the transverse dimension, the dominant stress in the fiber is along the 

z direction. When an acoustic wave described as (A.l) propagates along the fiber, 
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the corresponding strain components are 

Sx = -vy/R 

Sy = -vy/R (A.7) 

Sz = y/R 

As a result, the corresponding refractive index changes in the transverse plane due 

to different strain components are 

Anx = -~nlpnSx 

An«/ = -^nl'PnSy (A.8) 

1 3 « Anz = --n0p12Sz 

where p^ is the strain-optic tensor and is determined by the material and the con­

figuration of the fiber. The total elasto-optic effect contribution to the polarization 

in y plane can be described as 

Ane = Anx + Any + Anz 
3 

-2 no(Pi2(! - v) - vpu) cos(cjt - KZ) 

X • no cos(u;t — KZ) (A.9) 

where v is the Poisson constant. Define \ as the ratio of refractive index change. It 

can be represented as 

X = -^n2
0(p12(l-v)-vpn) (A.10) 

For silica fiber, pn = 0.12, pn = 0.27, v = 0.17, Thus, x has a value of -0.22. 

It means the mechanical micro-bending and elasto-optic effect have counteractive 
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effect on the refractive index variation of the fiber. Thus, the overall refractive index 

change An is given by [51] 

An = (Ane + An 9 ) / cos(u;t — KZ) 

= n0(l + x)K2u0y 

47r2n0(l + x)uoV 
A2 (A.ll) 

where A is the acoustic wavelength in the fiber. In low frequency limit, it can be 

calculated as [83], 

^ext 
A 

V2f\ <s' + 
4ir2r2f2 

+ s (A.12) 
ext 

where r is the radius of the cross-section of the acoustic medium, s is the axial strain 

on the fiber, / is the driving RF signal frequency, Cext = 5760m/s is the speed of 

extensional wave in silica. 
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APPENDIX B 

Optical Field in AF-AOTF 

AF-AOTF can be fabricated from different optical fiber and fiber-based structures. 

The type and number of the optical modes that possibly exist in various fiber-based 

structures are different. As a result, the AO couplings happen in various optical 

mediums have different mathematical models. Thus, to make the presentation clear 

and avoid any possible confusion, it is necessary to separately discuss the mathe­

matical models of them. 

In any one type of optical medium, there are more than one modes, guided modes 

or cladding modes, exist in the same time. AO coupling can happen between any 

one of them and the fundamental mode. A single frequency acoustic wave usually 

will generate multiple mode couplings in one time. But these resonance mode cou­

plings happen on different wavelengths separated by tens of nanometers [58]. In the 

interested optical bandwidth for communication, such as C band plus L band, there 

is usually only one dominate mode coupling exist in one time. Furthermore, the 

mathematic model of all AO couplings in certain kind of optical medium has simi­

lar expression. Thus, for the sake of simplicity on the description, we only discuss 

one mode coupling process for each type of AO interaction medium. The obtained 

results can be simply extended to rest mode coupling processes. 

Firstly, in single mode fiber, the fundamental mode is the only guided optical mode. 

Besides this guided mode, there are some cladding modes such as Lp^ and Lp°}2 

mode. These cladding modes are not used for information transmission because 

they can not be guided by the single mode fiber in long distance. However, in the 

distance of tens of centimeters, these cladding modes can be weakly guided by the 

fiber cladding and the air. AO coupling in single mode fiber just happens between 

these cladding modes and the guided fundamental mode. For the fundamental mode, 
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the propagation constant and field distribution in the cross section are 

0o = J(*!b=iy-JL (B.i) 
V 'core 

where rcore and nCOTe are the radius and refractive index of fiber core, Jo and J\ are 

zeroth-order and first-order Bessel function of the first kind, joi is the first root of 

the Jo, r is radial distance from the origin, center of fiber cross-section. 

The calculation of the optical field of the cladding mode is usually carried out by 

using some numerical method. An approximate approach to study cladding mode 

is to treat them as an effective discrete mode weakly guided by the fiber cladding 

and air. In the single mode fiber without etching, ncore — nciad <S Udad — naiT 

and fdad ^ rCOTe, where rc[ad and n^ad are the radius and refractive index of the 

fiber cladding, nair = 1 is the refractive index of air. Under these conditions, the 

propagation constant and optical field distribution of the cladding mode, for example 

Lpf{ mode, can be approximately obtained as 

pi = L*^)2_Jn_ (B3) 
V A rclad 

6 - l j\T\cos^ (B"4) 

rdadVx J)Un) 

where ju are the first root of the Ji, <j> is polar angle. Thus, the mode beatlength 

between the fundamental mode and lowest Lpfx cladding mode can be approximately 

calculated as follows 

(B.5, 
/(2nnc<>re\2 Joi l(^nclad\2 ill 

NANYANG TECHNOLOGICAL UNIVERSITY SINGAPORE 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



170 

In the multi-mode fiber, there are multiple guided optical modes and cladding modes. 

However, for the optical structure with normalized frequency above the cutoff for the 

LP\\ mode, the AO coupling between the fundamental mode and cladding modes 

are very weak [51]. Therefore, for multi-mode structure, usually only the AO cou­

plings between the guided modes are considered. In multi-mode fiber structure, the 

propagation and field of fundamental mode have same expression with that of single 

mode fiber as equations (B.l) and (B.2). 

The propagation constant and optical field distribution of the higher order guided 

mode, for example Lpn mode, is 

^ ( 2 7 n w £ ) 2 _ _ | 1 _ ( B 6 ) 

A r core 

2 Ji ( T H 
6 — l — 7

v;:°7cos(0) (B.7) 

The optical beatlength between the fundamental Lpoi mode and second lowest Lpu 

mode is 

r ° n rcorencore /,-, Q* 
LB = ,-2 _ j 2 1 (B-8) 

J l l J01 A 

In the optical coupler structure, the residual fiber cores in the waist of coupler are 

very small and can be neglected. The light is guided by the melt cladding and air in 

this part. The waist usually is a multi-mode waveguide. Therefore, similar results 

with the multi-mode fiber case can be obtained for the AO interaction between 

guided optical modes in the coupler waist. The only change is n ^ e and rcore in 
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those equations are replaced by nwaist and rwaist respectively. 

Po = /(^pl)2_JL (B.9) 
V " rwaist 

Pi = / ( ^ ^ _ _ | l l _ ( B . 1 0 ) 

V ^ rwaist 

^0 = r R f\r ( R 1 1 ) 

\7wat3t J 
6 = - 2 /- ; , 7 7 <™(o) (H.i2) 

TWaist\J^ -'o(jll) 

P^ ^waist™waist r > J" ' waist"-waist /r) -. „, 
L B = "^ ^ \ (B.ld) 

where r^a,^ is the radius of the coupler waist, n„,a;S( is the refractive index of the 

coupler waist. 
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A P P E N D I X C 

Tuning of Single-stage AF-AOTF 

By substituting equations (B.l) to (B.13) and (A.12) into (2.3) and (2.4), the phase 

mismatch coefficient 5 and AO coupling efficient C for most AO coupling processes. 

From these results, several basic and important properties of AF-AOTF can be 

derived. 

Firstly, the AO coupling only happens between the fundamental mode and some 

antisymmetric optical modes. It is because the field distribution of fundamental 

mode in the cross-section of fiber is circle symmetric while the refractive index 

modulation An is antisymmetric. If the other participant optical mode distribution 

is also symmetric, the integration of the refractive index variation and participant 

optical mode fields in (2.4) will be zero, which means no mode coupling at all. 

Secondly, the AO coupling is in positive proportional with the acoustic amplitude 

«o with almost constant ratio. For the AF-AOTF fabricated from multi-mode fiber, 

the value of C for the mode coupling between Lp0i and Lpn can be approximately 

evaluated as follows[56]: 

r Qy/^2 JoiJn TWCI + X ) / , , (r-w 
c = 8 V 2 7 r 7 ^ — ^ T T i — r Tn° ( C J ) 

U l l ~ JOl) ^ext A 

For AO interaction in coupler, the AO coupling coefficient is the same with (C.l) 

except replacing ricore with nwaiSt- in the optical bandwidth for communication, the 

dependence of C on optical wavelength ^ is very weak, less than 1/1000000 per 

nanometer. The required acoustic frequency used for AF-AOTF is in the range of 

several or tens of megahertz. When the optical transmission is tuned in the range of 

tens nanometers, the acoustic frequency variation is tens of kilohertz. The acoustic 

frequency variation is quite limit compared with its operation value. Thus, the 

primary control parameter for C is the acoustic amplitude. In the ordinary optical 
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wavelength bandwidth for communication, the AO coupling coefficient can be taken 

as in positive proportion to the acoustic amplitude. 

For an AF-AOTF fabricated from single mode fiber, the AO coupling coefficient C 

for the mode coupling between the cladding mode Lp^ and fundamental mode is 

ISA C = - I £oAn£irdrd<l) 

I 
) 

sin(</>) cos(4>)r2drd(j)Uo 

87Hre0(l + x) 
WcoreTcladK j 4 

JQ te) * te) 
•h(joi)Jo(jn) 

= K(f,X)uo (C.2) 

where no is the initial refractive index profile in the cross-section of the single mode 

fiber without micro-bending. Above integration usually is carried out by using 

numerical method. 

Hence, the acoustic wave amplitude modulation is proportional to the power of the 

driving RF signal. As a result, electronic modulation the RF driving signal power 

is the common method to control the isolation of AF-AOTF. 

An example that the optical isolation of AF-AOTF modulation by change the ap­

plied RF signal power is shown in Fig.l. In this experiment, the AF-AOTF is 

fabricated from SMF-28 single mode fiber with the AO coupling length of 60cm. 

The applied RF signal voltage varies form 80mv to 160mr>. 

The center wavelength of the filter can be simply tuned to any optical wavelength 

by modulating the applied RF signal frequency. For certain desired operating cen-

terwavelength Ac, the required RF signal frequencies are different for mode coupling 

between different optical guide modes or cladding modes. However, all of them can 

be determined by solving the phase matching condition (2.5). For example, consid­

ering the mode coupling between Lp0i and Lpfx in a single mode fiber. For sake 
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Figure 1: The effect of the applied electric power on the transmission of AF-AOTF. 

of simplicity, we assume the strain in the fiber is zero. Then, to generate a notch 

transmission with center wavelength A, the required acoustic frequency is 

/ 

cext (V(^)2-£-y(^)2- |^)2^ 
4-

(C.3) 

Similarly, for the mode coupling between the fundamental mode and the Lpu mode 

in multi-mode fiber, the required acoustic frequency is 

/ 
2/^2 _ „-2 \2 

CextKUli ~ joi) 

64*3rL»t"o 
(C.4) 

For the same case in coupler waist, the required acoustic frequency is 

/ 
Cext^cUli ~ Joi) rdad 

647r3r4oreng 
(C.5) 

Fig.2 shows an example that the notch centerwavelength (Lpoi ^ ^Pn) changes 

with the variation of the driving RF signal frequency in the range from 2.23MHz 

to 2.095MHz in experiment. The phenomenon that notch profile varies with the 
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wavelength is attributed to the nonlinear characteristics of the PZT that is used 

to couple acoustic wave into the fiber. The natural resonance of the PZT and the 

acoustic resonance between the horn and the fiber limit the available frequency 

tuning range of the system. The former can be solved by using high performance 

piezoelectric material, while the later by using a horn made of some material that 

has the same acoustic impedance as the fiber such as glass. 
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Figure 2: Transmission spectra of AF-AOTFs with the RF signal frequency vary 
from 2.23MHz to 2.095MHz. 

Chemical fiber cladding etching is a common technical process used in single mode 

AF-AOTF manufacturing. The variation in the fiber cladding diameter will result 

in three primary effects on the characteristics of AF-AOTF. 

Firstly, it will affect the slope of mode beatlength with respect to optical wavelength 

^f-. It will result in increment on the bandwidth of the transmission of AF-AOTF, 

either notch or peak. This property can be used to realize ultra-broad optical tunable 
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filter [75]. 

Secondly, the relationship between the center operation wavelength and driving RF 

frequency will be shifted. Fig.3 shows the relationships between the notch cen-

terwavelength with respect to the applied acoustic wave frequency for AF-AOTFs 

fabricated from different cladding diameter. Strongly etching the cladding of single 

mode fiber may change the sign of frequency-centerwavelength relation. For exam­

ple, in the AF-AOTF made from standard single mode fiber such as SMF-28 fiber 

without etching, increasing the driving RF signal frequency shifts the notch center-

wavelength to smaller wavelength. If the cladding diameter of this fiber is reduced 

below about 20/j.m by chemical etching, increasing the driving RF signal frequency 

shifts the notch centerwavelength to larger wavelength. This is because the mono-

tonicity of optical mode beatlength with respect to optical wavelength have been 

changed by cladding etching. 
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Figure 3: Relationships between the optical centerwavelength and applied RF signal 
frequency for the mode coupling between fundamental mode and Lpl[ cladding mode 
in the single mode fibers with different cladding diameters R . 

Finally, etching fiber cladding can enhance the AO coupling efficiency. To achieve 

full rejection of the light at the resonance optical wavelength, the AO coupling 
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coefficient C must have a value large enough to satisfy the condition CL = n/2+kn, 

where k is integer. In multi-mode fiber structure, all participant optical modes of 

AO interaction are guided in the same area. The field overlap of these modes are 

strong and the implementation of large C is not difficult. For the AO coupling in 

single mode fiber, the fundamental mode is distributed in the small core area while 

the cladding mode is distributed in the much larger cladding area. As a result, the 

utilizing efficiency of acoustic power K in equation (C.2) is very small. To obtain 

high AO coupling coefficient, large acoustic amplitude UQ, which means high RF 

signal power, is required. However, the acoustic amplitude u0 coupled into the fiber 

is limit due to the saturation effect of acoustic transducer and acoustic attenuation in 

the fiber and horn. The weak AO coupling efficiency greatly limit the application of 

single mode fiber based AF-AOTF. An optional choice to enhance the AO coupling 

efficiency is to reduce fiber cladding diameter by hydrofluoric acid etching. Reducing 

fciad will compress the optical field cladding mode and result in increasing of K in 

(C.2) [76, 81]. 

The side-effect of AO coupling enhancement by cladding etching method is it will 

make the system fragile. Furthermore, the bandwidth increment by using this 

method is not desired in some applications. Therefore, weak coupling efficiency 

is still a not completely solved issue for single-mode based AF-AOTF. 
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