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Synthesis and implementation of a fiber Bragg grating (FBG) based all-optical
microwave filter are presented in this thesis. The all-optical microwave filter is
synthesized using genetic algorithms, and is implemented using fiber Bragg

gratings, and other photonic components.

To design an FBG-based all-optical microwave filter with given specifications,
the tapping coefficients (or the reflectivities of the FBGs) and tapping intervals
should be carefully determined. Standard digital filter design algorithms
cannot be applied readily to all-optical microwave filter synthesis; because
incoherent interference prevents the inclusion of negative coefficients. In this
thesis, genetic algorithm (GA) is applied to the optimum design of finite
impulse response (FIR) filters. As numerical techniques from nature evolution,
genetic algorithms are well suited for simultaneous optimization of

multivariable problems and can also be used to find families of solutions.

To implement the FBG-based all-optical microwave filters, some practical
issues must be addressed carefully. First, it is difficult to fabricate an FBG

with peak reflectivity less than 0.1. With genetic algorithms, one may simply



specify a low bound to the reflectivity and this problem can be solved easily.
Another important fact is that the power spectrum of the modulated broadband
light is not as flat as we expect, using an un-flat light source will lead to a
microwave filter with poorer performance. To solve this problem, in the
algorithms a variable is introduced to calibrate the filter coefficients according

to the power spectrum of the incident light.

Experiments are carried out using two FBG arrays with the reflectivities
obtained using the genetic algorithms. It is found that the experimental results
agree well with the theoretical results if the filter coefficients are calibrated by
considering both the un-flat power spectrum of the light source and the power

reflectivities of the FBGs.

Finally, discussion on the dispersion effects on the performance of the FBG-
based microwave filters is provided. We find that the effective coefficients for
all-optical microwave filter vary with the modulating frequency and the FBG
synthesis parameters. The coefficient errors caused by the dispersion can be
significantly reduced by carefully choosing FBGs with short length and small

reflectivities.
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1.1 Background review

Signal processing for applications in the fields such as radar, communications
can be projected to call for ever-increasing speed, bandwidth and dynamic
range. Many applications also require small size, light weight and low power
consumption. Analog signal processing [1] [2] continues to hold the promise
to satisfy many of the requirements. Acoustic-wave delay line devices have
been very widely used for signal processing applications. The most and
sophisticated acoustic-wave delay line devices are those that use surface
acoustic waves (SAW) [3] [4]. Planar processing techniques can be used to
fabricate SAW transversal filters with thousands of taps and can operate at
frequencies about several hundreds megahertz. Magneto-static-wave (MSW)
devices [2], which make use of propagation of slow and dispersive spin waves
in low-loss ferromagnetic materials, can operate at frequencies in the range of
2-12 GHz with bandwidth on the order of 1 GHz. Super-conducting delay-line
(SDL) filters [5], using niobium transmission lines and proximity coupler taps,

promise to offer low-loss devices with bandwidth about 20 GHz. Digital signal



processing is probably the most widely used approach nowadays for signal
processing, however, its processing speed is normally less than several GHz
[1][6][7]. This limitation stems from the fact that the required sampling speed
increases in direct proportion to the bandwidth of the RF signal to be
processed. Being important, the electronic bottleneck is by no means the only
source of limitation, since electromagnetic interference (EMI) and frequency
dependent losses can also be sources of important impairments. Compared
with the approaches discussed above, all-optical signal processing is generally
recognized to be needed in order to fully exploit the advantages provided by
fiber-optic systems and networks, such as low loss, low dispersion, light
weight, high time-bandwidth product, and immunity to EMI [8] [9]. In
addition, the capability of processing high frequency and wideband signals
directly in the optical domain, without the need for inefficient and costly
intermediate conversions to and from the optical and electrical domains, can
be of great practical value for potential applications including the direct
interfacing of fiber processors with high-speed optical communication systems

and radio over fiber networks.

For these reasons, there is considerable interest in optical fiber signal
processors for a number of frequency- and time-domain applications, such as

filtering [8-91 [17-18] [22-30] [32-46], correlation [12] [15-16], matched



filtering [13-14], and Fourier transformation [10] [11]. The original of fiber
delay line signal processing can be traced back to the seminal paper of Wilner
and Van den Heuvel [9] in 1976, who noted that the low loss and high
modulation bandwidth of optical fibers is suitable for breadband signal
processing. Intense research work on photonics microwave signal processing
has been carried since 1980°s, with the development of some key optical
components, such as doped fiber amplifiers (DFA), high speed external
modulators and fiber Bragg gratings (FBGs). Different delay line filter
configurations have been proposed, in which the tapping elements can be
optical couplers [23] [63-66], Mach-Zehnder lattices [21] [24] [67], high
dispersion fibers [18] [20] [22] [S1], Arrayed waveguide (AWG) [39] [52], or
FBGs [25-27] [30-32] [34-35] [38] [40-43] [48-49]. Among these tapping
elements, FBGs have been considered a good candidate for all-optical
microwave filtering because of the numerous advantages provided by FBGs.
In FBG-based delay line filters, the tapping intervals can be easily manipulated
by conirolling the grating spacing, and the tapping weights can also be
controlled by varying grating reflectivity during the FBG fabrication process.
In addition, the interaction wavelength can be controlled or tuned via changing
the grating pitch by applying strain [55-58], which can be realized by variable
heating, piezoelectric controlling, mechanical controlling or magnetic field

controlling. Furthermore, by using wide-band chirped fiber Bragg gratings as



dispersion elements, more sophisticated tunability can be achieved. All these
features make the synthesis of wideband FBG-based all-optical microwave

filters with easy reconfigurability and tunability possible.

1.2  Objectives of this research

In an all-optical microwave filter, the microwave signals are carried by an
optical carrier, usually incoherent. The optical carrier has a frequency
thousands of times greater than that of the microwave signals. Photodetectors
are square-law devices that respond to the incident optical power and none is
fast enough to respond fo the optical frequency and phase. All-optical
microwave filters incoherently combine tapped optical signals. Although, in
principle, coherent processing [19] [33] [62] can be used for all-optical signal
processing, it is difficult to implement such a coherent system in practice. One
important consequence of incoherent detection in all-optical microwave filters
is that negative coefficients cannot be realized optically. For all-optical
microwave filter design, since no negative filter coefficients can be used,
standard digital filter design algorithms cannot be applied readily. The
objectives of this research are to design FBG-based all-optical microwave

filters using genetic algorithms, and to implement the filters. In order to make



the FBG-based all-optical filters operate at higher frequencies, the dispersion

effects caused by the FBGs have to be considered.

1.3 Major contributions

i. The synthesis of FBG-based all-optical microwave filters using the genetic
algorithms is proposed. In the proposed algorithms, all-optical microwave
filters employing fiber Bragg gratings as tapping and weighting elements are
considered. The coefficients and the tapping intervals of the microwave filters
are optimized by the genetic algorithms. Algorithms for fixed and variable
tapping intervals are developed and two design examples are presented and

discussed.

2. Two FBG arrays are fabricated based on the design using the genetic
algorithms. All-optical microwave filters based on the two FBG arrays are
constructed and characterized. To achieve the optimal filter response, the filter
coefficients have to be calibrated. We show that by considering the power
spectrum of the optical source and the power reflectivities of the FBGs, the

filter response identical to the design objective is achieved.



3. Dispersion effects on the performance of uniform FBG-based all-optical
microwave filter are discussed. We show that the dispersion effects can be
reduced or almost eliminated if single-side band modulation scheme is used.
For double-side band modulation, the dispersion effects can be reduced by

using short and weak fiber Bragg gratings.

1.4 Organization of this thesis

This thesis consists of six chapters. In Chapter 1, a brief review of the
historical background of optical signal processing is first presented, followed
by the objectives and major contributions of this research. In Chapter 2, the
theory model of uniform FBG-based all-optical microwave filter is presented,
showing the relationship between the system transform function and
characteristics of the uniform FBGs. The key components such as electro-optic
modulators, photodetectors, FBGs are introduced in this chapter. Genetic
algorithms for FBG-based microwave filter synthesis are introduced in
Chapter 3, two design examples are given. In Chapter 4, two FBG arrays are
fabricated based on the two design examples. Experimental implementation of
the all-optical microwave filters using the two FBG arrays is carried out. To
achieve an optimal filter response, the filter coefficients have to be calibrated

based on the power spectrum of the optical source and the power reflectivities



of the FBGs. Dispersion effects of the uniform FBGs on the performance of
the all-optical microwave filters is discussed in Chapter 5. The dispersion
effects can be reduced or almost eliminated if single-side band modulation
scheme is used. For double-side band modulation, the dispersion effects can be
reduced by using short and weak fiber Bragg gratings. Finally, a conclusion is

drawn in Chapter 6 with recommendations for future work.



2.1 Basic concepts

The basic concepts of delay-line transversal filters will be introduced, followed
by the magnitude characteristics of a typical low-pass filter. The fundamental
structure of all-optical microwave filters will be addressed. Electro-optic
modulator (EOM) and photodetector are the key components in all-optical
microwave filters. Their mathematical models are introduced in Sections 2.1.3

and 2.1.4.

2.1.1 Delay-line transversal filters

Let us consider delay-line signal processors with the Direct Form I structure
[6] [7], as shown in Fig 2.1. It is composed of two cascaded blocks, the first
block is a Finite Impulse Response (FIR) filter and the second block is an
Infinite ITmpulse Response (IIR) filter. The difference equation that relates the

output signal y(¢) to the input signal x(¢) is given by



y{t) =iaky(t—kT)+ibkx(t—kT), (2.1)

k=0

where 7' is the unit time delay, a, and b, are tapping weights, or filter

coefficients.

Fig 2.1 Block diagram representation for a Direct Form 1 filter.

The spectral characteristics of this structure can be analyzed using the well-
known system function, which is obtained by applying the Fourier transform

to both sides of Eq. (2.1)



(2.2}

The numerator represents the FIR part, whereas the denominator accounts for
the IIR part. M and N stand for the order of the FIR and IIR respectively.
The filter design problem is to approximate any of the ideal frequency
response characteristics with a system that has the frequency response in Eq.

(2.2), by properly selecting the coefficients {a,}, {b,} and 7. The free
spectral range (FSR) defined as the inverse of unit time delay 7. If g, =0 for

all %, the filter is non-recursive and it is usually known as a transversal filter
or a moving average (MA) filter, which consists only of feed-forward paths
and has only zeros on Z-plane [6] [7]. In this thesis, transversal filter is chosen
since it is a very generic filter architecture that may be adapted to realize
various filtering functions. In addition, FIR filters can have a generalized

linear phase, which is particularly desirable in many applications.

The magnifude response of a low-pass filter is illustrated in Fig 2.2. The band-

edge f,,I defines the edge of the pass-band, while f, T denotes the

beginning of the stop-band. The transition of the frequency response from

pass-band to stop-band defines the transition-band, which is calculated to be

10



SsiopT = Jpass T - The tipple in the pass-band of the filter is denoted as 6,, and

the magnitude iH (m){ varies between the limits 4, *6,. The ripple in the

stop-band is denoted as ¢,.

Filter response F( f,.T)

A
Apan 26 1 . —
Passband | Trapsition Stopband
5 A S\

fpassT fsiopT 0.5 Normalized fRFT

Fig 2.2 Frequency-domain low-pass filter design specifications.

The degree to which the transfer function IH (a))l approximates the

specifications depends in part on the criterion used in the selection of the filter

coefficients {b,} as well as the number of coefficients used. The filters can be

easily implemented using digital electronics. Numerous algorithms have been
proposed and some of them are commercially available, such as the window
method [6] [7] in time domain, and the least squares design method [6] [7] in
frequency domain. For all-optical microwave filter, however, standard digital

filter design algorithms cannot be applied readily because incoherent

11



interference prevents the inclusion of negative coefficients. In the next
section, we will give the general architecture of all-optical delay line
microwave filters and explain why the negative coefficients are not available

in these filters.

2.1.2 All-optical microwave transversal filters

An all-optical delay line filter usually has the same structure as the FIR part of
the Direct Form I filter shown in Fig 2.1. In general, an all-optical microwave
transversal filter has an optical source, usually incoherent, a tapped delay-line
device, and a photodetector, as shown in Fig 2.3. Input electrical signal x{(¢) is
modulated onto the incoherent light source via an external modulator. The
modulated light is sent to the tapped delay line device. The variable optical
attenuators can be used to change the tapping weights. The time delayed
signals are then incoherently multiplexed in the second star coupler and
detected at the photodetector. The optical power output of the delay-line filter
is linearly proportional to the input optical power, provided that there are no
nonlinear effects in the system. The entire system can be treated as a linear,
time-invariant system in which the output is the convolution of the input

electrical signal x{#) with impulse response of the filter.

12



It is worthwhile to point out that we use “incoherent” light source and
“incoherent” multiplexing to describe the all-optical microwave filters. A
fundamental distinction must be made here on the all-optical microwave filter

operation regime in terms of the relationship between the coherence time 7, of

the light source and the unit delay 7', which is denoted as the time between

adjacent taps. In general, the coherence length /_ of the source is given

I =7, cx’/AL; (2.3)

where c¢ is the speed of light in free space, 1 is the center wavelength, and

AL is the spectral bandwidth of the light source. If 7, >>T or [, >>/ (the

spacing between any adjacent tapping elements), the filter is said to work
under coherent regime and its transfer function partially depends on the optical
phase shifis experienced by the carrier. Theoretically, in this situation, it is
possible to obtain negative tapping weights by applying coherent detection.
However, those optical carrier phase shifts are highly dependent on
environmental parameters and polarization, which makes their implementation

difficult under realistic conditions. On the contrary, if 7, <<T or [, <</, the

light source is said to be incoherent and the filter works under incoherent

regime. In this situation, the effects of optical phase shifts can be discarded

13



and the filter transfer function is only linear in terms of the optical intensity.
Then only non-negative coefficients can be achieved. In this thesis, we focus
on incoherent fiber design and implementation, since it is more prone to
practical implementation. Nevertheless, it is not necessary to have a
completely coherent light to produce an interference pattern. Under certain
conditions, an interference pattern may be produced from an incoherent
source. For example, a degree of temporal coherence can be obtained by using
a Mach-Zehnder interferometer structure, which is also understood as the
principle of an incoherent light source being intensity modulated by an
external electro-optic modulator. More details of this intensity modulation will

be described in the following section.

As can be seen from Fig 2.3 the electro-optic modulator, the photodetector, the
light source and the tapped delay-line device are the key components in the all-
optical microwave filters. In the following we will first introduce briefly the
principle of the electro-optic modulator and the photodetector. The light source
can be light emission diode (LED), laser array, or amplified spontaneous
emission (ASE) of an erbium doped fiber amplifier (EDFA). In this research
project, ASE of an EDFA will be applied and fiber Bragg gratings (FBGs) will

be used as the tapped elements, which will be described in Section 2.2.

14
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Fig 2.3 Generalized all-optical microwave filter that includes an optical

source, tapped delay-line device, and photodetector.

2.1.3 Electro-optic Modulator

The principle of electro-optic modulators is based on the electro-optic effect,
which induces a change in the refractive index proportional to an externally
applied electrical field £ [53] [54]. In our experiments, Lithium Niobate
(LiNbO3) intensity modulator is used. LiNbO3 is known as Pockels medium
or non-Centro-symmetric crystal. Its refractive index will change when an

electric field E is applied to the crystal:

S (E)= -—%WfE, 2.9

15



where &,(£) is the variation of refractive index as the function of applied
electrical field E, r is the electro-optic effect coefficient and » is the

effective refractive index of this medium. An intensity modulator can be
achieved by using a phase modulator in a Mach-Zehnder interferometer shown

in Fig 2.4.

1o

.
™~

s

Fig 2.4 Block diagram of a Mach-Zehnder interferometer based electro-optic

modulator.

The phase modulator is located at the upper branch, which introduces a phase

shift @, to the light propagated through the upper branch. @, is expressed as

O, =B+, = 2nnl, 276,(E)L,

; 2.5
Ho l:lo io ( )

16



where L is the total length of the upper branch, and L, is the length of the
Pockels cell to which an electric field £ is applied, A, is the wavelength of
the incident light, @ is the phase shift of the light after propagating through
length L and @, is the phase shift induced by the refractive index change

within £, . Using Eq. (2.4) we have

o =0 g . (2.6)

The phase shift ©, caused by the lower branch is

, Q.7)

where L, is the total length of the lower branch.

If the beam splitter splits the beam power equally, the transmitted intensity

I_.q isrelated to the input intensity 7,, by

1 1 @
Ioa==1, +—=1,cos(®) =1, cos’(—), 2.8
mod 2 in 2 in ( ) in cos (2) ( )

17



2m(L,—L) m’EL,
‘2“0

where O=0, -®,= is the phase difference

0

between these two arms.

An important parameter named half-wave voltage V, a voltage at which @,

equals 7, is defined as

: (2.9)

where L, is the length of the Pockels cell, 4 is the distance separating the two

faces of the Pockels cell across which the electric field is applied. Using
E =V /d, we obtain the transmittance of this modulator, T(}), defined as the

ratio between the output optical intensity and input optical intensity,

@
T() = cosz(—:zo— -%-?V—-) , (2.10)
2‘?1”(‘[’11 - Ll)

where ©, = , and 7 is the voltage of the modulating electrical

Ay
signal. If @, =2/2, the modulator works in the nearly linear region around

T(V)=0.5. Fig 2.5 shows the transmittance versus the applied voltage.
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If the modulator is operating at the region around point B, the device acts as a

linear intensity modulator. Then Eq. (2.8) can be approximated as

L 0a =%U+m,- -x(8)], (2.11)

X

where m, is the intensity modulation index, and x(f) is the electric signal

shown in Fig 2.5.

T(V) &

6.5

> x(1)

{ e
N

Fig 2.5 Transmittance of intensity modulator vs. the applied voltage.
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We know that the optical intensity is proportional to the square of the

amplitude of the optical electrical field. And if we further normalize x(¢) as
cos{w,t), the output optical electrical field of the modulator £, can be

expressed as

Epos =l +m, cos(w,1) - E, - &/, (2.12)
where @, is the modulating angular frequency of the RF signal, @, is the
optical carrier angular frequency, ¢, is the initial phase of the carrier, and E,,
is the amplitude of the input optical electrical field. Comparing with the m, in
Eq. (2.11), m, in Eq. (2.12) is the normalized intensity modulation index

which already accounts for the amplitude of the RF signal.

In view of the preceding derivation, Eg. (2.11) and Eq. (2.12) are obtained for

a monochromatic source with wavelength A,. If a broadband light source

consisting of many carrier frequency components incidents into this external
modulator, and we further assume that each frequency components are

incoherent with each other, the output optical electrical field can be considered

as the sum of all the components. Since each component is different from A,

by a very small fraction of A;, the corresponding normalized intensity
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modulation index for each carrier component is a little bit different with ;.

But without loss of generality, Eg. (2.11) is holding and it will be modified and
used in Section 2.2 to derive the system transfer function of all-optical

microwave filters, where m, is assumed to be a constant to all carrier

components. Similarly, in order to analyze the dispersion effects of the fiber
Bragg gratings on the performance of all-optical microwave filters, Eq. (2.12)
will be deformed to represent the optical electrical field of modulated

broadband light in Chapter 5.

2.1.4 Photodetector

Fig 2.6 shows the basic structure of a PIN photodetector [53] [54]. The
photodetector consists of an intrinsic semiconductor layer sandwiched between
p-doped and n-doped layers. The photodetector is reversibly biased to increase
the thickness of the depleted region, which results in a large internal electric
field. When light is incident on the photodetector, and if the photon energy is
greater than the band gap of the semiconductor material, it can be absorbed

and generate a pair of electron-hole, photo current is generated.
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Fig 2.6 Structure of the PIN photodetector.
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The photo-generated current i, and input optical power F, have the relations

i =19 p_g.p, (2.13)

where 7 is the quantum efficiency, % is the plank constant, v is the frequency

of carrier photon, and ¢ is the charge of an electron. R = %@ is defined as the
v

responsivity of the photodetector.

For example, when an optical signal described by Eq. (2.12) is incident on this
photodetector, the output electric signal, either voltage or current, may be

expressed as
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[1Es @) dt

y(E) = “—’——Z\;—‘ﬁ = A, + A-cos(w, 1), (2.14)

where At is the response time of the photodetector with

2nlw, >>At>>2n/w,; A, is defined as the dc component and A4 is the

amplitude of the recovered RF signal.

Ideally, the photodetector can exactly recover the modulated RF signal if shot
noise and thermal noise are neglected, and no dispersion and chirp effects
during the modulation and propagation process before the light is detected by
the photodetector with infinite short response time. Otherwise, amplitude and
phase distortions will be presented at the recovered signal. These effects will

be discussed in Chapter 4 and Chapter 5.

2.2 Fiber Bragg grating based all-optical microwave filters

The tapped delay line is one of the key devices in an all-optical microwave
filter and can be realized using optical couples, Mach-Zehnder Lattices, high
dispersion fibers, uniform FBG arrays, or chirped gratings. In general, tapped
delay lines can be divided into three groups. In the first group, a narrow band
light source is used. The tapping components are a numbers of cascaded 2x2
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directional couplers [62-69]. Because the coupling ratio of the 2x2 directional
coupler is always less than one; in real systems, many of them are less than 0.5
or even smaller, the reduction of light affer some stages is very significant,
which may make it impossible to cascade more couplers to generate enough
taps if no optical amplifiers are used. In addition, compulsory connection
should be made between these couplers; therefore many connectors are needed
which lead to high power loss and poor system reliability. Furthermore, the
fiber length between adjacent couplers should be accurate in order to achieve
accurate time delays, which makes the implementation difficult. In the second
group, a multi-wavelength light source is used. The time delays are achieved
using a high dispersion medium, such as a section of high dispersion fiber or a
chirped grating. The light source is more difficult to obtain than that in the first
group, but the tapped delay-line devices could have simpler structures. More
important, the microwave filter based on the delay lines in this group can be
easily tuned by changing the dispersion of the dispersion medium [99]. In the
third group, a broadband light source is used. The tapped delay line can be
realized in the third group using an array of FBGs. The use of FBGs for all-
optical microwave filtering has numerous advantages. In FBG-based delay-
line filters, the tapping intervals can be easily manipulated by controlling the
grating spacing, and the tapping weights can also be controlled by varying

grating reflectivity during the FBG fabrication process. In addition, the
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interaction wavelength can be controlled or tuned via changing the grating
pitch by applying strain. Considering the advantages offered by FBG-based
microwave filters, in this thesis our attention is focused on the all-optical

microwave filters based on the optical delay lines using an FBG array.

2.2.1 Fiber Bragg gratings

An FBG is a periodic perturbation of the refractive index along the fiber
length. FBGs are fabricated by using either phase mask technique or
holographic technique, by exposure of the fiber core to an intense ultraviolet
(UV) optical interference pattern, to change the refractive index of the fiber
core periodically. The refractive index profile of a uniform FBG is shown in

Fig2.7.

The refractive index variation profile of a uniform FBG &, ,(z) can be written

as [59]

8,5(2) =8 (2){1 + vcos[—z;z% z+ (2]}, (2.15)

25



where Eneﬁ' (z) is the dc index change along grating length z, A is the period
of the grating, v is the modulation index, and ¢(z) is the phase which is a
constant in ideal condition. However, ¢(z) may change along the length of the

FBG, which leads to the chirping of the grating due to the fabrication errors. In

many cases, only the fiber core is photosensitive, so the index change is

assumed to be within the fiber core only.

uniform refractive index profile

;wiﬁi:%fgf*\f y
L |

|

i

} i
M
0.8 i |
D7 H ; { k

H
H

o
w

e

Pitsvsaion

H
4
h

H
§

)
i i ¥

I . s
' { Sy Yy I
5] !1? Ef‘ !)exg 121!5 :z'iff i }?1. i 1
g a1 02 43 04 05 0B D7 08 08 1
z {normalized 1o grating length)

RS

[}
-
e -
e
e Sy

Fig 2.7 Refractive index profile of a uniform FBG with Sur =0.5x107

Fiber gratings can be broadly classified into two types: Bragg gratings and

transmission gratings (long period gratings). In Bragg gratings, power
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coupling occurs between modes traveling in opposite directions within the
fiber core. In transmission gratings, the coupling occurs between modes
traveling in the same direction in both the core and the cladding. In this
research, Bragg gratings are used as tapping and weighting elements for the

microwave filter design.

Basically, the coherent interference of partial reflectance within an FBG
creates a band-pass reflection response and stop-band transmission response as
shown in Fig. 8. The center wavelength of the reflection is called Bragg

wavelength, which is related to the grating period by

A=2y12n,, (2.16)

where 4, is the Bragg wavelength and 7, is the effective refractive index.

Because FBGs are the tapping and weighting components in the delay line
filters, its characteristics will affect the performance of the FBG-based delay
line filters. Coupled-mode theory [59-61] is a powerful tool to analyze the
spectrum and phase of the FBGs. Through the analysis, many physical insights
can be gained, and better understanding of the FBG characteristics would be

achieved.
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In an FBG fabricated in single-mode fiber; near the Bragg wavelength for
which reflection of a mode of amplitude A(z) into an identical counter-
propagating mode of amplitude B(z) is the dominant interaction. The

coupled-mode equations are developed to describe the change in amplitude of

the forward and reverse waves [59]:

ar = jOR(z)+ j&xS(z)
dz

, 2.17)

as =—j68(2)— jx R(z)
dz

where R(z)= A(z)exp(jéz—¢/2) and S(z)=B(z)exp(—jéz+¢/2), k is

the “ac” coupling coefficient and & is the general “dc” self-coupling

coefficient given by
id

655+0~——£. (2.18)
2 dz

The detuning & , which is independent of z , is defined as

1

:1—;), (2.19)

7 |
s=p-" com (——
By =24 (G
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Reflection response of an uniform FBG

where [ is the propagation constant.
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We also have the following simple relations,

2n =
TG O

ﬂ —
K-——K*:‘ZV‘aneﬁ'

, , (2.20)

where x * is denoted as the conjugate of ““ac” coupling coefficient x . It can

be seen from Eq. (2.18) and Eq. (2.19), the “dc” self-coupling coefficient &
depends on the Bragg wavelength A, the average index change S e » and the

grating chirp d¢/dz . For a uniform grating, ¢ and S are constant, and the

coupled-mode equations have an analytic solution. The amplitude reflectance

o for a uniform Bragg grating of length L is given by

o= S5(0)] B — ji sinh(yL)
R(0)|g,o 7 cosh(yL)+ j& sinh(yL) ’

2.21)

where y=+x’ -6’ . The maximum reflection, defined as the peak

reflectivity, occurs at o6 =0, comesponding to a wavelength of

Ay = (140,00 / 1) A . The peak reflectivity R is given by
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R=|p[ =tanh’(xL). (2.22)

The reflection bandwidth AA is defined as the distance between the first two

zeros of the reflection spectrum and is given by

A Vo iy ts oy (2.23)
A‘B neﬁ' Lvd neff’

where 4, is the Bragg wavelength. And the power reflectivity is defined as

the total reflected power within the null-to-null reflection bandwidth.

Bragg gratings are classified in terms of reflectance as weak or strong gratings.
The weak grating regime is described by V8 v << Ay /L. Tts reflection

bandwidth is given by AA/A~2/N, where N is the number of periods,

which means the bandwidth is inversely proportional to the grating length for
weak gratings. In the strong grating regime, where VS negr >> Az /L, the
reflection bandwidth is proportional to the index variation given by the ac
index change, AA/A, = vg,,eﬁ /n,, which means that the bandwidth for

strong gratings is independent of grating length. These characteristics must be
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considered during the design of all-optical microwave filters and the

fabrication of FBG arrays, in order to achieve desired frequency response.

Furthermore, the phase and group delay characteristics, the first order or even
higher order dispersion characteristics should also be considered. The
dispersion effects on the performance of all-optical microwave filters will be

discussed in Chapter 5.

2.2.2 System transfer function of FBG-based all-optical

microwave filter

The function of the all-optical microwave transversal filter can be simply
interpreted by using the grating array structure shown in Fig 2.9. The structure
considered here consists of an optical circulator and an array of FBGs.
Compared with the generalized structure shown in Fig. 2.3, the broadband
source and the external electro-optic modulator are omitted in this diagram.
The input of the FBG array is marked as “modulated broadband light” with the
schematic diagram of its power spectrum. The FBG array is composed of a
number of FBGs interconnected as the tapping elements of the transversal
filter. Each FBG reflects a slice of modulated light at a specific wavelength

from {4,,4,,"--,A;,}, and the reflected time delayed signals are summed and
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sent to photodetector. Also, the photodetector is omitted and the power
spectrum of the reflected time delayed optical signals is sketched in Fig. 2.9.

The electro-optic modulator, the photodetector and the FBGs have been
discussed in Chapter 2. As mentioned in Chapter 2, the light source is also an
important device for all-optical microwave filtering. In the following we will

give a brief introduction to the light source used for the microwave filters.

First of all, let us consider that the light source is an ideal broadband light

source with a flat power spectrum over the working wavelength range, that is

po(A)=p(A)=p,(4,)="=p,(4,)=p, (2.24)

where p,(4,), £=0L2,---,M; is the optical power spectrum density at
wavelength 4,. The optical power over the working wavelength range

launched from the light source is

Pys = | PUDAA = p-(yy — o). (2.25)

Ao

To simplify the analysis, we assume that the intensity modulation index m,
does not change for different wavelength within 4, and A,,, and the electro-
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optic modulator is operating at the linear region around the half-wave voltage.
This assumption is a good approximation when the linear working region of
this modulator is wide enough. Based on Eq. (2.11) and Eq. (2.25), the output

optical power of the electro-optic modulator P, is

P = %PBS [T+mx(t)] = %p Ay = Ao [E+m,x(2)], (2.26)

where x(¢) is the electrical signal applied to the modulator.

The following assumptions can also be made for the analysis of the FBG-

based microwave filters:

First, the spacing between any adjacent FBGs is identical, and the time delay

between two adjacent FBG 7 is calculated by

7=l 2.27)

where #,, is the effective refractive index of the single mode fiber, / is the

spacing between any adjacent FBGs, and ¢ is the speed of light in free space.
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Second, the power reflectivities {R,,R,,R,, -+, R,,} of the FBGs are within [0,

1] with identical and very narrow bandwidth AA , that is

Ay =Ad =A4, =--Ad, =AA. (2.28)

p.(A) at time ¢

FBG Array
P L@
i HIHEN Lo 1,
A A Ay
Modulated _ H
broadband light Output to o R . R, M "
Photodetector | A A 4 Asra Ay

Do) ar time t+1,

“' L, @

Fig 2.9 Basic structure of an FBG-based all-optical microwave filter.

Finally, the dispersion effects induced by the FBGs are not considered. We
should note that when the frequency of the RF signal is very high, for
example, greater than 10 GHz, the dispersion effects cannot be neglected. A

detailed discussion on the dispersion effects will be presented in Chapter S.
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Based on the assumptions, the optical power of the modulated light after

reflection by the FBG array is

M
Per ;g +~2— p-Ad- ZR x(t—kT), (2.29)

k=0

where R, is the peak reflectivity at the 4~th tap. The power spectrum density

of reflected light is shown in Fig 2.9.

The electrical signal at the output of the photodetector is

M
¥ =R %mipM Y Ryx(t—KT), (2.30)

k=0
where R is the responsivity of the photodetector.

Since we are only interested in the ac component, the dc component at the
photodetector output is not included in Eq. (2.30). Applying Fourier transform

on both sides of Eq. (2.30), we get the system transfer function

M
Hdesire {(D) =K- Zere_jwkT 3 (23 1)

k=0

36



where K = %‘RmpAi. Since K is only a scaling factor that does not affect the

shape of the filter response, it can be ignored. {R,} with £=0,1,2,---, M

are the coefficients we are looking for. From Eq. (2.31) we can see that the
transfer function of the filter is determined by the reflectivities of the FBGs. If
the FBGs with the required reflectivities can be fabricated, all-optical
microwave filters with the required transfer function or filter impulse response

can be realized.
2.3 Summary

The basic concepts of delay-line transversal filters have been introduced. The
fundamental structure of all-optical microwave filters was presented. The key
components, such as the electro-optic modulator, the photodetector, the FBGs,
and the light source, were introduced. The transfer function of the microwave
filter using an array of FBGs was derived. It was found that the transfer
function was completely determined by the peak reflectivities of the FBGs.
This is the basis that we will use to synthesis and implement the all-optical

microwave filters.
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As discussed in Section 2.1.1, any filter design problem can be considered

as a task to find the coefficients {b,} and {a,}, to best approximate the

desired frequency response specifications, which includes 1) the maximum
tolerable pass-band ripple, 2) the maximum tolerable stop-band ripple, 3)

the pass-band frequency o . and 4) the stop-band edge frequency w

pass stop *
The objective of this Chapter is to design an all-optical microwave

transversal filter based on an array of FBGs by using genetic algorithms to

satisfy the given specifications.

According to Fig 2.2, the transfer function of the microwave filter may be

defined as
A s O0< ST < [T

|Hidwl(a))f= Not concern,  f,.,, T <fT<f,T (3.1)
A Soop? <JT <05,
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where A is between 1x0.2 and 4 should be less than 0.1;

pass stop

frasT =015 and £, T =035.

top

Digital filter design algorithms have been under intense investigation for years.
Unfortunately, standard digital filter design algorithms cannot be applied
readily to all-optical microwave filter synthesis because incoherent
interference prevents the inclusion of negative coefficients in the all-optical
microwave filter design. Several approaches have been proposed to solve this
problem [63-69]. In Ref. 63, a state-space matrix representation of the problem
was used in to enable the realization of general optical delay line topological
structures. Capmany et al. [66] proposed to use the modified Padé
approximation procedure to satisfy the desired response in time domain. In
Ref. 67, a simpler technique was proposed to use a passive chain of non-
uniform sections to produce a symmetrical window response in time domain.
But none of these design methodologies attempt to produce filter structures
which are optimal in terms of their physical size, or filter topology with
variable tapping intervals, or the number of optical components used. To avoid
these limitations, Cusick et al. [68] proposed using the genetic algorithms for
microwave filter synthesis, but the designs [63-69] were carried out based on a
number of 2 x 2 directional couplers. For 2 x 2 directional couplers, the

coupling ratio is always less than one; in real systems, many of them are less
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than 0.5 or even smaller. Because the reduction of light afier some stages is
very significant, it is not possible to cascade more couplers to generate enough
taps. This feature limits the performance of all-optical microwave filters. In
addition, the compulsory connection between these couplers requires the use
of many connectors which lead to high power loss and poor system reliability.
Furthermore, the fiber length between adjacent couplers should be accurate in
order to achieve accurate time delays, which makes the implementation
difficult. The use of FBGs for all-optical microwave filtering has numerous
advantages. In FBG-based delay-line filters, the tapping intervals can be easily
manipulated by controlling the grating spacing, and the tapping weights can
also be controlled by varying grating reflectivity during the FBG fabrication
process. In addition, the interaction wavelength can be controlled or tuned via
changing the grating pitch by applying strain. Considering the advantages
provided by FBGs, in this Chapter we propose to synthesize FBG-based all-

optical microwave filters using genetic algorithms.

3. 1 Genetic algorithms

As numerical technigues from nature evolution, the genetic algorithms are
well suited for simultaneous optimization of multivariable problems, which

have the potential of obtaining near global optimum solutions [70-79]. Here
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the genetic algorithms are pursuing to find out the optimal solution of {R,} to
achieve an optimal approximation of H (o). Fig. 10 shows the diagram of

the GA cycle. In the following, we describe the techniques that are employed
in the GA process for encoding, fitness evaluation, parent selection and other

genetic operations.

(if yes)
output solution

(if no) not satisfied

Fig 3.1 Diagram of a GA cycle.

First, generate an initial (g = 1) population of random binary strings of length

ZZOIZ,c , the first generation which is shown in Fig. 11, where M +1 is the
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number of FBGs with unknown reflectivities, and L, is the length of binary
string required to represent the & ’th unknown variable. Each string is called a
chromosome. Each chromosome is a trial solution of a list of the respective
reflectivities of the FBGs in the delay line { R, R,, R,,....R,, }. And each bit of
one chromosome is called a gene. The number of chromosomes in each

population, called population size, is usually set as the bit length of each

chromosome.

The method we use to provide a binary representation of the reflectivity is by a
linear mapping between the real numbers and a binary representation of fixed

length. That is

(3.2)

where R and R, are maximum and minimum achievable FBG

min
reflectivities, which can be set as the value which is available in practice. In
ideal condition, R, =1 and R, =0. z, is the decimal value representing
the k -th section of the chromosome. This bit-string encoding method is the

most classic approach used by GA thanks to its simplicity and traceability.
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Population @ generation G

Chromosome-1

Chromosomse-2

Chromoesome-i
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Popsize-1

Chromosome-
Popsize

One Chromosome

one gene

R

s ™ R
= s @8 @ RM = :;g _in'u“ .Z"l‘l +R<

win

Fig 3.2 Diagram of population, chromosome and gene.
Next, decode each individual and test each of them in turn on the problem and
convert the performance as fitness, where a better solution implies a higher

fitness. Usually, two criteria are used to estimate the system transfer function.

1) The first one is the Minimum Maximum error (MM), which searches

for the maximum peak error throughout a discrete frequency domain
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by subtracting the magnitude response of the ideal filter from that of

the designed filter, that is
erroryy = MAX{|H 1y ()| = |H g (0, (R} (3.3)

2) The second one is the Least Mean Square (LMS) error, which
calculates the sum of the errors throughout the frequency domain by
subtracting the magnitude response of the ideal filter from that of the

designed filter.

17075 = L) [H e ()] ~|H pein @37 (3.4)

Fitness is defined as

fitness = .
error

In order to reduce the error at frequencies that are most important such as the
pass-band and stop-band and relax the error in “don’t care” region such as the
transition-band, a weighting function W _ (@) may be introduced. Then Eq.
(3.3) and Eg. (3.4) can be re-written as

44



erroryy =max ¥, () |H ()| ~|H g (0, 1, D]} (3.6)

and

erroF s = {Z W;i'r (w)[inesire (60)] - IHa’esigiz (a))l]z }1/2 : (37}

For example, if we want to suppress more ripples in stop-band, the weight

function may be selected as

I, pass —band
W, (w)=40, transition — band , (3.8)
B, stopband

where [ should be greater than one. The corresponding simulation results are

shown in Fig 3.3. It can be seen that increasing the weight of stop-band from
=1, f=5 to =10, the magnitude responses of the filter in stop-band

decrease accordingly, but this also leads to the degeneration of the filter
response in the pass-band. Therefore, for the given filter specifications, the

weight function W, (@) should be carefully chosen to satisfy all requirements

over the whole frequency range.
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The MM error criterion and the LMS error criterion are compared during the
filter design. Although using both criteria can finally achieve the design
objective, we find that MM strategy generates better results than LMS,
because MM criterion results in the maximum error spreading uniformly over

the interval, giving an equal-ripple design, which is shown Fig 3.4.
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Fig 3.3 Design examples using MM error criteria with different weight

function.
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Fig 3.4 Design examples using the MM and LMS error criteria with different

stop-band weights. (M=9; Dotted line: LMS; Solid line: MM.}

Third, the evolution operation {or Gene operator)

1) Selection: copies of individual solutions are made in numbers
proportional to their relative fitness, which means chromosomes with

better performance will have higher probability to be selected to

reproduce.

2) Crossover: randomly choose pairs of individuals and apply with

probability P, single point crossover. Repeat until a new temporary
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population of popsize chromosomes is formed. This operation is

illustrated in Fig 3.5.

3) Mutation (shown in Fig 3.6): Random changes are made to a
proportion of the bits in the population, to simulate mutation. The

probability of mutation is defined as P, .

Selected
Parents
0i01110}1,0]010{0}|0141111110i0111010)1};1101010
Crossover with
Probability Pc
0i11110]010
Cifspring
replaced
: parents
1]1{o}1

Fig 3.5 Diagram of crossover operation.
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Gene selected {o be mutated
by probability Pm

Fig 3.6 Diagram of mutation operation.

In this thesis, crossover probability P and mutation probability P, are

7

empirically chosen to be 0.4 and 0.002, respectively.

Finally, replace the old population by the new temporary generation. Increase
the generation counter by 1 and repeat from step 2 until G generations preset

have elapsed or the specifications are satisfied.

Design examples

Two design examples under ideal condition and non-ideal conditions are

considered in this section.
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3. 2. 1 Design under ideal condition

Based on the theory model presented in Chapter 2, the design problem has

been reduced to find the coefficients, or the reflectivities {R,} of the FBG

array, with specifications given by [, T=015, 4, +6 =0+2dB,

pass

fooyT =0.35 and &, =—20dB .

We start the GA algorithms from five taps (M=4) with uniform intervals and
the given specifications are satisfied when number of taps reaches 10 (M=9).
The simulated filter response is shown in Fig 3.7 with the specifications
indicated in the figure. To achieve the specifications, the filter coefficients are
{R,} ={0.1843, 0.4431, 0.3765, 0.0902, 0, 0, 0, 0, 0.0275, 0.0196} .  Note
that the genetic algorithms generated a family of solutions; each of them can
meet the desired specifications. The reason why this solution is selected is that

only six FBGs are actually needed in this design, since the coefficients for R,
R,, Ry, R, are equal to zero. Fig 3.8 shows the best and average fitness in
population as a function of generation g. The GA parameters used in the

design are also shown in this figure. The fitness is obtained by sampling 100
points evenly over the pass-band and stop-band and inverting their weighted

maximum error. These operations are expressed by Eq. (3.5), Eq. (3.6) and Eq.
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(3.8). The larger the fitness is, the better approximation to the desired transfer

function is produced.

[ v T :
passbhand

transfer. functioln: Hdes;gn (dB)
o

stopband
251

a0k

.35 I 3 : 3 L K] I 1
0 005 01 015 Q2 02 03 035 04 04 05

norralized frequency: ﬂfsampie

Fig 3.7 Filter response: nine taps with coefficients {R } = {0.1843, 0.4431,

0.3765, 0.0902, 0, 0, 0, 0, 0.0275, 0.0196}.
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Fig 3.8 Best (solid) and average fitness (dotted) as the function of generation.
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3. 2. 2 Design under non-ideal condition

In real system implementation, the following issues should be addressed

carefully.

First, it is very difficult to fabricate FBGs with peak reflectivities less than 0.1.
Although in theory it is possible, the accuracy cannot be guaranteed. Usually,
reflectivity greater than 0.1 is practical in real implementation. With genetic

algorithms, one may simply specify a low bound to R, and this problem can

be easily solved. In our design, we set 0.1< R, <1.0.

Second, the power spectrum of the broadband light source is not as flat as we
expected, this is another important issue that cannot be ignored. As can be seen
in Fig 3.9, the modulated optical power spectrum is a function of wavelength
A, which is determined by the power spectrum of the light source, and it is
usually not flat. Two methods can be used to solve this problem. One is to
apply an optical gain equalizer to flatten the power spectrum. But, this will
increase the complexity and instability of the whole system. Another method is

to introduce weighting coefficients {#,} according to the power spectrum

incident into this FBG array to calibrate the reflectivities.
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Modulated Power Spectrum
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)
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Fig 3.9 Calibration for the optical power spectrum of the modulated light.

We can see that the effective input optical power intensity is

B, =[ | poi)dd+ [p(h)dds—t [py(hy)da) E2E0]

FAYY] Y] Ay AL

= | Wopo(o)dr+ [Wipy(Ao)dA++ (W, po(Ag)dAl:

PRV A Al Apg B

(1 +mx(2)]
2 3

(3.9)

where W, = p, (4, )/ py(4),s0 W, =1.
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Again, use the assumption in Eq. (2.27) and define p,(1,)=p, Eq. (3.9) can

be approximately expressed as
M
P, ()= W) p-AL. (3.10)
k=0
Similar to Eq. (2.29), the ac component at the photodetector output is
M
y(t) o< Y R W x(t —kT). (3.11)
k=0

Applying Fourier transform to both sides of Eq. (3.11), we obtain the system

transform function of the filter:
1 M T :

H ppin @) =K ) Rie 7, (3.12)
k=0

where {R, =W R} with k =0,1,..., M is the effective coefficients, and K is

a scaling factor.

Third, from the simulation results obtained under the ideal conditions we find

that zero coefficients occur. This indicates that by modifying the algorithm
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through choosing variable tapping intervals instead of uniform tapping
interval, the performance of the all-optical microwave filter would be
improved. To achieve this, a minimum interval 7 is defined, then the real

tapping intervals 7, can be set as the integer times of 7 , that is
T, =q, 7, (3.13)

where g, is non-negative integer number, with £ =0,1,2,---,M; and when

k=0,T,=q,c=0.

Consequently, a second sequence of variables {g,,9,,"**,g,_, } is introduced

into the algorithm. The revised system transform function can now be written

as

k
—jwkfz 4

IM
H joign (@)= Rie 7 (3.14)
k=0

In Eq. (3.14), the factor K is set to one. Since K is only a scaling factor of

the system function H setting it to one will not affect the response of the

design 2

filter.
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The solution can now be expressed as {R,R,,....R, A4, Ay
GisGas s Qu s Wi Wy, Wy, }, where A, and W, are used to calculate R,

from R'., by considering un-flat power spectrum of the incident light. The
power spectrum calibration for the non-flat modulated light is shown in Fig

3.9.

Fig 3.10 shows the filter transfer function when non-uniform tapping intervals
are employed in the design. It can be seen by comparing Fig 3.7 and Fig 3.10,
the design specifications are satisfied when the tapping intervals are uniform
and variable. For the design with non-uniform tapping intervals, the same
number of FBGs is required, but the FBG reflectivities are all within the range
from 0.1 to 1. The fitness compared to the one with uniform tapping intervals
is a little poorer (from Fig 3.10 we can see the response has more ripples), but
the expected specifications are still well met. Fig 3.11 shows the best and

average fitness in population as a function of generation g. The GA

parameters used in the second example are also shown in this figure.
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Fig 3.11 Best (solid) and average fitness (dotted) as the function of generation.
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3.3 Further discussion

Note that in the design of the all-optical microwave filters, the coefficients are
constraint with positive values due to the incoherent interference, which
prevents the inclusion of negative coefficients. However, using differential
detection technique, coefficients with negative values are possible. One
example is shown in Fig 3.12. We distribute the positive coefficients and
negative coefficients on two arms of the FBG delay lines according to the
design results. The time-delayed light beams are then applied to two
photodetectors with differential detection. Then the negative filter coefficients
can be achieved. Compared with the structure provided in Ref. 65, this method
is obviously easier and requires much less connectors; thercfore, better

performance with higher reliability can be provided.

It is believed that with negative coefficients, to meet the same specifications,
less taps are required. One design example with only six taps (M=5) is
obtained by setting —1 < R, <1. Iis transfer function is shown in Fig. 3.13.
We can see that the given design specifications are well satisfied by only using
6 taps when negative coefficients are available. In addition, band-pass or high-

pass filters can also be designed and implemented if filter coefficients can be

negative values.
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Fig 3.12 Diagram of optical microwave filter with negative coefficients
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3.4 Summary

The synthesis of all-optical microwave filters using genetic algorithms has
been presented in this chapter. The algorithms developed could be used to
design FBG-based all-optical microwave filters with fixed or variable tapping
intervals. Compared to the all-optical microwave filters using directional
couplers or Mach-Zehnder lattices, FBG-based all-optical microwave filters
have the advantages of reconfigurability and scalability with much simpler
structure. The proposed algorithms can also be used to design all-optical
microwave filters with negative coefficients when differential detection is

applied, which make the design feasible for all types of filters.
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Based on the two deign examples presented in Chapter 3, two FBG arrays are
fabricated. The FBGs are fabricated using UV photo-imprinting technique
with phase masks. The microwave filters using the fabricated FBG arrays are

constructed and their performance is characterized and analyzed.

4.1 FBG fabrication

The FBGs are fabricated at Bragg Photonics Inc at Montréal using UV photo-

imprinting technique with phase masks {80-83]. The schematic of fabrication

process is illustrated in Fig 4.1.

Phase mask (PM) is one of the key components for FBG fabrication. The
period of the phase mask determines the center wavelength of the fabricated
FBG. Phase masks are usually made from a flat slab of silica glass which is
transparent to UV light. On one of the slab surface, a one-dimensional periodic
surface relief structure is etched by using photolithographic techniques. The

shape of this periodic pattern approximates a square wave in profile.
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Fig 4.1 Bragg grating fabrication apparatus based on a null-zero-order

diffraction phase mask.

A KrF (248 nm) excimer laser is used to illuminate the phase mask. Because

the depth of the corrugations of the phase mask is designed to reduce the light

transmitted in the zero-order beam to less than 5% of the total throughput

while more than 75% of the throughput being in the +1 diffracted beams. The

two 1 order diffracted beams interfere to produce a periodic pattern that

photoimprinting out a corresponding grating in the photosensitive fiber. If the

period of the phase mask is A, the period of the grating is A,,, /2. An
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FBG array consists of numbers of uniform FBGs distributed along the length
of the fiber. Each FBG has a different Bragg wavelength, which requires
different phase mask. To ensure a proper reflectivity and exact center
reflection wavelength, a broadband light source and an optical spectrum
analyzer (OSA) are used to monitor the transmission spectrum during the
inscription process. By controlling the output intensity and exposed time of the
UV light, the desired reflectivity and bandwidth can be achieved. The exact
center wavelength for the FBG is adjusted by applying a tension controller to
the pigtail of the fiber. The grating period will change when the fiber is

released from the holder.

4. 2 Experiments

The experiments are carried out based on the two FBG arrays fabricated. The

performance of the two filters are measured and further analyzed.

4. 2. 1 Filter transfer function — design example 1

One FBG array (Array 1) is fabricated based on the design example 1, where
the effective coefficients are not calibrated. The FBG array is fabricated
following the following steps:
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1) Translate the design coefficients to the fabrication parameters

In design example 1, no calibration is employed for the effective coefficients.
The objective values of the peak transmission power for each FBG in the FBG

array, in dB, are directly derived from the design results

{R,} = {0.1843, 0.4431, 0.3765, 0.0902, 0, 0, 0, 0, 0.0275, 0.0196} by using

the equation

T, = —10log,,(1- R, -100%), (4.1)

where T, is the peak power transmission ratio in dB of the % -th FBG, and

R, -100% is the peak reflectivity in percent.

2) Fabrication of FBGs with small reflectivities

We see that three FBGs have reflectivities less than 10%, two of them with
reflectivities even smaller, 2~3%. In order to obtain these small reflectivities, a
very slow fabrication process with low UV illumination is required. In
practice, a simpler and more effective way get fabricate weak gratings is to
reduce the length of the FBGs. Therefore, a 4-mm slit is employed before the

phase mask to limit the length of fiber that is illuminated by the UV light. For
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FBGs with higher reflectivities, 2 10-mm-wide UV beam is used directly to

illuminate the PM.

3) Thermal decay

Since the FBGs are written in hydrogen-loaded single mode fiber, thermal
decay will result in slight center wavelength shift and peak reflectivity
degradation, which occurs over time, even at room temperature [82]. Before
the measurement of the filter response, the characteristics of the FBGs,
including the central wavelength, full width at half maximum (FWHM)
bandwidth and peak reflectivity, are re-measured. Due to the thermal decay,
the measured parameters are slightly different from what we obtained during
the FBG fabrication process. In the following analysis, the theoretical filter
frequency responses are based on the re-measured FBG characteristics. In real
applications, it is essential to use non-hydrogen loaded FBG or pre-annealed

hydrogen loaded FBG to eliminate the thermal decay effects.

The characteristics of the FBG array are summarized in Table 4.1. The center
wavelength of each FBG is determined by the phase mask used to produce the
FBG. The spacing of center wavelengths between any adjacent FBGs is about

3 ~ 4 nm, which is large enough to avoid cross interference between the
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reflected signals. The peak reflectivities are obtained from the transmission
spectrum (shown in Fig 4.2) and calculated using Eq. (4.1). From Table 4.1,
we can see that although methods have been taken to ensure the accuracy of
the FBGs with small reflectivities, reflectivity errors still exist. To avoid these

errors, weak FBGs should be avoided in the filter design.

Table 4.1 Characteristics of FBG array 1.

No. Center 3dB Peak Grating | Grating
of | wavelength | bandwidth | reflectivity | length | spacing

FBG |  (nm) (nm) (%) (mm) | (mm)

#1 1538.63 0.11 15.02 10 o

#2 1542.47 0.12 38.24 10 160

#3 1546.20 0.12 32.49 10 100

#4 1549.74 0.19 8.23 4 100

#5 1552.53 0.19 4.08 4 500

#6 1555.93 0.19 3.55 4 100
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Transmission spectrum of FBG amray-1
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Fig 4.2 Transmission spectrum of FBG Array 1.

The experimental setup is shown in Fig 4.3. An erbium-doped fiber amplifier
(EDFA) is used as the broadband optical source, followed by a polarization
controller (PC) to control the polarization state of the light incident into the
modulator. The polarization-optimized broadband light is then intensity
modulated by the EOM and fed to the FBG array via an optical circulator. A
second EDFA is employed before the circulator to compensate for the power
loss in the system. The reflected time-delayed signals are summed at the
photodetector. The microwave signal is generated using an Agilent PSG-A
series signal generator (E8254A). An Agilent PSA series spectrum analyzer

(E4448A) is used to monitor the microwave signal.
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Fig 4.3 Experimental setup of the FBG based all-optical microwave filter.

The adjacent grating spacing of the FBG array is 10 cm, which corresponds to
a basic time delay of 0.966 ns. The spectral period of the filter is 1.036 GHz,
calculated based on Eq. (2.26). By tuning the RF signal from 0 to 1.1 GHz
while keeping the amplitude constant, we obtain the filter magnitude response.
Fig 4.4 shows the magnitude responses obtained from the experiment and the
simulation using the coefficients listed as the peak reflectivities in Table 4.1,
{0.1520, 0.3824, 0.3249, 0.0823, 0, 0, 0, 0, 0.0408, 0.0355}, which is obtained
from the transmission spectrum (shown in Fig 4.2). It can be seen that these
two responses do not match well. The reason of the difference is that the
power spectrum of the modulated light incident into the FBG array is not flat

as can be seen in Fig 4.5 (a).
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Experimental resull vs. thaory curve

Magnitude response {in dB}

A0 i i i i 'l
0
Frequency {in GHz)

Fig 4.4 Filter magnitude responses: experimental {(dark) and theoretical (grey).

The real reflected spectrum of FBG Array 1 is shown in Fig 4.5 (b). Using the
effective coefficients {1.0000, 3.7119, 5.8695, 1.9884, 0, 0, 0, 0, 0.8316,
0.9080}, which are calculated from the peak reflectivities in the real reflected
spectrum, a good agreement between the experimental results and the
theoretical calculations is obtained, as can be seen in Fig 4.6. We may notice
that the experimental stop-band response does not match well with the

theoretical response. This mismatch is caused by the limited dynamic range of

the spectrum analyzer.
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Measured vs. Calibrated

Magnitude response {in dB)

wavelength (nm)

Fig 4.6 Filter magnitude responses: experimental (solid) and theoretical with

calibration (dashed).

Comparing Fig 4.4 and Fig 4.6, we conclude that 1) calibrating the effective
coefficients is necessary when the broadband light source is not flat and 2)
acceptable agreement between simulation and experimental results is achieved
by calibrating the effective coefficients based on the peak reflectivities in the

real reflected spectrum.
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4. 2. 2 Filter transfer function - design example 2

The following measures have been taken in the fabrication of FBG Array 2:

1) Calibrating the un-flat power spectrum of the modulated light

The weighting sequence {7}, {1, 1.22, 1.93,2.02, 0, 0, 0, 0, 2.55, 2.69}, is
calculated from the EDFA power spectrum shown in Fig 4.5 (a). Based on Eq.

(3.11), the desired reflectivities of the FBGs in the FBG array is calibrated to

be
{R}= {R'k}/{Wk} ={0.1,0.2643,0.2219,0.1054,0,0,0, 0, 0.0392, 0.0372} ,

where {R,;} are the effective coefficients.

2) Avoiding using weak FBGs to reduce implementation error

To avoid using weak FBGs with reflectivities less than 10%, in the design we
increase {R,} to a higher level by multiplying {R,} with a constant greater
than one. In this example, multiplying 3.45 to {R,} leads to new reflectivities

of {0.345, 0.912, 0.765, 0.365, 0, 0, 0, 0, 0.135, 0.129}. Of course, the

maximum reflectivity in the coefficients can be normalized to unity if FBGs
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with 100% reflectivity can be fabricated. Normalizing the coefficients will
increase the magnitude of the filter response while keeping the response shape
unchanged. With this operation, all the FBGs will have reflectivities greater

than 10%.

Weak FBGs can also be avoided if the FBGs with small reflectivities are
located at or near the “valley” of the incident power spectrum by properly

selecting their center wavelengths, as can be seen in Fig 4.5 (a). Since

(R} ={R}/{W,}, small weights W, result in large reflectivities R, .

The two methods can also be combined to achieve even better results. For
FBGs with small reflectivity variations, we can use the same fabrication
conditions. For example, the UV illumination intensity can be constant for all

the FBGs, which could ensure a uniform quality for the FBGs.

The characteristics of FBG Array 2 are summarized in Table 4.2. The listed
peak reflectivities are calculated from the measured transmission spectrum
which is shown in Fig 4.7 (). Both the normalized peak reflectivities and the
normalized power reflectivities are based on the reflection spectrum of FBG
Array 2, which is shown in Fig 4.7 (b). The normalized peak reflectivities are

calculated from the peak values of each FBG, while the normalized power
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reflectivities are obtained by integrating the reflected power within the 10 dB-

bandwidth of the FBGs.

Table 4.2 Characteristics of FBG Array 2.

No. Center 3dB Peak Normalized | Normalized | Grating | Grating
of | wavelength | bandwidth | reflectivity peak power length | spacing
FBG (nm) (nm) (%) reflectivity | reflectivity | (mm) | (mm)
#1 1538.54 | 0.12 30.08 0.2016 0.2016 10 o
#2 154246 | 0.20 85.42 0.9345 1.4715 10 100
#3 1546.17 | 0.16 69.35 1.4210 1.6759 10 100
#4 1549.76 | 0.12 31.13 0.8517 0.7421 10 100
#5 1552.55 1 0.10 11.77 0.4170 0.3136 10 500
#6 1555.82 | 0.10 11.45 0.4751 0.3752 10 100
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Transmigsion spectrum of FBG array-2
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Fig 4.7 (a)Transmission spectrum and (b)Reflection spectrum of FBG Array 2.



Three filter magnitude responses are plotted in Fig 4.8, including 1) the
measured system transfer function, 2) the calculated filter magnitude response
based on the normalized peak reflectivities listed in Table 4.2, and 3) the
calculated filter magnitude response based on the normalized power
reflectivities listed in Table 4.2. It can be clearly seen that the simulation based
on the normalized power reflectivities shows a better agreement with the
experimental result than the calculated filter response based on the normalized
peak reflectivities. The reason that the power reflectivities are more accurate
than the peak reflectivities is that the bandwidths of the FBGs are taken into
account in calculating the power reflectivities, while in calculating the peak
reflectivities, we assume that all FBGs have identical bandwidths. In fact, FBG
bandwidth is dependent on FBG fabrication parameters, including the length
of the FBG and the depth of refractive index change. A discussion can be

found in Section 2.2.1.

Based on the normalized power reflectivities, the effective coefficients can be

expressed as

[p()-R(WdA  [p(di- | R(Wyd2

o

L Ay YA A Ady

- Jp(ﬂ)-RO(i)dﬂ~ jp(,l)d,l. jRO(l)d/l’

PRV PRV A Mg

(4.2)

where the dominator denotes the reflected power of the first FBG in the FBG
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array, and the nominator represents the reflected power of the 4-th FBG. In Eq.
(4.2), R is obtained during the design using the genetic algorithm;

LD’MO P(;“)d}“j%,% R,(A)dA can be properly determined during the FBG

writing process, and L . p(A)dA can be calculated from the power spectrum

of the incident light. Then the fabrication objective becomes to monitor the

reflected power at the k-th FBG L N R, (A)dA . This result indicates that it is

A’r
more accurate to monitor the reflected power by using an optical power meter
than observing the transmission power spectrum using an OSA during the

FBG fabrication process.

measurad vs. different calibrated

Normalized magnitude in dB

Frequency (GHz)
Fig 4.8 Experimental (solid), reflection-peak calibrated (dashed) and
reflection-power calibrated (dotted) magnitude responses.
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In practice, all the FBGs in the FBG array are fabricated in one fiber. If an
optical power meter is used to measure the reflected power of the FBG array,
it measures the power reflected by all the FBGs. Then the power reflected by

the k’th FBG is calculated using the following equation,

Pk — ﬁP_O_. -+
[ p(a)ia

A Ay

Pk~1 > (43}

where P, is the reflected power measured after the first FBG is fabricated, and

P,, is the total reflected power measured after the k-1’th grating is

fabricated.

4.3 Summary

Two FBG arrays were fabricated based on the design using genetic algorithms.
Experiments have been carried out using the two FBG arrays. Implementation
issues have been raised and discussed. The experimental results showed that
the filter coefficients must be calibrated to get a filter response identical to the

theoretical design. To calibrate the filter coefficients, the un-flat power
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spectrum of the broadband light source and bandwidths of the FBGs must be

considered.

To avoid fabrication errors, weak gratings should be avoided in the filter
design. Two methods have been proposed, by either normalizing the FBG
reflectivities, or carefully locating the wavelengths of the FBGs to achieve

relatively uniform reflectivities, to solve this problem.
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In the above discussions, all FBGs are assumed to have identical time delay
for all the frequency components of the incident light. However, if the
modulated light is reflected by an FBG, different spectral components will
experience different phase shifts depending on the FBG synthesis parameters
and the modulation frequency [84-92], chromatic dispersion is generated.
These phase shifts result in relative phase differences between the carrier and
the sidebands, which finally lead to power degradation and an unexpected
phase shift of the recovered microwave signal at the photodetector. As can be
seen in Fig 4.6 and Fig 4.8, where the filter response degrades when the
modulating frequency increase. This is caused by the limited frequency
response of the EOM and the photodetector. We will show in this chapter that

dispersion effects will also lead to this degradation.

In this chapter, we will analyze and discuss the dispersion effects caused by
the FBGs on the performance of the all-optical microwave filters. We will
show that the dispersion effects will lead to power degradation. The

degradation can be reduced by carefully selecting the FBG synthesis
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parameters. We also show that the dispersion effects can be further reduced or
almost eliminated if single sideband (SSB) modulation [88-92] scheme is

employed.

5.1 Power spectrum of intensity modulated light

A broadband light source can be modeled as a large sum of light with different

wavelengths over the range from A, to A, ; and each frequency component is

incoherent with each other, which means the phase of each component can be
treated as a independent random variable distributed uniformly over —z to 7.

Mathematically, the optical electric field can be expressed as

Ebs (t) = ZEke—j(w/:“"(/’k) , (5.1)
k

where E,, denotes the electric field of the broadband optical source; £, is the
electric field amplitude for the k-th frequency component, @, is the k-th
angular frequency which can also be written as @, =2ac/ 4, , and ¢, is the

random phase for the &-th frequency component.
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When this broadband light source is intensity modulated (IM) by an external
electro-optic modulator, the normalized complex amplitude of the electric field

may be expressed as

Eog =1+ m,, cos(@,1) - ) E, - (5.2)
k

where E_, denotes the output electric field of the EOM, m, , is the intensity

modulation index for the 4-th optical carrier, @, is the modulating angular

frequency. Here we assume the initial phase of modulating RF signal is zero.

To determine the chromatic dispersion of the modulated signal, we will
analyze the spectrum of the signal by expanding its amplitude term into

Fourier series. In order to simplify the notations, £,, @,, ¢, and m, are used

toreplace {£,}, {®,}, {g,} and {m,  } respectively. That is

1/2

E,(l+mycosw, t) “ =E (K, + K, cosw, t+K,cos2m, t+-), (5.3)
h K, =={qa £)"2ds d
where 0—}—_{)( + m, cosS @, ) an

i/2

K, =%j‘; (+mycosw, 1) -cosnw,tdt, n=1, 2... In Eq. (5.2), we assume
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that the carrier components are incoherent with each other. For small value of
m,, the K, (dc) term is approximately unity, K, is approximately equal to
m,/2, and the higher order coefficients (harmonics) are very small. In fact,
when m, increases, although the higher order harmonics increase more rapidly
than term K, they are still very small. Under these conditions, higher order

harmonics can be neglected and the amplitude modulation (AM)

approximation of the IM is reasonable [84], that is
E_,@)=(0+m,cosm,t) - E, e/ (5.4)
where m, is normalized amplitude modulation index.

Applying Fourier transform to Eq. (5.4) we get the spectrum of E_ ,(¢),

E_ (@)= E,5(w—m,)e’™
(5.5)

M, . o T o
LE 0 (w—-w, —m,)e’” + 2” Eb(o—-o,+m,)e’™”

+

It consists of an optical carrier, an upper sideband (USB) and a lower sideband
(LSB). The conventional AM is also called as double sideband (DSB)

modulation.
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spersion caused by a uniform FBG

When the intensity modulated light is launched into and reflected by the m-th
(=1, 2, 3, .., M+1) uniform FBG in the FBG array, the three optical
frequency components experience different phase delay. If we ignore the
chromatic dispersion caused by the short length fiber jumpers in the system

and only consider the phase shift induced by the FBG, we may get

E (1) =E,p, cos(@,t +6,)

m . (5.6)
+~i“‘E0 - p, cosf{w — m, —a)m)t+92]+—i“—E0 -p, cosl(w—w, +w, )t +6,],

where 6,,6,,6,, p,, P, £, represent the phase shifts and amplitude reflection
introduced by the FBG, with respect to frequency components

0,0y — @, 0, +@,. E (1) is the reflected optical electrical field.

The phase of a single optical frequency can be expressed as

6=pz, (5.7
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where f is the propagation constant and z is the distance traveled.

Expanding £ in a Taylor series and substituting it into Eq. (5.7) yields

0 = 2B(w,) + 2 (@)@ ~ @) + = @, Y — @, )’
o2 , (5.8)
+%ﬁ'(w0)(0)—w0)3 +é5(a)o)(w“wo)4 +oe,

where the ,6‘ , ﬁ , ..., are the first, second and higher-order derivatives with

respect to the optical radian frequency, w.

The group delay can also be expanded in a Taylor series,

T=z-dfldw
= @)+ f@)o-0)+ L @)w-0)" +L@)0-0) +-1
(5.9)

The first term zﬁ(wo) is a constant delay that does not alter or distort the

optical signal.

Similarly, the first, second and third order dispersion are respectively written

as the first, second and third order derivatives of the group delay
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da’p
do’ (5.10)

= 2[ B(wy) + Bla, Mo — @) +ﬁ(mo)(@_wo)2 +--4],

D=dl'ldo=z-

D=z-d*flde’ =z-[f(,)+ flw, o ~a,) +], (5.11)
and
B=z-d*Bldo* =z flw,)+ (5.12)

where higher order dispersion is neglected in present system application.

Using Egs. (5.9) - (5.12), we get

(@—-a,); (5.13)

Substituting Eq. (5.12) into Eq. (5.8), the phase 6 is
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9= 2001+ B X000+ 2(0-0,)

s (5.14)
—Q(a) —0,) +=-Dlw—-,)" +--.
3 8
Evaluating 6 at the reflected optical carrier and sidebands
90 = Zﬂ(wo )
61 = Zﬂ(w()) - Zﬂ(wo)will + %wi _;igjLa)m?J + % : ﬁw;ﬁz4; (5'15)
0, = 2B(w,) + 2f (@), + i?a)j, " L?mnf + -g- Pa,*.

Then the relationship between the phase shift and the group delay/dispersion
of the FBG is built up. In the following sections, we will discuss the dispersion

effects on the FBG-based microwave filters.

5.3 Detected signal at the photodetector

If the lightwave reaching the photodetector is given by Eq. (5.6) and Eq.
(5.15), the photo current is obtained by using Eq. (2.13), discussed in Section

2.1.4. Taking only the RF signal centered at the modulation frequency @, and

ignore the dc current and higher order harmonics, we get
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W) = %manz ppycos(w,t+8, -6+ %manz 029, cos{w,t + 06, —8,) .(5.16)

Considering that

Acos(ot +¢,) + Beos(wt +¢,) = Ccos(wt + ¢,), .17

Asing, + Bsing,
Acosg, +Bcosg,

where C = \/Az +B? +2ABcos(¢, —¢,) and ¢, = tan [

we have

1
vty = EmaEng \/‘Pl |2 + Ipz lz + Z‘Plpzi(:@s(@z +0, —26,) cos(w,t +6,), (5.18)

o 8in(6, —6,)+ p, sin(6, —6,)
p,cos(8, —6,)+ p, cos(6, —6,)

where 8, =tan™[

If w, is located right at or near the Bragg frequency of the uniform FBG and
@, << @,, we have the approximation |p,|~ |p,| =|p,|. Then Eq. (5.18) can

be simplified as
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6, +6,
2

—8,)cos(w, t + & ;61) : (5.19)

1 2
7(©) =5 mEq|p| cos(
Substituting Eq. (5.15) into Eqg. (5.19), we get

1 2] o 2 1 2,95 4 ; [

y(t) = —meaEO [pO[ cos(—tim +§Dcam)cos[wmt +zf(w,)w,, +§Dwm] ,(5.20)

where zﬂ (w,) is a constant time delay determined by the FBG length, and
zf(w,)o,, is the basic phase shift with respect to the modulating frequency

w, . It is easily seen from Eq. (5.20) that the FBG induced dispersion

introduces undesired phase shift —?af and amplitude fluctuation

m

cos(—l— Dol + éﬁa);) .
2 8
5.4 Evaluation of FBG-induced dispersion effects

To evaluate the dispersion effects on the all-optical microwave filters, the
reflection spectra, group delays, first, second and third order dispersions are
calculated for four different uniform FBGs. Fig 5.1 shows the simulated

results for two FBGs with identical length, L =1 mm, but different peak
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reflectivities. Fig 5.2 shows the simulated results for two FBGs with same
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third order dispersion

-5
193.35 193.4 193.45 193.5 193.55
optical frequency {THz)

Fig 5.2 Simulated results for two FBGs with same peak reflectivity but

different lengths. Solid line: L = 10mm, 8. =1x107*; dotted line:

L=4mm, Sy =2.5x107.

By studying these plots, we have the following conclusion:

First, the null-to-null bandwidth is ihversely proportional to the grating length
for weak gratings and when the grating gets stronger, the reflection bandwidth
is proportional to the index variation, which can be easily seen from Fig 5.1(a)
and Fig 5.2 (a).
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Second, most power is reflected within the FWHM bandwidth.

Third, group delays and dispersions are small within the FWHM frequency
range, whereas they fluctuate significant near the band edge and decrease

rapidly outside the main lobe of the reflection band.

Before we analyze the dispersion effects on the FBG-based microwave filters,
we start with a simple example using the equations we obtained in Section 5.3:
the dispersion effects on the FBG-based true time-delay beamforming
networks for phased array antennas. The reason we think this is a simple
example is that in the FBG-based true time-delay beamforming networks, the
light source has single frequency. The analysis is a direct application of the
equations derived in Section 5.3, but the results can be extended to the systems
using a broadband light source, such as the FBG-based microwave filters
discussed in this thesis, where the light source can be considered as a

combination of many single-frequency light sources.

Eqg. (5.20) is obtained assuming that the light source has a single frequency; we

will apply it to analyze the dispersion effects on FBG-based true-time delay

phased array beamforming networks.
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In true time-delay beamforming networks, a single frequency source is usually
used. Fig 5.3 shows an N-channel uniform FBG-based true time-delay
‘beamferming network. It consists of a wavelength tunable laser, 2 high speed
EOM and N FBG arrays serving as an FBG prism. The tunable laser source is
externally modulated by an RF signal using the EOM. The modulated optical
signal is then fed to the N-channel FBG arrays by a 1: V optical splitter and N

three-port circulators. Each FBG array has M uniform FBGs; each FBG

reflects light at a specific wavelength A, (j=1,2,.., M). The spacing

between adjacent FBGs increases linearly from channel 1 to channel N. The N-
channel time-delayed signals are sent to & photodetectors to convert the time-
delayed optical signals to RF signals. The RF signals are amplified by pre-
amplifiers and power amplifiers and then fed to N phased antenna array
elements. A radiation pattern is generated at the far field [93-94] [96]. The
direction of the radiation pattern is steered by tuning the wavelength of the

tunable laser source.

The far field beam pattern formed at 4, can be expressed as

2 :
o Hi-D 20 d sina ]

N
Fia)=2_ 4;e ‘ : (5.21)
=1
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where A is the amplitude of the RF signal fed to the i-th (=1, 2, .., N}
antenna when the beam pointing angle are supposed to steer at «;, ¢,

represents the phase delay introduced by the FBG prism, @,, is the frequency

of the RF signal, ¢ is the velocity of light in free space, 4 is the spacing

between the adjacent antenna elements.

As can be seen in our discussion in Section 5.3, the dispersion caused by the
FBGs not only introduces undesired phase shift, but also leads to amplitude
degradation if DSB modulation scheme is employed. To achieve wideband

operation, the first and higher order dispersion should be suppressed to make
phase shift term D’ /3 small and amplitude fluctuation term
cos(Dw./ 2+5ﬁa),fl/ 8) near unity. Based on Fig 5.1 and Fig 5.2, if we

choose FBGs with short length and relatively small reflectivity, the dispersion

effects can be significant reduced. Theoretically, if the optical carrier
frequency @, is equal to the Bragg frequency, D and D are equal to zero and

no limitation on the highest operating frequency of the beamforming network.

True time delay beamforming can also be realized using a chirped grating [99-
100]. In a chirped grating-based network, the linear chirped FBG gives a linear

group delay within a wide reflection bandwidth, thanks to the change of the
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Bragg wavelength with the position along the grating. This implies that the
first order dispersion D of linear chirped FBG is a non-zero constant and
higher-order dispersions are zeros. In real applications, to achieve wide beam
steering range within limited available wavelength band of the tunable laser,
large D is preferred, which will significantly limit the highest operating
frequency and the bandwidth of the chirped grating-based beamforming

networks [86] [90].

FBG array prism (N x M)
array element 1
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Fig 5.3 Uniform FBG-based true time-delay beamforming network.

To further reduce or eliminate the dispersion effects, single side band (SSB)
modulation would be employed, which can be implemented by either using a
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very narrow band FBG to remove one side band directly or using two phase
modulators by mixing of the two unbalanced phase-modulated light beams
driven by a pair of microwave signals with a phase shift of #/2 [87] [91].
When the SSB modulation technique is applied, the amplitude of the
recovered RF signal is independent of the phase shift because the amplitudes
and phases of the modulated signal do not include any beating between two
frequency terms, as can be seen in Eq. (5.6). In this case, there is not any
cancellation of the modulated signal. However, the dispersion-induced phase

shift still exists, and is expressed as

02 —6() = Zﬁ(wO)G)m +;122w57

+2wm3 +—5¥-l'ja)m4 R (5.22)
3 8

Although the FBG synthesis parameters can be carefully chosen to minimize

the dispersion-induced phase shift, the phase shift cannot be completely

eliminated, which will limits the highest operating frequency for true time-

delay based applications.

It is different from the true time delay beamforming networks where a single

frequency light source is used, the all-optical microwave filters discussed in
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this thesis are based on a broadband light source. Let us rewrite Eg. (5.20) by

replacing the single frequency carrier by a bunch of frequencies,

i 1 5
W) = z{gma,kﬁf lpk!z COS(EDI(@; +§Dsz}
d , , (5.23)
-cos[w, t + zf(@, o, + ngw; 1

where p, denotes the complex amplitude reflectivity at ,; D,,D,,D, are
respectively the 1%, 2™ and 3" order dispersions at ,. We again assume
o, <<a,.Based on Eq. (5.23), the recovered RF signal reflected by the m-th

FBG in the FBG array is composed of a bunch of electrical signals with

identical frequency w,,, but different amplitudes and phases. We can see that

the amplitude and phase shift are the functions of the modulating frequency

and the synthesis parameters.

Fortunately, when the modulating frequency is not very high, we can get good
approximation that the filter coefficients are constant for different modulating
frequencies and the dispersion induced phase shifts can be neglected. For

example, from Fig 4.8 (¢), (d) and (e), considering the FBG with length of 1

mm and S.p =5x107, its group delay, first, second and third order

dispersions at the edge of its 3-dB bandwidth are respectively at the level of
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t=5ps, D=1x10%s/(Hz-2x), D=1x10s/(Hz-2x)’ and

D =1x10""s/(Hz-27)" . Substituting these numbers into Eq. (5.23), and take
o, =10GHz 2n, we get cos(Dw)/2+5Dw}/8)=09994, the power
degradation, and Do /3 =0.6x10" x, the undesired phase shift for the i-th

frequency component. The 3-dB and the first-null modulating frequencies can

be calculated by letting  cos(Dw’/2+5Dw./8)=0.5  and

cos(Dw? /2+5Dw! /8) =0, which are respectively 35.8 GHz and 92.8 GHz

in this example. For the carrier frequency components which are closer to the
FBG center frequency, the corresponding recovered RF signals degrade much
slower than those near the band edge. At the same time, they contribute more
reflected power to the output because the reflectivity at or near the Bragg
wavelength is much higher than those near the reflection band edge. These
results indicate that when the modulating frequency is at 10 GHz or lower, the

dispersion effects can be ignored.

If the FBGs with longer length, such as those described in Fig 5.2, are used to
implement the filter, and the effective coefficients are still calculated using Eq.
(4.4), more errors in the effective coefficients will be presented because longer

FBGs introduce more dispersion effects than shorter FBGs, such as those
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described in Fig 5.1. This result shows that FBGs with shorter length and

weaker reflectivity induce much less dispersion.

5.5 Summary

In this chapter we have studied the dispersion effects on the FBG-based all-
optical microwave filters. We found that the dispersion effects could result in
the amplitude fluctuation and undesired phase shift for the time delayed RF
signals detected at the photodetector, which would limit the highest operating
frequency of the all-optical microwave filters. We also found that the effective
coefficients obtained using the genetic algorithm would be changed due to the
dispersion effects, which would degrade the performance of the all-optical
microwave filters. To reduce the dispersion effects, we proposed to use short
and weak FBGs, but this would cause implementation errors. A second
method that could be used to reduce or almost eliminate the dispersion effects
was to use single side band modulation, at the cost of a more complicated

system.
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6.1 Conclusions

The three objectives of this work were (1) to synthesize FBG-based all-optical
microwave filters using genetic algorithms, (2) to realize of the filters with the
designs using genetic algorithms, and (3) to analyze the dispersion effects on
the FBG-based all-optical microwave filters. All the three objectives have

been achieved.

In Chapter 2, the theory model of uniform FBG-based all-optical microwave
filter was presented. The key components including the -electro-optic

modulators, photo-detectors, FBGs were introduced in this Chapter.

In Chapter 3, the synthesis of FBG-based all-optical microwave filters using
the genetic algorithms was proposed. In the proposed algorithm, all-optical
microwave filters employing fiber Bragg gratings as tapping and weighting

elements were considered. The coefficients and the tapping intervals of the
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microwave filters were optimized by the genetic algorithm. Algorithms for
fixed and variable tapping intervals were developed and two design examples

were presented and discussed.

In Chapter 4, we discussed the implementation of the all-optical microwave
filters. Two FBG arrays were fabricated based on the design using the genetic
algorithms. All-optical microwave filters based on the two FBG arrays were
constructed and characterized. To achieve the optimal filter response, the filter
coefficients have to be calibrated. We showed by considering both the power
spectrum of the optical source and the power reflectivities of the FBGs, filter

response identical to the design objective was achieved.

Dispersion effects on the performance of uniform FBG-based all-optical
microwave filter were discussed in Chapter 5. We found the dispersion effects
would lead to amplitude fluctuation and unwanted phase, which would reduce
the performance of the all-optical microwave filters. We showed that the
dispersion effects could be reduced by using short and weak fiber Bragg
gratings, but adding to implementation errors because of the difficult in
producing accurate weak gratings. The dispersion effects could be reduced or

almost eliminated if single-side band modulation scheme was used.
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6.2 Future work

We should note that in the design of the all-optical microwave filters, the
coefficients are constraint with positive values due to the incoherent
interference, which prevents the inclusion of negative coefficients. By
applying the time-delayed light signals to two photodetectors with differential
detection, all-optical microwave filters with negative coefficients can be
implemented in the optical domain [19] [64-65]. Other techniques such as
using cross gain modulation (XGM) of a semiconductor optical amplifier
(SOA) can also be used to implement all-optical microwave filters with
negative coefficients [101-106]. These techniques open the way to implement
all types of all-optical microwave filters, such as band-pass filters and high-

pass filters.

In this research project, the filters are synthesized based on an array of FBGs
with a broadband light source. In communications and radic-over-filter
systems, the light sources are usually semiconductor lasers with narrow
bandwidth and high coherence. All-optical microwave filters that can be
incorporated into these systems for all-optical microwave filtering would be

investigated.
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In this research, the attention was paid to the amplitude of the transfer
functions of the all-optical microwave filters, and no phase information was
used in the filter design. For many applications, the phase information is
important and should be considered in the all-optical microwave filter design.
Further research would be carried out to design and implement all-optical
microwave filters with both amplitude and phase information taking into

account.
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Doped Fiber Amplifier
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Magneto Static Wave
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