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ABSTRACT

Surface Acoustic Wave ( SAW ) devices are finding
applications in many diverse electronic equipment. Analysis and
synthesis of any operational device ( 1like a SAW device )
associated with a complicated physics can be performed by some
equivalent model. Many models have been developed for the analysis
of "SAW devices. There are two approaches for such modelling
namely; field theory approach and circuit theory approach. The
existing models are such as the Delta function model, the Impulse
model, the Equivalent Circuit model, the Green's function model,

the Coupling Of Modes model,..etc.

The main goal of this study is to try to find out a proper
model that can describe different types of SAW signal processing
devices, specially low loss transducers and filters. It also aims
to simulate different types of filters and study the techniques
for improving the performances of these filters. The model which
is aimed to be developed is supposed to be an aidfull tool to the

designers of signal processing equipments using SAW devices.

The crossed field equivalent circuit model has been studied

in three approaches for modelling SAW transducers and filters.

Using the scattering matrix theory and the simplified
equivalent circuit model of Smith; the possibility of calculating
the scattering matrix of a finger pair directly from the
simplified equivalent circuit and building up the full transducer
has been studied, and the relevant computations have been done.
The scattering matrix for Group-type Uni-Directional Transducer
( GUDT ) as an example for Uni-Directional Transducer has been
derived under tuned and matched conditions. The different losses

and the frequency responses of matched and tuned BI-directional



Inter Digital Transducers ( BIDTs ) with different number of
finger palirs have been computed. It has been found that the
scattering matrix method can directly give many informations that
can not be calculated directly using other methods, such as the
Electric Mismatch losses, Triple Transit Echo, Acousto Electric

Transmission loss,etc.

In the second approach, a single SAW IDT finger has been
modeled by a 3 X 3 transfer matrix. A pair of fingers has been
represented by cascading a positive and a negative voltage derived
fingers. It has been found that the model can be used to analyze
successfully different types of BIDTs, split-finger BIDTs, CHIRP
and COMB filters. The frequency responses of filters of BIDTs with
single and split fingers have been computed for different number

of finger pairs.

A chailn matrix was used to model BIDT, GUDT and Three Phase
Uni- Directional Transducer ( TPUDT ) with 4 x 4, 6 x 6 and 8 x 8
matrices, respectively. Forward and backward frequency responses,
directiveties and input and output admittances, phases,
conductances and susceptances of filters with various possible
combinations and types of wunidirectional transducers have been
computed. Normal/Modified/New-type GUDTs and TPUDTs with different
number of active finger pairs, groups and periodic sections in
various possible combinations were used at the transmitting as
well as the receiving ends with both transducers properly tuned

‘and matched.

The results obtained using the three approaches are quite
good and give good agreement with experimental results available
in literature. Moreover, using different types of transducers at
both ends gave interesting results in terms of 3dB bandwidth and

stopband rejection

Apodization is another way to get filters with lower
insertion losses, good bandwidths and larger side-lobe
suppressions. The usual practice is to have a low insertion loss,

wide band, uniform transducer at one end and a narrower bandwidth,



low insertion loss, higher side-lobe suppression, apodized
transducer at the other end. Forward, backward frequency responses
and relative directivities of different filters having one uniform
and one apodized transducer at the two ends with different
combinations of Normal/Modified/New- type GUDTs and TPUDTs have
been computed. The apodized transducer’s effective apertures were
apodized using SINC function weighting. The results obtained were

interesting in terms of bandwidth and side-lobe suppression.

The SINC function is an Infinite Impulse Response ( IIR )
function (of infinite time duration) and since an IDT has finite
number of fingers in it (similar to FIR filters); it is always the
practice that the SINC function is truncated, hence some Gibbs may
appear in the frequency response of the filter. If a COSINE window
function is additionally included to modify the IDT apodization
these Gibbs can be eliminated or the frequency response can be
improved to some extent. In this case, a longer part of the SINC
function can be used. The responses of the filters mentioned above
were computed using a COSINE window along with different lengths

of the SINC function. Good results have been obtained.

This windowing technique can also be used to improve the
stopband rejection. A Modified Bessel Function (MBF) window family

was considered.

Filters of different combinations of UDTs, having different
number of periodic sections, active fingers and groups have been
computed using different types of windows. It has been fount that
proper selection of number of periodic sections or groups is very

essential in getting good responses.

The software modelling package that has been developed seem
to be promising and expandable to include the modelling of more
SAW signal processing devices and it is expected to be useful and

helpful to the designers of SAW devices for signal processing

applications.
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CHAPTER ONE
1

To BeEGIN WITH..

f ]

1.1 INTRODUCTION :
|

Last few years have seen considerable research interest in
electronic applications include surface wave delay lines,
acousto-optical devices, and other signal processing devices
operating in a frequency range extending from 1 MHz into the
microwave region. Most surface acoustic wave (SAW) devices employ
some form of interdigital transducer (IDT) proposed by White and
Voltmer [1] for the generation and detection of acoustic surface

waves on piezoelectric substrates.

Surface acoustic signal processing devices are finding
nowadays applications in many diverse electronic equipments. Every
modern UHF/VHF communication receiver ( mobile/stationed ) usually
contains at least one SAW filter. Many telecommunication systems -
particularly satellite systems - can not do away without extremely
high performanée SAW filters. Large radar systems as well as

smaller opes ( on an increasing extent ) utilize pulse compression

11



SAW filters. In addition to many applications, high frequency SAW
oscillators and SAW convolvers are also in use. Low loss SAW
transducers filters are very much essentlal for designing signal

precessing devices/equipments.

In this chapter a brief introduction to bidirectional and
unidirectional transducers is given. The different approaches for
modeling SAW devices are given with brief discussions on different
models for analyzing SAW devices. Some of the merits and
applications of SAW devices are also presented. Finally the

statement of the problem is declared.

[ 1
1.2 SURFACE AcousTiC WAVE
INTERDIGITAL TRANSDUCER :

The con?entionai surface acoustic wave interdigital
transducer consists of an arréy of thin metal fingers ( usually of
gold or aluminum ) deposited on the polished surface of a
piezoelectric substrate. Alternate fingers are connected together,
so that each transducer has a single electrical port. If an
electrical signal generator is connected to the electrical port
the resulting electric field within the piezoelectric material
causes an acoustic surface wave to be generated beneath the
transducer and to propagate along the surface in two directions

perpendicular to the fingers. Conversely, if the electrical port

12



is connected to a load the electric field associated with an
incident acoustic surface wave produces a voltage between the

electrical terminals, and power is delivered to the load.

Since its introduction, this type of transducer has galined
wide acceptance because of 1its high efficiency and ease of
fabrication by conventional microcircuits technology. In its
original form, the interdigital transducer was applicable only to
piezoelectric substrates. However, similar electrode arrays have
been used in conjunction with piezoelectric overlays to lunch and

receive surface waves on non-piezoelectric materials [2].

The interdigital transducer is frequency-dependent, operating
most efficiently at the synchronous frequency, at which the centre
to centre spacing of adjacent fingers is one half surface acoustic
wave length [3-4]. Interdigital transducers are attractive for
variety of filter applications, because the variation of phase
shift and loss with frequency may be controlled by varying the
spacing and amplitude weighting of the fingers along the array.
The weighting may be controlled by varying the finger overlap or

to a limited extent by varying the finger width [5-7].

The conventional interdigital transducer has two important
disadvantages; bidirectionality and the presence of triple transit
echoes. The transducer is regarded as having two acoustic ports,
corresponding to the two directions of wave propagation. With

equal loading at the acoustic ports, power incident at the

13



electrical port of an input transducer is divided equally between
the two acoustic ports, and thus half of the input power is
usually lost because it 1is radiated away from the receiving

transducer. This results in a minimum loss of 3 dB per transducer.

[ ]
1.3 UNIDIRECTIONAL TRANSDUCERS:

For reducing this minimum loss of 3db per transducer in
Bi-Directional Transducers (BIDTs) described in the previous
section one of the proposals was to place two identical receiving
transducers with the electrical ports connected in parallel, at
equal distance on either sides of the input transducer. This
method of interdigitated interdigital transducer (IIDT) can be
extended to n+l output IDTs interlaced with n input IDTs. As more

IDTs are added the minimum insertion loss reduces [8].

Another method for overcoming the problems of conventional
bidirectional transducers is the use of Uni-Directional
Transducers (UDTs), which radiate acoustic power in only one
direction [9,10]. Conversely, an ideal unidirectional transducer
may be used to pick up all the power incident at one acoustic port
and deliver it to a load, there is then no reflected acoustic wave

and triple transit echoes are eliminated.

Several different methods for obtaining wunidirectional

14



operation of an interdigital transducer have been described. Engan
[11] was the first to propose a simple unidirectional transducer
structure while later on it was developed by Collins et al [9] and

is commonly known as Quadreture Phase unidirectional transducer

(QPUDT) .

The Three Phase unidirectional transducer (TPUDT) was
reported by Potter and Hartmann [12]. The Group type
unidirectional transducer (GUDT) was developed by Yamanochi et al
[13] as a new QPUDT. Some different structures have been proposed
for GUDT such as the Modified GUDT (MGUDT)[13] and the New type
GUDT (NUGUDT) [14]. Single Phase unidirectional transducer (SPUDT)
was proposed by Hartmann et all [15] where no phase shifting of
the electrical signal is required and the unidirectionality is

performed by the use of reflecting gratings.

This dissertation considers bidirectional transducers, three
phase unidirectional transducers and different types of group

unidirectional transducers, for signal processing applications.

1.4 MopeLs For THE ANALYsIs Of

SURFACE AcousTic WAVE DEVICES :
| |

Analysis and synthesis of any operational device ( like a SAW

device ) associated with a complicated physics can be performed by

15



some equivalent model. The behaviour of surface acoustic wave
interdigital transducers is 1in general very complex, 1involving
complicated electrostatic effects, the presence of variety of
acoustic modes and electrodes interactions which cause propagating
waves to be perturbed by electrodes under which they pass. A
further complication is the variety of features to be analyzed;
the amplitude of waves generated the transducer admittance, and
for acoustic waves incident on the transducer the scattering

parameters for conversion, reflection and transmission.

The complexity of the problem has resulted in a variety of
theoretical models for analysis which mostly make simplifying
assumptions. Almost always it is assumed that the only acoustic
mode present is a non-leaky surface wave, and it is also common to

ignore electrode interactions..etc.

The methods or models that have been developed for the
analysis of SAW devices are either one of the two approaches;

field theory approach and circuit theory approach. the existing

models are such as the Delta function model [6], the Impulse
response model [16], the Equivalent circuit model [17,18], the
Green’s function model [19], the Coupling of modes model
[15]..e£c.

The simplifying assumptions that have been made in each of
the above models were to get a model that gives results as
accurate as possible with less computational effort and simpler

procedures.

16



1.5 EQuIVALENT CIRCUIT THEORY

APPROACH MODELS :
|

The delta function model provides basic information in the

transfer function response of a SAW filter [6]. It can only cater
to some of the second order effects. It can not provide
information on filter input/output impedance level, circuit

loading factor, harmonic operation, bulk wave interference or
diffraction. Its basic modelling concept that it approximates the
complex electric field distribution between adjacent fingers of an

exited IDT as a discrete number of delta function sources.

The impulse response model developed by Hartmann, Bell and
Rosenfeld [16] yields additional information on the SAW transducer
response over that given by the simple delta function model, in
that circuit impedances and matching networks can be included. It
also provides ready insight into frequency scaling that must be
employed 1in the determination of apodization quantities for
broadband or chirp SAW filters. In essence, the impulse response
model wuses fourier transform pair relations to determine the

impulse response h(t) of a SAW filter, given its desired frequency

response h(f).
The crossed field equivalent circuil model is derived from

the Mason’s equivalent circuit employed for modelling acoustic

bulk wave piezoelectric devices [17]. In this model the electric

17



field distribution under the electréde of an exited IDI is
approximated as being normal to the piezoelectric surface, as if
between the plates of a capacitor. There is also an alternative
model, known as the in line field equivalent circuit model.
Experimentally .[20] it has been found that the crossed field model
ylelds better agreement with experiment than the in line one for
IDTs fabricated on high electomechanical coupling piezoelectric
substrate such as lithium niobate. The in line model is readily

applicable, however to IDT designs on quartz substrates.

The delta function model, the impulse response model are
analytical in approach and the crossed field model is of the
equivalent circuit approach. Each of them revels an important
factor for SAW filter design. The delta function model relates the
restriction placed on apodizing both IDTs in SAW filters. The
crossed flield model yields information on IDT input and output
impedance levels, and on triple transit interference levels in the
filter passband. The impulse response model also provides
information on input and output impedance levels as well as on the

frequency sensitivity of exited IDT electrodes.

[ -]
1.6 FIELD THEORY
APPROACH MODELS :

Generally speaking, Field theory approach models for the

analysis of SAW devices are usually more accurate than circuit

18



theory approach models, but in the same time they suffer usually
from the enormous computation time involved and the complexity.
These drawbacks are different from one model to another as per the
accuracy 1involved. Such types of models include the normal mode

model [21], the Coupling of modes model and greens function model.

The coupling of modes (COM) theory has earlier been applied
extensively to the design of optical devices [22,23]. Later on it
has bgen appliéd to SAW devices [15]. The coupling of modes theory
(model) describes the acoustic field distribution in the SAW
device in terms of forward and backward waves [24]. It assumes
that the metal film is thin ( compared to the wave length )
Different equations are to be obtained which hold for the
amplitudes of the two coupled waves propagating forwards and
backwards in the structure. The solution of these differential
equations, subject to boundary conditions, describe the behaviour

of the SAW device including second order effects.

The green’'s function model taks almost full account of
electrostatic effects, electrode interactions, electrode mass and
resistance and couples to bulk modes as well as surface modes
[19,25]. It gives highly accurate modelling with high coupling
materials. several researchers are working on different green’s
function models such as the simplified Green’s function model [25]
and the two dimensional Green’s function model [26] depending upon
the goal whether reducing the computation time or increasing the

accuracy. The Green’s function model involves complex and time

19



consuming numerical computations, and it ignores diffraction

effect.

A lot of research work is going on nowadays on coupling of

modes [27,28] and Green’s function models [29]because of the high

accuracy and the ability to model a wide range of SAW devices.

[

‘ 1.7 MeritTs OF SAW Devices :

Many SAW based devices and systems have several excellent

features

when compared to competing technologies. Apart from

usual merits, these includes the following:

1.

SAW devices can generally be designed to provide quite
complex signal processing functions with a single package
contained on a sipgle plezoelectric substrate with
superimposed thin film input and output interdigital

transducers
SAW devices can be mass produced using semiconductor
microfabrication techniques. As a result they can be made

to be cost competitive in mass volume applications.

SAW devices can have outstanding reproducibility in

performance from device to device. Indeed, the practical

20



implementation of chanalized receivers for spectral
analysis of signals in electronics support measures (ESHM)
has only Dbeen possible since the arrival of SAW

devices. [21].

4. Since they can often be implemented in small rugged, light
and power efficient modules, they are finding ever
increasing applications in mobile and space-born

communication systems.

5. Although SAW devices are analog devices, they can be
implemented in many digital communications systems; such
as the use of SAW Nyquist filters in quadrature amplitude
modulation (QAM) digital radio modems. Feldman et al [30]

have given many such examples.

8. SAW filters can be made to operate very efficiently at
high harmonic modes. As a result gega hertz
frequency-range devices can be fabricated using relatively
inexpensive photolithiographic techniques rather than the

process involving electron beam lithiography.
SAW devices are having nowadays so many signal processing

applications due to the merits mentioned above. Campbell ([21]

has outlined many of SAW devices signal processing applications.
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| |
1.8 STATEMENT OF THE PROBLEM :
«

The main goal of this study has been to try to find out a
proper model that could describe different types of SAW signal
processing devices, specially low loss transducers and filters. It
also aimed to simulate different types of filters and study the
techniques for improving the performances of these filters. The
model aimed to be developed is supposed to be an aidfull tool to
the designers of signal processing equipment using SAW devices, so
that they could use the model to simulate and afterwards select

the proper design as per their requirements.

It has been thought that if a model is to be used as a quick
and accurate ( up to some extent ) tool for such designing tasks
then the computation speed is a very important factor. The crossed
field equivalent circuit model - although it is not the most ideal
one - seems to be most appropriate as far as a compromise between
complexity and computational effort required is concerned and with
comparable results with that of experiments. Based on this; the

crossed field equivalent circuit has been selected as the basic

ground for this study.
The problem undertaken is stated as follow :

a: Study the possibility and work to develop a fast and

accurate model ( based on the crossed field equivalent

22



circuit model )} that is able to represent, predict the
performance and give as much information as possible about
the different parameters ( of as wide range as possible )

of different types of SAW transducers and filters.

Develop a software simulating package based on the model
to be developed. The simulator is to be developed in a way
that it can be used as an aidfull tool to the designers of
SAW devices for signal processing applications so that
they will be able to simulate their designs and find out
its performances and the different related responses and
parameters before fabricating. This is to ease the design

process and eliminate errors before fabrication.

Study . ways and techniques for getting different SAW
transducers/filters performances for signal processing
applications such as apodization and windowing. See the
possibility of modelling/simulating filters with both
apodized unidirectional transducers { by say chanalization

method [61]).

Look into some new window techniques and try to apply it
on SAW apodized transducers and make use of it in getting
good SAW filters responses for signal processing

applications.

Simulate different types of SAW filters from combinations
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of same and different types of transducers and study the

different parameters affecting filters performances.

| ]
1.9 OrcaANIZATION OF

THE DISSERTATION :
]

Chapter two deals with the scattering matrix modelling
approach. Two models are presented. Models derivations and
relation between different scattering parameters are given.

Results of some modelled transducers are reported and discussed.

The transfer matrix approach is presented in chapter three.
The derivation of the basic modelling wunit is given. The
conventional IDT is modelled by cascading positive and negative
voltage derived basic-units. Results of some transducers and

filters are reported and discussed.

A third approach for modelling SAW signal processing devices
(Chain matrix approach) is presented in chapter four. Different
combinations of SAW transducers and filters are simulated and

results are reported, studied and discussed.

In Chapters five and six, simulator package is used to study
ways to improve and control the performances of SAW transducers
and filters for signal processing applications. Apodization and

windowing techniques are used in chapter five to achieve such
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improvements. A variety of apodization profiles are worked out in
chapter six and used to modify SAW transducers and fllters

responses to obtain the required performances suitable for signal

processing applications.

Finally, recapitulation, conclusions and future work

suggestions are presented in chapter seven.

‘ 1.10 Notes To THE READER: |

Before terminating this chapter and proceeding to the next

it is desirable that the reader may kindly note the following:

1. The cressed field equivalent circuit model is the basic

ground for the models presented in this dissertation.

2. In these modelling approaches various parasitic losses
such as diffraction loss, beam-steering loss, electrode
resistance loss, air-loading loss, mass loading loss,
propagation loss, apodizalion loss. .etc. have been
neglected as they do not contribute more than 1 dB of loss

combined together.

3. A 128°rotated Y-cut X-propagating LiNbO3 was selected as
the material on which various types of SAW transducers

have been assumed to be fabricated. The material was
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selected for its high electromechanical coupling
coefficient compared to any other material available in
the market [30,31]. It has an inhe;ent property of
suppreésing undesired side-lobes to a great extent. It has
the disadvantage of a high temperature coefficient. It is
also possible to wuse the model presented in this

dissertation with any other material by providing the

required changes in the substrate data.
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CHAPTER TWO
2

SCATTERING MATRIX APPROACH

| |
2.1 INTRODUCTION;
| |

An IDT can be considered as a radiator of the acoustic energy
when it 1is opefating in the transmitting mode, and as a scatterer
of the acoustic ehergy when it 1s operating in the receiving mode.
In this chapter the transducer 1is represented/modeled by
scattering matrix. The derivation and the relations between the
different scattering parameters of the scattering matrix modeling
the transducer are given. Another scattering matrix model approach
is proposed and derived based on a single finger-pair unit. The
same approach 1s used to model a unidirectional transducer. The
differences between IDT and UDT scattering matrices as well as the
different losses in the two types of transducers are studied. The
procedure and the required equations for calculating the different
scattering pafameters of an IDT from the simplified Smith’s
equivalent circuit are presented. Results are reported and

discussed.
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| n
2.2 MopeLInG OF AN IDT: ]

When a surface acoustic wave is incident on an electrically
loaded interdigital transducer a part of the wave energy is
absorbed, a part is transmitted forward and a part is reflected.
The IDT thus can be considered as a scatterer of surface acoustic
wave. Let the interdigital transducer to be assumed to possess one
of the two kinds of symmetry illustrated in Fig 2.1. In The
bilaterally symmetric (S) case, the comb pattern map onto their
mirror images seen in a surface normal plane containing the center
line C'-C". In the bilaterally antisymmetric (A) case, the self
mapping corresponds to 180° rotation around the surface normal
axis passing through the center point C. The two cases cover
unweighted transducers and transducers with bilaterally symmetric
welghting through finger withdrawal or apodization of finger
overlaps. Such an IDT can be represented by a three-port network
having one electric port ( port 1 ) and two acoustic ports ( port
2 and port 3 ). The electric port can either be & source of energy
with some source resistance or a load. The acoustic ports are
symmetrical in the sense that they appear identical as viewed from
the electric port. If bi and aj are the (complex) amplitudes of
waves incident on the jth port and leaving the ith port, the three

outputs are related to the three inputs by the linear equation

or
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where Sij is an element of 3x3 scattering matrix S that tells how
a set of input waves a (al, a2, a3..) is scattered into a set of
output waves b (bl, b2, b3..). Using polar notation with real

amplitudes and phases, (2.2) can be wrillten as;

S =o0..exp (JO, ) ... (2.3)
1J 1]

where Uijz is the ratio of power leaving the Jjunction or the
network through port i to the incoming power available at port j.
oijz should not axceed unity ( Gijzi 1 )for a passive network. The
scattering phaée shifts 6ij are defined as though the transducer
were a point scatterer or a point wave radiator located at c’-c”

in Fig. 2.1. Note that positive 6ij correspond to a scattering

phase lag in (2.3) when time factors are written as exp(Jwt).

From equation (2.1) the wave-scattering matrix S has nine
different elements Sij of the complex form (2.3), for a total of
18 real parameters, as in the case of a general three-port
network. However, in the case of IDT the matrix is simplified due

to the bilateral symmetry.

Reciprocity makes the S matrix symmetric about its main

diagonal, so that

S..=S5.. e (2.4)
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As a result of bilateral symmetry the acoustic ports are

indistinguishable, so that

822 = 833 ... (2.5)
523 = 832 : ... (2.8)
512 = 513 e (207)

The relations (2.5)-(2.7) eliminate all but four complex

scattering parameters, to leave the S matrix in the form

11 12 12

S = 812 822 823 ... (2.8)

12 23 22

Just for the sake of simplicity and clarity we write (2.3) as

follows
Sllz R exp(Jp) | ... (2.9)
312: T exp(Jo) oo (2010)
822= S exp(Jo) o (2011)
823: G exp(Jy) oo (2012)

(2.2) can be written as
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UrUiU‘

Symme tmc (S)

UﬂUﬂUﬁ

(b) Antisymmetric (4)

Fig. 2.1 IDTs symmertry types treated.
Transducer can be represented by a 'poznt
radiator/scatterer located on c'—c"

1 (Electrical port)
b1

al

2 (acoustic port) 3 (acoustic port)

Fig. 2.2 /DT 3-port network
representation. ldentification of port
number, scattering parameters and waves
entering and leaving the transducer
ports,
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bl R exp(Jp) T exp(J9) T exp(J8) 21
b2 = | T exp(J9) S exp(Jo) G exp(Jy) |. a, .(2.13)
b3 T exp(J9) G exp(Jy) S exp(Jo)
: a
] 3

where R, T, S ,G ,p ,¥ ,0 ,¥ are all real.

The interdigital transducer, therefore, can be represented by
(2.13), and the individual scattering parameters are identified in

Fig. 2.2. 811 is reflection coefficient at electric port, S is

22
wave reflection coefficient at acoustic port 2 and 3, 823 is
transmission coefficient between acoustic ports, and S is mixed

12

transmission coefficient between electric and acoustic ports.

The physical requirements of reciprocity and conservation of

energy impose the condition on S that it is unitary,i.e.

SS =1 | ... (2.14)

where asterisk * denotes complex conjugation, and I is unit

matrix.

The following relationships are obtained as a consequence;
8+ §% 4? = g ... (2.15)

2T~ + RT =1 ... (2.18)
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‘ = o (2.17
822 823 + 822 823 + T 0 ( )
*es..s =0 (2.18)
(822 + 823) Sip *S;,S;; = (2.
Equations (2.15) and (2.16) are energy conservation

conditions for the scattering of a single input wave entering port
3 or port 2. Equations (2.17) and (2.18) are scattering
interference conditions that must also be satisfied for energy

conservation when waves enter second or third ports [32].

2.3 MobeLING oF IDT FrROM

A SINGLE FINGER-PAIR:
|

A single finger-pair can be represented similar to an N
finger-pair IDT by equation (2.13). The single finger-pair IDT can
be considered as a point scatterer or a point radiator located at
the center of the finger-pair. The whole transducer may be
regarded as an array of scatterers or radiators, which may be
identical with one another or may be different. The performance of
the transducer may be deduced, in principle, from the performances
of the individual radiators, also the performances of systems of
more than one transducer. The whole transducer can then be
considered as a point scatterer or a point radiator located at the

center of the transducer, as discussed in section 2.2.

From the above discussion let us consider the two radiators

( two finger-pair ) transducer sketched in Fig. 2.3a. If S1 and S2
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are the scattering matrices representing radiator 1 and radiator
2, respectively, then if these two matrices are cascaded using a
suitable method we may get the scattering matrix S that represents

the whole transducer.

The radiators ( in Fig. 2.3b ) are essentially localized
three-port devices, separated by a length 1, and if B is the phase
constant of acoustic waves, there is a phase difference 81 between
the radiators. The electric ports 1 and 4 of the radiators are
connected by line sections of virtually zerc length at E. A

suitable representation of this electrical connection is required.

Waldron [33,34] was suggesting that this electrical
connection can be represented as another three-port device ( Fig.
2.4 ). He considered this electrical connection 1like three
transmission lines meeting at a point, and the Junction to be

symmetrical with respect to all leads.

The electrical connection (junction) proposal is adopted
here, and full transducer model has been derived in the coming

lines, also the model has been verified verified.

Let us consider the transducer of Fig. 2.3a to be having
identical finger-pairs ( radiators ), and let SR1, SR2 and SJ to
be the scattering matrices of radiator 1, radiator 2 and the

electrical connection ( junction ), respectively.
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+ve voltage

o T T

E 7
Electric generator I |
1 4
(b) 2 3 5 8
— b
Acousic wave —s Adcousic wave
Bl

Fig. 2.3 4 two finger—pair transducer.
(a) Actual transducer.

(b) 3—port representation for each
radiator/scaterer with a phase
difference of Bl

Electric wauve

[

Llectric generator

SN
©

|

1 4
12 3 5 B8
< -
Adcousic wave - Acousic wave
S1 B g2

Fig. 2.4 3—port netlwork representation

of the electrical connection.
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SR1 and SR2 can be written as;

SR1 = SR2 = o (2.19)
and due to symmetry SJ can be written as;
Jll 12 \GB
B ... (2.20)
)= Y12 22 Y23
L J13 23 J33-
|
‘ 2.3.1 JuncTIoN
Irz ., Z and Z are the characteristic impedances of the
ol o2 o3

three transmission lines meeting at a point A in Fig. 25, which

represents the electrical connection, and if

2
Zl - ZoZ 203 / Zol

Z2 - ZoZ / Zol
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3 A 2
2083 ZoZ2

Fig. 2.5 The electrical conneciion can

be considered like three transmission
lines 1, 2, and 3 meeting at point 4

with characteristic impedances
Zol, Zol2 and Zo3

— 17 L
— 1 J
L]
|1 |2 3 N

Fig. 2.6 Cascading of N finger—pairs

to construct an IDT.
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Then

Z2y=205 /2,

Z=1Z

11

22

33

12

13

23

Hence

+22 +Z

Zz p A
23 -Z ~zl
ZZI—Z —23
2 x 2.V Z
3 72
2 x Z,.V Z3
2 x Vv Zl
-1/3 273 2/37
2/3 ~1/3 2/3
| 273 2/3 -1/3
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I ]
2.3.2 ComBINATION OF Two

RADIATORS/SCATTERERS: |

Referring to Fig. 2.4 and according to the results obtained
earlier, the scattering matrices representing the Three-port
networks J, S1 and S2 in terms of the waves leaving and entering

the different ports are as follow;

Network Si1
i T B i T
b, A B 5| [ %
b2 _ B c D N ....(2.28)
2
a
| b3_ | B D C 1 L 3_
Network S2
[ T [ 1T 1
q
b4 A B B 4
b5 _ B c D A ... (2.29)
5
a
i b6- | B D C 1L 6_
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Network J

If the two radiators/ scatterers are placed as

with the

b7 -1/3
b8 = 2/3
i b9_ 273

electrical

2/3 2/31

-1/3 2/3 ....(2.30)
8

2/3 -1/3] | ag_

connections through Jjunction J,

in Fig. 2.4

then the

following equations can be deduced from figure;

a; = bg

ag = by

a4 = by

a9 = by
and if

K = exp(JB1) , as is the case ;
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Eliminating port 3 and port 5

— bz- — 11 %12
by 1 12 Yoz
“El
by *13 *14
i b6_ | ¥14 o4
where
x,, =A+ (K B° 0)/E1
x,, =B + (K> B ¢ D)/EI
x4 =K B2 /E1
x,, =K B D/EI
X,y =C (1 + & 0°/E1)
X, =KD® /E1
E1 =1 -K°¢7

Now eliminating ports 1 and

°2

where

Y11

Y12

1 Y13
E2

Y14

| Y14

13

14

11

12

42

14

24

12

22

... (2.31)

.. (2.32)




Y12 752 X124 "¥12 *13

Y13 TFp o4 X125 X194

Yo3 T2 X12 TX13 %14

Y33 TRp Xo0 TX1g

Y39 T2X14
Vg =173 (6x11 -E,)
Va5 =2/3 (3%, +E,)
Ep=3E %1,

finally, let us eliminate ports 4 and 9 and rearrange the

matrix. We get

[ a
7
W [a s s][%]
b | 1 (2.33)
B ¢ o . (2.
4
. a
| b | 3 ) ¢ ] | %]
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where

A =By Yaq 94 E3 Va5 *Yoq V) Yq5(Eg Yoq TYop Vg5
B ;54 Vg "Yoa(Eq Yaq *oq Yau) "Va5(Eg Yoq *Y,y Yau)
€ =By Y33 "Yp4(E3 Yaq "3 Yaq) *Y34 B3 Vo3 *Ypp V3q)
D =E

4 Y13 PY10CE3 Y3y *Yo3 Yau) *Y140Eg Yog Yoy Y3y

The final matrix (2.33) we ended with is very much similar to
that of equation (2.13). This procedure may be continued by adding
a radiator each time up to the full number of finger-pairs of the
transducer, as shown in Fig. 2.6. We conclude that this model
starting from a single finger-pair vasic unit and cascading up to
the full transducer gives the expected scattering matrix that is

similar in form to that of the full transducer discussed earlier.

| |
‘ 2.4 MopbeLinGg OF A UDT ]

Here we would like to try , as we did in the case of BIDT, to
model or to derive the scattering matrix model for a
unidirectional transducer. Because our basic-unit is the
finger-pair and not the single finger, then it seems to be
difficult to model any type of UDT starting from this basic unit.
GUDT is one type of UDTs that the finger-pair basic unit can be
usea to build it. The GUDT is selected for this reason to be an

example for UDT modeling using the scattering matrix Jjunction

approach.
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Let us consider the identical BIDTs of Fig. 2.7a, with the
driving voltage of one BIDT 90° phase shifted using a proper phase
shifter. As concluded in the last section, both BIDTs can be

represented by

L } 17 ]
b, A, B, B, 1
b | _ ... (2.34)
2| = B, ¢, D, a,
a
| b, | B, D, ¢l | 73

4
o (a5, 8]
b _ ... (2.35)
5| = B, ¢y D, a,
a
L bl | B, by, o | | 76

for the 90o section

Whereas the phase shifter may be represented by the

scattering matrix P as

10 1 2 10
= ... (2.38)

11 2 1 a

11

where
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Fl =J (1 +Jf)
F, =1/C1+Jf)

f is frequency.

Eliminating ports 4 and 11 we get

b ] [ A B B 1210
10 90 90 Huo ;
b _ ... (2.37)
°| = Bao  Co0 Dyp as
b B D c 4

L L P90 90 “90d L °l

where
B 2
Agg =(E F, +4, F,°)/E

90 0

C,, =(EC

2
90 +F1 BO )/E

0

_ 2
D90 =(E DO +F1,BO )/E

Fig. 2.8a reduces to Fig. 2.7b. From figure we have

and if K = exp(JB1) then
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Fyo=J §(1 +J§)
F, =1/(1+J§)

f Is frequency.

Eliminating ports 4 and 11 we get

.b - [ A B B - 'ralo1
10 90 90 “go ’
b.| _ ' ... (2.37)
°| = Bao  Co0 Dgp a5
b B D C 2

L Z6. L 90 90 “90d L °l

where
~ 2
Ago =(E F +A, F,°)/E

890 =BO F2/E

2
CQO =(E CO +F1 BO J/E

2
090 =(E DO +F1 BO )/ E

Fig. 2.8a reduces to Fig. 2.7b. From figure we have

and 1f K = exp(JBi1) then
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—  FElectric wave

Electric generator

Flectric wave 1

|78}9 « 12 PS

1 4 1 4
Acousic wave — Acousic wauve —s Acousic wave
S1 BL S2+PS S1 B g2

O deg. Sec. 390 deg. Sec.

Fig. 2.7 Representation of a single group CUDT.

b2 1 ] b2 [ [ a3 b2 I ]
-+ - -~ —
IDT IDT IDT
- | - S T =
a’ b3 b3 b3
(c) | (b) (a)
al1=a3=0 al=a1=0 a2=a3=0
Receiving mode 2 Receiving mode 1 Transmitting mode

Fig. 2.8 Transducer in trasmitting and
receiving modes.
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where

Eliminating ports 4 and 9 we get

b5 w Xl
bg 1 %3 v
"El

b, Y1 Y1
i bs_ R Y1
El =1+ A90 /3
w =E. C._ ~(B_%/3)

1 Y90 90
2

x. =E. D__ (B “/3)

90
Y5 =(4 490 /9)—(51 /3)
Yq =(4 A90 /9)+(2 E1 /3)

b, F ¢
by G B
bg 1 i &y

k2
bg f #
i b?_ 7 b

Y1

Y1

48

Y1

Y1

... (2.38)
2y
a3
35 ]
(2.39)
4
e a7-




Jo =E

5 Fa Y3 T T4

By eliminating ports 5 and 3 we finally get

1 [
( b, A
1
bol = B,
4
| bg ) | B,

E3 =(E2 _KHl)/K

A =E J +J1(E3J

45 3

B, =L J +J1(E3H

1 41 1

B2 =E J +J1(E313 +H1H3)+J3(E3H1 +I3F1)

43

C1 :E4F1 +G1(E3H1

+GZH3)+J3(E3G

+G2H3)+H1(EBG

49

471

+H1F1)

+H

... (2.40)



C :E4H

5 3 +H1(5313 +H1H3)+13(E3H1 +13F1)

D =E4H1 +G1(E313 +H1H3)+H1(E3H1 +13F1)

Equation (2.40) is the scattering matrix representation of
one group GUDT. Similarly we can continue by cascading groups up
to the required number of groups to get ‘the final GUDT
representation, which is easy to show in the same way that it has

similar form to equation (2.40).

From the matrix of (2.40), we find that for a unidirectional
transducer we have six independent scattering parameters, while we
have only four in the case of BIDT. That can be explained by the
acoustic symmetry in BIDT, while 1in UDT the acoustic wave is
radiated unequally from the two acoustic ports. This has been

clarified in the next section with more details.

[ ]
2.5 UNDERSTANDING THE

‘SCATTERING MATRIX PARAMETERS :
|

Consider a transducer in the transmitting mode, where the

only source of energy is through the electric port 1. i.e. a, =a,

=0, as shown in Fig. 2.8a. Then, equation (2.1) can be written as

o o
bl A
b2 = Bl al

Lo (2.41)
| b B2 ||

22 E5R7 2,
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Then the Llectro~Acoustic power loss or Insertion loss IL can be

written as

2
IL =( b3 /al)

IL

1]
o

.. (2.42)

and if we consider the required output to be from port 2 then

2
IL =( b2 /al)

IL

]
ev]

... (2.43)

In the case of a bidirectional transducer, like that of Fig
2.3 and due to bidirectionality, the acoustic waves of the two
ports b2 and b3 are equal , hence 32 has to be equal to Bl' If the
transducer is unidirectional, then according to-the directivity of
the transducer, the wave radiated from one acoustic port is to be
more than that radiated from the other port, hence we will have

two Ils or Electro-acoustic transmission losses, one is for the

forward direction and the other for the backward direction.

It is clear that Bl and 82 cap be used as a measure to the
directivity 6f a transducer. If both 31 and B2 are equal then the
directivity of the transducer 1s zero, i.e. it is bidirectional,
otherwise if one of the Bs is larger than the other then there is
certain directivity toward one side of the transducer depending on

the port to which B of the larger value belongs.
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Now consider the transducer in the receiving mode, where Lhe
only source of energy is through an incident acoustic wave on one

of the two acoustic ports; say port 3, i.e. a, =a, =0, as shown in

1 2
Fig. 2.8b . Then we can write

- - o .

bl BZ

b

2| = D 2,

.. (2044)

A B R I

Hence the Triple Transit Echo (TTE) loss may be written as

2

T.T.E.3=(b3 /a, )

3

T.T.E..,= C ... (2.45)

and the Acoustic Transmission Loss A.T.L. as

_ 2
A T.L. —(b2 /a3 )

AT.L. =D ... (2.48)

Similarly if a, is the energy source and a, =a, =0 then T.T.E

2 1 3

of port 2 will be written as
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2.6 CALCULATIONS OF

SCATTERING PARAMETERS :
\

For the calculation of IDT scattering parameters, it is
possible to find out experimentally sufficient number of
Independent parameters and then by using equations (2.15)-(2.18)
the rest can be calculated. This method is not useful in thelfirst
design steps, where the transducer is to be designed and then
fabricated. It may be useful if the transducer is there and some
more information on its performance is required. Constructing the
scattering matrix through calculation may be used as a good tool

during designing process and later on fabricate the device as per

the requirements.

Joshi et al [35] derived three scattering parameters,
Acoustic reflection coefficient r, Acoustic transmission

coefficient t and power absorption coefficient p as follows

r =Ga /Ytot

t =1 —(Ca /Ytot )

P=(2G ey, WY

where Ga is the transducer conductance.

Ytot is total transducer admittance

H

and Yl is load admittance
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If we consider Smith’s simplified equivalent circuit [17]
shown in Fig. 2.9 where Ga(f) is the transducer conductance, Ba(f)
is the transducer susceptance and CT is the transducer

capacitance, then we can write the scattering matrix coefficients

as follow
Referring to Fig. 2.10

a, =——— (U, +Z Ii) ... (2.48)

where ai, bi are wave vectors of port I
Ui and Ii are voltage and current, respectively,

Zl is transducer source or load impedance.

Or we can wrile (2.48) and (2.49) in the form

<
1l
ﬂ
—~
S
+
o
N

—
1
~
P—
~N
ﬂ
—
~—
~
js8
e
|
oy
~—

S.. =R exp(Jp) = = ! Lo
I 2 U +z. I
1 74 N

Zin 74

Zin *4)

where Zin is transducer input impedance.
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||
|
o H—H

Fig. 2.9 Smith's cross-field equivalent
circuit modal for an DT,

Fig. 2.10 Electricaly loaded IDT;
voltage, current and waves entering and

leaving the electric port.
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Assuming real load and source impedances and matched
condition;
Zl :Rs :RlzGa(fO)

Let us rewrite Ga(f) and Ba(f) as follow

( With x =N w Af/f.)
D 0

G (f) =(sin x /x) G./G ... (2.50)
a 0 1
sin 2x -2x
Ba(f) =(——————§——~ — ) GO/GJ
2X

Hence Input Admittance Y. =G (f) +B (f) +X
in a a CT

Let us now define the transducer electric quality factor

Qe [25,35].
0 - ©y O
e Ga(fO)
w Af
Q =——— __ G./G
e 4 KZ f 0 71
but  Af/f = L
T 1.12N
p
then
T
Qe = GO/Gl

4 K2 1.12 N
p

Input admittance of the transducer
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Y. =G (f) +(B (f) +Q_f)
in a a e

If the transducer is tuned using the tuning coil shown in

Fig. 2.9 JX will be

JX = J wC. - —— =J[ w g - 1
T w L 2
w /(wo CT )
f fO

JX =J GO Qe [ fo T F ] ... (2.51)

Then

Y. =G (f) +J(B (f) +Q (f/f, —f, /f) ... (2.582)

in a a e 0 0

Finally, the scattering parameters can be calculated from the

following equations

Z. -7
in 1
Sll =R exp(Jp) = ... (2.83)
Zin ")
where 7. =1/ Y.
i in
v 2 Ga(f)
812 =T exp(J9) = YT .(2.54)
where YT =1 + Yin
— Ga(f)
S, =S exp(Jo) = ... (2.585)
22 ¥
T
523 =G exp(Jy) = 1+ 822 ... (2.58)
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Note that all quantities above are normalized to Gl' GO is

the transducer conductance at fO (i.e. equal to Ga(fo).

If the transducer is matched then GO /Gl = 1.

[ —
2.7 COMPUTATIONS :
|

For the purpose of modeling IDTs, FORTRAN 77 program was
developed to interpret the mathematical modeling presented in the
earlier sections. Different BIDTs with different number of
finger-pairs were simulated and the relevant scattering matrices
were computed. Different transducer’s losses were plotted versus
frequency for a frequency range from 0.9 to 1.1 of the operating

trequency.

Figures 2.11 and 2.12 show the plots of Electro-Acoustic
Losses ( Transducers Frequency Responses ), Triple Transit Echo
Losses, Acoustic Transmission Losses and Electric Mismatch Losses
for two bidirectional transducers having 30 and 60 finger-pairs,

respectively.

Such information, that can be deduced directly from the
scattering matrix model , no other model can give the same
directly, and this is one of the major advantages of scattering

matrix model over other models.
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Losses in dB.

Fig. 2.11 Different losses of BIDT 0 e
having 30 finger—pairs calculated 3
using SCAT MAT approach.

Aperture is 2.099E—4 m.
-10

Transducer Losses

Electro—Aoustic Troan
Elect. Mismuatch Loss -30

e
—%—  Tripple Transit Echo
——

Acoustic trans. Loss

0.9 0.94 0.98 71.02 1.06 1.1
Normalised Frequency.

Fig. 2.12 Different losses of BIDT 0 fastantEa

having 60 finger—pairs calculated
using SCAT MAT approach.
Effec. Aperture ts 5.247E—-5 m. T O e, § Di5e 3 RPN

Transducer Losses

Elec. Acous. Tron.

Elect. Mismaotch Loss =30 gy

4
—*—  Triple Transit Echo
_B—_

Acoust. Transmission

¥
o
" SENEER S

0.9 0.94 0.98 1.02 1.06 1.7

Normalised Frequency.
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The Junction Scattering Matrix modeling, or the pair by pair
scattering matrix model, was also included in the program to see
the differences of the two approaches. The program is to calculate
the scattering matrix of the basic unit - The finger-pair - using
the simplified smith’s equivalent circuit. This basic unit is to
be cascaded several times, depending on the number of periodic
sections and as discussed earlier. The results obtained indicated
that the model expressed the transducer ideally but only at the
center frequency and very much close to it, where the transducer
is matched and tuned. The scattering parameters for the two BIDTs
with 30 and 60 finger-pairs at center frequency and very close to
it have been found to be identical to what have been obtained from
the previous approach. Yet this approach failed to give the
frequency response of the transducer 1little bit far from the
center frequenéy. One or more of the relationships (2.15) to
(2.18) may fail when the transducer is operating under unmatched

and untuned conditions (i.e. far from fo ).

I S

| 2.8 CONCLUSION : |

The interdigital transducer has been represented by 3x3
scattering matrix of four independent scattering parameters, and
treated as if it is a point scatterer located at the center of the
transducer. A single finger-pair basic unit scattering matrix
approach has also been considered. BIDT has been modeled by

cascading the finger-pair scattering matrix number of times equal

60



to the number of periodic sections. A GUDT has been selected, to
be modeled by the same approach, as an example for unidirectional
transducers. It has been found that two more complex independent
scattering parameters are present in the representation of GUDT
compared to that of BIDT. This difference in the number of
independent scattering parameters is due to the difference in
directionality in the two types of transducers, as 1t has been
clarified. It has been found that the scattering matrix model
provides much information regarding the performance of
transducers, Forward and backward responses, directivity , triple
transit echo

, acoustic transmission loss and electric mismatch

loss.

The different scattering parameters of an IDT have been
derived from the simplified equivalent circuit of Smith. A FORTRAN
77 program has been developed to interpret the two scattering
matrix approaches. BIDTs with different number of finger-pairs
have been simulated. Plots of performances and losses of these
transducers for a certain range of frequencies have been
presented. It has been found that the junction scattering matrix
approach is limited to the matched and tuned condition. The
approach represents the transducer only at the operating frequency

fO and very close to it.

The scattering matrix model has been found to be very fast in
terms of computation time requirements in addition to giving many

informations regarding the performances of transducers that no

6l



other model can give directly, yet it is limited in its capability

of representing many types of SAW transducers.
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CHAPTER THREE
3

TRANSFER MATRIX APPROACH

—
3.1 INTRODUCTION :

The three-port network representation of an IDT is translated
in this chapter into mixed transfer matrix starting from a single
finger basic unit. The basic modeling unit is selected to be a
single finger bounded by two gaps. The transfer matrix of this
basic unit is derived and used to construct the full transducer
transfer matrix model. The cascading of acoustic quantities of the
acoustic ports of the basic units 1is performed in wave terms,
while the electrical quantities are treated differently in terms
of voltage and current. Positive and negative voltage derived
basic units transfer matrix representations are presented for the
modeling of different types of Dbidirectional transducers.
Performances of normal BIDTs and split-finger BIDTs are reported.

Effect of finger splitting on transducer and filter performances

are also discussed.
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[ —
| 3.2 MoDELING OF AN DT -

Due to the limitations in modeling IDTs using the scattering
matrix approach we thought of finding some other approach also
based on the cross-field equivalent circuit model - for reasons
discussed earlier -.0One of the main limitations of any model is
the basic unit from which the modeled device is to be built up. In
the junction scattering matrix approach, it 1is obviously not
possible to model a transducer like the TPUDT due to the
finger-pair basic wunit. With the Junction scattering matrix
representation , we have seen that the model was limited to the

matched and tuned condition and very close to it.

These limitations were studied carefully and a new approach
for modeling the IDT is thought of wusing transfer matrix. The
basic unit is choosen to be a combination of a single finger and
gaps on both sides of the finger. This basic unit is to be
cascaded according to the type of the transducer and the number of
fingers in it differently than what has been proposed in the

scattering matrix approach.

An IDT may be represented by the three-port network shown in
Figure 3.1, with two acoustic ports ( ports 1 and 2 ) and one
electric port (port 3 ). The two acoustic ports can be expressed
by acoustic waves leaving and entering the two terminals, while

the electric port can be expressed by electrical quantities,
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Fig. 3.1 Three-port representation of
an IDT. Ports numbering and notations
for TRANS MAT approach are indicated

Acoustic Wave

Fig. 3.2 Cascading IDT fingers to construct full transaucer.
Electric ports are trealed in eléctrical terms, Voltage and Current.
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current entering the transducer and voltage across it. The basic
unit of the model (i.e. the finger with left and right side gaps )
can be represented by a similar network. The fingers of the
transducers are to be cascaded acoustically in wave terms as far
as the acoustic ports are concerned and the electric quantities of
the electric ports are to be treated differently by direct
electric circuit connections to the positive and negative voltage

sources, as in Figure 3.2.

The basic unit consists of one metalized portion (or finger )
and two unmetalized portions ( or gaps ) on both sides of the
first. The unmetalized portions can be considered as unmetalized
fingers. Both metalized and un-metalized fingers are to be treated
in the same way, taking into consideration the differences between
the two types of acoustic wave paths due to the difference of
metal and the distance of each path. Also some inversing or
transforming network representations are required on the edges of
the metalized finger, which are function of metal thickness and
other metal constants. The different types of network
representations are to be cascaded together according to the
sequence shown in Figure 3.3 to model the basic unit. A sketch of

the actual basic unit of the model is also shown in the Figure.

; )
3.3 SINGLE FINGER
| TRANSFER MATRIX :

|

Before proceeding into the derivations of the single finger

transfer matrix [38] let us define some of the notations used in
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the calculation of the basic modeling unit. (Figure 3.3).

1 is the metalized portion length of the basic unit,

U3 and I3 are the voltage applied and the current passing

‘through the basic unit.

a, & a, and bl & b2 are the acoustic waves entering and

leaving the acoustic terminal 1 and 2.

Angles © and ¢ are defined as follow

Now with the aid of smith’s equivalent circuit model [17] we
can draw the equivalent circuit for a single finger as in Figure

3.4. The general equations for such circuits are;

2 2 23
U, =(1 + ———— JU ~(Z, +2 Z,) —~ I, - ru
2 Z, | 1 1 2 7,1 Z, 3
... (3.3)

1 Zl r
[ = U. (1 4—= ). - — U ... (3.4)
277, 1 z, "1 Z, '3

r Z 2
I ey Lo Iy (3.5)
5 . ; — U, ... (3.

% 2, 2

Where U, I and Z are voltage, current and impedance, respectively.
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Fig. 3.3 Basic Modslling Unit,
a) Actual shape.
b) Constructing the Basic Unit Through cascaaing.

A —D |_| A
11 m 2
Ut g 3 Uz
U3
I r:1 I

Fig. 3.4 Single finger equivalentcircuit,
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Numbering is as shown in Figure 3.4.
r is transformer turn ratio which is function of material,

section length and capacitance. [37]

Now if we define the periodic section transit angle as o

T
[17]) and ¢ to be equal to ©/2, then we can write Zl and 22 in
terms of
1 -cos Y
Zl =JZO SIn U ....(3.8)
'Zo
22 = T 5in U o (307)
Zl
> = cos ¢y -1
2

where ZO is the substrate characteristic impedance.

Then substituting equations (3.6) and (3.7) in equations

(3.3) up to (3.5), the laters can be written in a matrix form as

U2 cos Y —JZOsin ] r(l-cos y) U1

12 = JY051n Y -cos Y —Jrg sin Y I] .(3.8)
I -JrY siny  r(cos y-1) 'rZY iny||U

3] | o © JE o =Y |Ys]

where Y =1/ 7
o o
Introducing the wave vectors a; and bi

a, =— (U, +Z 1.) ... (3.9)
1 &) 1
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Or

b, Fi11 Fi F13W 5’1W
Bl =| Far Fao Fo b,
_13_ I Fa1 Fa F33_ _U3_

where

Fll =exp(-jy)

12

F13 = [1-exp(-jy)

21

F22 =exp( jy)

r

F23 =— [I-exp(jy)
2V Z

(o]

F31 = [1-exp(-jy)
vV Z
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... (3.10)

... (3011)

... (3.12)

... (3.13)

... (3.14)

....(3.15)

....(3.18)



r
Foy =—— [1-exp( jy)
ZO

.2 .
1-"33 =jr Yo sin Y .. (3017)

Simplifying (3.13) the finger mixed transfer matrix can be

written as

F11 F12 F13
F=|F oo (3.18)
T T12 11 13 Ty

hence F has only three independent elements.

Now let us add the two inverse networks of Figure 3.5a to the

left acoustic port and that of Figure 3.5b to the right acoustic

port of the finger.[38].

The chain matrix for the left inverse network is

= 0.2 (3.19)
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Introducing wave vectors using equations (3.9)-(3.12) the

left side inverse network transfer matrix can be written as

T T
T, = 12 ... (3.20)
Tor Ty
where
1 Z
Tyy=—w™m-—/7—7Y
1 z
Tio= - (7Y
1 z_
Top =t Y
1 z_
Tog = tn* Y

The chain matrix of the right side inverse network is

= ... (3021)
I Y/n -1/n||I

and in a similar way the network mixed transfer matrix can be

written as

T = ... (3.022)

Y is taken to be a purely imaginary element and equal to jB.

TL and Th can be written as
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i1 12 11 12

r— — —l —
A A A A
U1 YHuzl JuillY U2
n:17 71:n
(a) T, (b)TR

Fig. 8.6 /nverse networks to the right
and left of finger equivalent circuit,

)
.y
N

/3
| ol —

(| IS
[
aﬂ I3
Ty

&
~—
3
-
-
=
AM)
N

Fig. 3.6 £quivalent circuit of the
metalised portion of the basic
unit,
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T =102 | 11 12 . (3.23)
L T T
12 11
and
T T
T =1/2 1 = ....(3.24)
R T T
12 11
where
1 ;1
Tll =n + —— -jB — ... (3.25)
1 ;1
T =T. "
21 12
T . =T.
21 11

The overall equivalent <circuit representation of the
metalized portion of the basic unit will be as in Figure 3.6, and

the overall mixed transfer matrix H of the unit will be

H=T F T o (3027)

where the acoustic quantities are to be cascaded in wave terms

while the electric terms are to be treated separately.

Here we have
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I7 =—2F13 a3 +2F13 b3 +F33 U7

Using the above equations we can derive the matrix H as

Hip Hyp Hypg
y gy
w =| & 11 13 ... (3.28)
X
K H y

13 13 33

with four independent elements. Where

Ho =2 (F T 2F %71 2 (3.29)
11 2 11 11 T11 t12 S

H,. =2 X1 X1 1%F ) (3.30)
12 72 11 “12 "11 11 “12 "11 T

H13 =T11 F13 +T12 F13 ....(3.31)
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31 13
H. =4
32 "3
Hoy =Fo, ... (3.32)

[

| 3.4 Basic UNIT TRANSFER MATRIX :

For getting the final model of the basic-unit it is required
to add the gap areas on both sides of the finger. As mentioned
before, a gap can be treated as unmetalized finger. A similar
three-port network as that representing metalized finger portion
of the unit may be used to represent the unmetalized gap portion
of the unit if differences in acoustic wave propagation in the two
paths ( metalized and unmetalized paths ) are considered. Figure

3.7 shows three-port network and equivalent circuit

representations for a gap.

Gap transfer matrix can be written similar to (3.18) as

G11 G2 Sp3
G G G
¢ =| & 11 13 ....(3.33)

where

Gll =exp (-j9)
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G =
2V ZO

G =jr2

33 Y051n G

Adding the two gaps to the right and left of the finger,

U=GHG
we get

b, U11 U12

a5 =Y Uy

_13_ _—2013 20,5
where

2
U11 11 H11
Uig =115

13 7711 13 "11

33 M35 2G4,

*
+G

13

H

12

{ 1- exp (jo) )

+H13) +G

+j4 Inm [61; (28" +q
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.(3.34)

.(3.35)

.(4.36)

.(3.37)

. (3.38)

i.
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Final basic-unit mixed transfer matrix has only four
independent elements. G, H, F and T have been defined earlier. 9,

b, al, ay, bl’ bZ' 13 and U3 are defined in Figure 3.3.

3.5 PosITIVE AND NEGATIVE
VoLTAGE DERIVED FINGERS :

The derivations for the basic-unit model of the transfer
matrix approach carried out in the previous sections led to the
mixed transfer matrix U of equation (3.35) which consists of four
independent elements. This matrix represents a basic-unit finger
derived by a positive voltage U3 applied to it. For the sake of
modeling a BIDT it is required to have two types of voltage
derived fingers, a positive derived and a negative derived finger
units. Now if Qe g0 through the same procedure followed earlier to
calculate the mixed transfer matrix for a negative voltage derived

unit we will get the matrix U_ shown below with U+ for comparison.

U11 U12 U13
u U U
u = 21 22 23 ... (3.40)
+
| U31 U32 U33_
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Fig. 3.7 Gap thres-port representatiorand equivalent circuit.

0 Frequency Response tn dB.

Fig. 3.8 Frequency responses
of BIDT-20 transducer and

filter of two stmilar BIDTs.

dperture is 6.716E -3 m.

Frequency Responses:
—— BIDT-20
—— BIDT-20

= Filter . '
! |

0.9 0.94 0.98 1.02 1.06 1.1
Normalised Frequency.
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U = ... (3.41)

The two matrices U+ and U_ are to be cascaded in wave terms
for the acoustic quantities and electrically by direct electric
circuit connections similar to the procedure followed so far in
this chapter. Now if the transducer is having identical
finger-pairs then this finger-pair can be cascaded Np times, where
Np is the number of periodic sections otherwise each finger-pair
has to be calculated separately and then all the finger-pairs are
to be cascaded to represent the full matrix ( in the case of CHIRP

Lransducers ).

| L

3.6 COMPUTATIONS :
L |

The mathematical derivations and modeling carried out in this
chapter so far were interpreted into a software package using
FORTRAN 77 programming language. The software was aimed to model
different types of bidirectional transducers. Due to the proper
selection of the basic modeling wunit and the possibilities
avallable in the modeling approach to represent different (not

identical) finger-pairs, the program was extended to include the
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Frequency Response . dB.

Fig. 3.9 Frequency responses of
BIDT of 40 finger—pairs and
two BIDTs Filter Using TRANS
MAT approach.

Effec. Apert. is 1.679E-3 m

Frequency Responses:

BIDT—-40

—— BIDT—40

¥
+

*— Filter

0.9 0.94 0.98 1.02 1.06 1.7

Normalised Frequency.

Frequency Response v dB.

Fig. 3.10 Frequency responses of
20 periodic sections, Split—finger
BIDT and two Split—finger BIDTs
Filter modeled using TRANS MAT

approach.

Aperlure is 5. 721E-3 m.

——  Split—finger BIDT—20

——  Split—finger BIDT—20

—— Filter

0.9 0.94 0.98 71.02 1.06 1.1
Normalised Frequency.
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modeling of many types of bidirectional transducers such as normal
BIDT, split finger BIDT, CHIRP transducers and filters and COMB

transducers and filters.

Different types of these bidirectional transducers and
filters of similar pairs of transducers were simulated with
different number of finger-pairs. Typical performances of such
transducers and filters are shown in Figure 3.8 to Figure 3.11.
Figures 3.8 and 3.9 are plots of frequency responses of normal
BIDTs of 20 and 40 finger-pairs and the frequency responses of
filters simulated from identical pairs of BIDTs. A 3dB insertion
loss can be seen due to bidirectionality. i£ can be seen also from
filters responses that the main lobes are not smooth for the two

filters shown due to triple transit echo.

One method for improving the filter response by reducing the
the triple transit echo loss is by splitting the transducer’s
fingers into a pair of splitted fingers each, both are to be
derived by the same voltage as a single finger. The performances
of two split-finger BIDT transducers and filters of identical
pairs of these transducers with 20 and 40 periodic sections , each
section of 4 fingers ( two splitted fingers ), are shown in Figure

3.10 and Figure 3.11. The improvement in the smoothness of filters

responses are very much clear.

The transfer matrix approach succeeded in breaking off some

of the modeling limitations in the scattering matrix approach, yet
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Fig. 3.11 Frequency responses of
40 periodic sections Split—finger
BIDT and Two Split—finger BIDTs
Filter modeled using TRANS MAT
approach. '

Effec. dpert. is 1.43E—-3 m.

—— Split—finger BIDT—-40

——  Split—finger BIDT—40
—k—  Filter

Frequency Response in dB.

Normalised Frequency.
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the approach although able to model a variety of bidirectional
transducers and filters, it is not able in its present form to
model unidirectional transducers such as GUDT and TPUDT because
for each of tﬁese transducers the basic unit has to be derived
again according to the modifications required. For modeling GUDT
and TPUDT a new derivations for earthed and phase shifted voltage
derived fingers are to be carried out. Similar derivations are

required whenever a new transducer or device is to be included.

| 3.7 CONCLUSION :

A basic modeling unit, of a single IDT finger and two gaps on
both sides of the finger, has been selected for the modeling of
many kinds of SAW transducers using transfer matrix approach. The
gaps between IDT fingers have been considered as unmetalized
fingers. The differences in acoustic wave propagation in the two
metalized ( finger ) and unmetalized ( gap ) paths have been taken
into account while modeling the two assumed types of fingers. Both
have been represented by three-port networks with the acoustic
ports 1 and 2 expressed in terms of waves and the électric port 3
expressed in electric terms, voltage and current. A 3x3 mixed
transfer matrices have been derived - based on the equivalent
circuit of a .finger - to model single finger and gap. The

combination Gap-Finger-Gap transfer matrix has been considered as
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the basic unit matrix from which the full transfer matrix
representing the full transducer can be derived through cascading

this basic unit.

A FORTRAN 77 program has been developed by interpreting the
derivations of the transfer matrix approach into a programing
algorithm for .the purpose of modeling different kinds of SAW
transducers. The selection of the basic modeling unit allowed the
approach to include the modeling of many bidirectional transducers
such as normal BIDT, split-finger BIDT, CHIRP and COMB transducers
and filters. The software succeeded in simulating and finding out
the performances of these types of transducers. Performances of
filters constructed from simulated identical BIDTs and
split-finger BIDTs have been reported and the effect of splitting

fingers on the filter performance has been looked into.

The approach was able to model many types of bidirectional
transducers from combinations of negative and positive voltage
derived fingers. For modeling of UDTs, the approach is not able to
include the modeling of such transducers unless some more types of
voltage derived basic units such as the earthed finger unit and
the phase shifted voltage derived finger unit are modeled. The next
chapter looks into some other approach that has the ability of

including the modeling of such types of transducers.
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CHAPTER FOUR
4

CHAIN MATRIX APPROACH

| —
4.1 INTRODUCTION :

For the purpose of having a model that is able to simulate a
large variety of SAW devices and due to the limited capabilities
of the two approaches discussed in the previous chapters, a new
approach is presented here aiming to model a wide range of SAW
transducers and filters this will enable the designers to simulate
their designed transducers or filters and study its performances
and select the proper design up to the best of their requirements,
avoiding spending much money and effort on fabricating a device

that may not be up to the required performance.

In this approach the basic unit is modeled in a different way
than that of the SCAT MAT and TRANS MAT basic modeling units.
Modeling of  Dbidirectional transducers having identical or
different periodic sections 1s presented. The modeling of

unidirectional transducers is also included. Different types of
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group unidirectional transducers namely; Normal, Modified and new
type GUDTs are modeled. In a similar way to two-phase transducers

three phase unidirectional transducers are also modeled.

Many types of transducers and filters are simulated and
performance results are reported. a study to improve the
performances of two-transducer filters in terms of insertion loss,
bandwidths and side-lobes suppression is carried out. Many filters
of different types of transducers are simulated and their

performances are reported and studied.

4.2 CHAIN MATRIX APPROACH
EXPLANATION :

In the previous two approaches it was not possible to include
the modeling of wunidirectional transducers together with the
bidirectional ones. The main reason was the basic modeling unit.
In scattering matrix approach finger-pair unit can not be used to
represent transducers having sections other than finger-pairs such
as Quadreture-Phase or Three-Phase Unidirectional Transducers. In
the case of transfer matrix approach different types of basic
units are required for different driving voltages to represent
sections of different finger combinations. Here in chain matrix
approach we are trying to overcome the drawbacks of the previous

two approaches in order to get a model that is able to represent a
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wide range of SAW devices specially low-loss transducers and

filters.

For the sake of obtaining good approximation several kinds of
equivalent circuits have been proposed for the analysis of uniform
overlap electrodes such as that shown in Figure 4.1. Smith et al,
Jones et al and Krairojananan et al are among those who suggested

different equivalent circuits for IDT [17, 18,39, 40].

However smith’s equivalent circuit reported later [18] seems
to Dbe enable the prediction of the experimental results more
precisely than others. .As shown in Figure 4.2 the circuit
representation for a single finger and gaps is different than the
old type Smith's circuit reported earlier [17] in the sense that
it includes such an acoustic' impedance discontinuity as the
chafacteristic impedance Zom in the metalized portion and Zog in
the unmetalized portion of what 1is considered as the basic
modeling unit of this approach shown in Figure. The ratio ( Zom
/Zog ) is proportional to the ratio ( vm/ v _ ) where v is the
acoustic velocity in metalized region and Vg is the acoustic

velocity in unmetalized or gap region.

In this approach the acoustic terminals of the equivalent
circuit of Figure 4.2 are expressed in some different terms than
that in the equivalent circuits considered so far in this

dissertation, ‘that is the acoustic Force F and the particle

90



P g=ith section

il

R
Acoustic Velocity |Vg|Vy|Y,
PP

Zog Zom Zog Characteristic Impedance

Fig. 4.1 Uniform overlap transdwcer section.

Acoustic velocilies and characteristic
impedances are shoun
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(b)  ©Cn
Fig. 4.2 Basic modeling Unit for CHAIN MAT approach.
a) actual shape. b) equivalent circuit.
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velocity U. For this purpose electromechanical transformation

ratio ¢o is defined in the next section.

4.3 MODELING OF
CHAIN MATRIX APPROACH
Basic UNIT :

Let us first define the electromechanical transformation

ratio ¢O. For a crossed field model we can write ¢O as [41]

2f C Z
o o o

I- kz

¢ =k

o (401)
o

where fo is center frequency
C 1is Clamped Capacitance
Z is Characteristic impedance in basic section

k is Electromechanical coupling coefficient.

Now we can write transformed mechanical quantities F and U in

electrical equivalents as

F=¢O‘F‘ co (4.2)

U=G/¢O ... (4.3)

Referring to Figure 4.2. In metalized portion we have
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Zl =j Zom tan (wn /72) : R 9
22 =—j Zom cosec (wn) ... (4.5)

where

y =2 nf 1 /v
n m° m
f is frequency,
lm is metalized portion length.

In unmetalized portion we have

Zl =] Zog tan (wn /2) ... (4.6)

22 == Zog cosec (wn) co a7

Z /Z =v_ /v = ]+ L k2 ....(4.8)
og om g m 2

Electromechanical transformation ratio rn for crossed field model

Tk (2712

n
r =-1) Vo5 ¢ ¥z .. (4.9)
n n n om
K (qn )

where

q =sin ( w/2 1./1)
n m n

K is the complete elliptical integral of the first kind.

The basic modeling unit is represented by a four-port network
with two acoustic ports and two electric ports for input and

output [42]. The ith unit in an IDT is represented in Figure 4.3.
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Characteristic

Impedance og Zom Zog )
v, | v, Vo | Versaity
26 | |
— >t =
Length Ug(i-1)iy2 Lmi Lg(i-1)iy 2
< —

terminal | terminal [+1
U, Uiiq

Fig. 4.3 Four-port network representation for CHAIN MAT basic unit.

Fig. 4.4 Cascading Basic Modeling Unit to perform a section
or a full transaducer,
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The additional electrical port is added to make the cascade
connection easy. For a particular transduéer the required number
of fingers per section are first cascaded giving one section and
these are cascaded to give the whole transducer. This procedure
can be followed even if the various sactions are of different

types.

The four port network of the basic unit can be described by
the use of sittig’'s [43] chain matrix. In ordinary chain matrix
representationé for a network the input and output potentials and
currents are related together by a chain matrix that represents
various Iimpedance and admittance elements that may be joined
together in a particular manner inside that network. Sittig’'s
chain matrix representation relates the input and output electric
quantities ( potential and current ) with the acoustic input and

output quantities ( force and displacement ) in the following form

Fi Ull U12 U13 U14 Fi+1

Ui _ U21 U22 U23 U24 Ui+1

Ei -U31 U32 U33 U34 Ei+1 .. (4.10)
i Ii_ L U41 U42 U43 U44 11 Ii+1_

Let us define now the following
q =7 /Z

og ~“om

Bm =W /Vm
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B =w /v

bop B Ugeiogys 72
l/’i+1 Bg (lg(i+1)i 72)
Voi TVoi iy

w 1s angular frequency.

From the equivalent circuit of Figure 4.2 and equations 4.4

to 4.7 we can write the chain matrix U of equation 4.10 as follows

A B, (1-A )N, 0
i i i
o D -C.N 0
i i i
U = ‘ .. (4.11)
0 0 1 0
2 Yi
~C.N. (1-D.)N. (N.")(— +C.) 1
) 17 1 2 i E
N,
i
where
Ai =cos 61 cos woi -sin Gi (q b + c/q) ... (4.12)
Bi =j¢ [cos 01 sin woi +§1n 9, (q a - d/q) ... (4.13)

Ci =j( 1/C )lcos 0i sin woi +sin e (a/q - q d) ..(4.14)
Di =cos 9 cos woi ~sin 9, (g ¢ + b/q) ....(4.15)

a = cos w+1 cos w—l
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o
i}

cos w+1 cos w-l

c = sin w+1 cos w—l

d = sin w+1 sin w—l

Yi v coi

Ni :Qi/oo =¢/[ fio Coi Zom K1/ 2) ....(4.18)
fo o “o K (ri )

r.=sin( -n/2 1 . /1. ) Lo (4o

i - mi I
-1 Lni Ly

(fio ) = v * v
m g

¢o =k Z fo Co Zo ....(4.18)

1- k2
¢ =z /¢>2 oo (4.19)
og o

k 1s Electromechanical coupling coefficient,

K (x) is complete elliptical integral of the first kind.

Equation 4.11 is the chain matrix representation of the basic

modeling unit of this approach.

| ]
4.4 MODELING OF TRANSDUCER

AND FILTER :

The chain matrix representation for a full transducer of

uniform overlap electrodes can be obtained by connecting the
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four-port networks in cascade , that is multiplying such chain
matrices one after another as shown in Figure 4.4. Also different
types of periodic sections can be built up by cascading the

required number of these basic-unit networks and by cascading

these sections different types of transducers can be modeled.

Several kinds of transmission characteristics can be analyzed
by giving suitable mechanical and electrical terminal conditions
to the network. In the case of two-transducer type filter each
backside of the transducers is joined to infinite space. when the
characteristic impedance Zog is connected to the back side
terminals of the transducers and the one side electrode is open,

the network is simplified into two-port network as shown in figure

4.5.

If the electrodes are formed periodically with equal pitch
(i.e Normal BIDT) the chain matrix of this equivalent two-port

network is given by

... (4.20)

where At’ Bt’ Ct and Dt are undimentional constants which are

dependent on N, k and f but are not dependent on the clamped

capacitance CO [41].
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Two-port 'network* Four-port network

Fig. 4.6 By terminating one acoustic port by free space characteristic
impedance the four-port networkrepresentation may be reduced to
Two Port Network representation. ~

Fig. 4.6 Modae! for calculating the
performance of single transducer.
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The performance of the transducer can be calculated when the
acoustic power from the transducer radiates into the infinite
medium with the characteristic impedance Zog as represented in

Figure 4.6. Input and output admittances are as indicated.

Whereas in the usual case of two—transducec filter where one
transducer acts as a transmitter and the other as a receiver and
both are connected by an assumed uniform transmission line with a
characteristic impedance ZoT' the representation can be as in
Figure 4.7. Rin is the inner resistance of the source and Rl is
the load resistance. The chain matrix representation of the whole
filter 1is given by the product of all the chain matrices
representing all parts as follows

i 1r
Tll <T12 Atl CBtl coshyl z sinhyl

1
oT t2 CBtZ

.. (4.21)
T, 78 Ty, Ci17€ Dy | |sinhn /Z . coshy JLctz/c AtZJ

where ZoT = ¢ 1in case of loss less transmission,

=jB =w /v
7 =JB g

The total insertion loss of the filter can be given by

-1
Ry Ty 7€ Ty *Ry Ry § T, 4R, T,

I.L1=| | ... (4.22)
2V R. R
i1

Insertion loss I.L.= 20 log (I.L1) ... (4.23)
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Lunching Transducer Receiwving Transducer

Fig. 4.7 Model for calculating the performance of
o two transducers filter.

Earth O Earth 90  Earth

_ EohrnTEn 0 | NN [ | BRSO
Wave length 1 174 1/2 1/4 1

— N

Fig. 4.8 Six-port single group GUDT representation.
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4.5 MopeLING OF UNIDIRECTIONAL

TRANSDUCERS : |

As described earlier it is possible to cascade the basic
modeling unit according to requirements to construct any type of
sections which can be used later to construct different'types of
transducers in the same way i.e. by cascading sections.In the next
subsecfions two types of unidirectional transducers (namely Group
type and Three Phase type unidirectional transducers) are modeled

using this approach.

451. Groupr TYPE
UNIDIRECTIONAL TRANSDUCERS :

A single group of a group type transducer can be represented
by thé six-port network shown in Figure 4.8. Two (input ang
output) ports are added for the 90° phase shifted section. This
basic group can be cascaded several times up to the total number

of groups of the transducer to construct the full GUDT transducer.

The three types of Group unidirectional transducers (Normal,

Modified and New-type GUDTs shown in Figure 4.8) can be modeled in

102



Normal GUDT, &

e ) m C ommm o ] e—
1 1/4 1/2 1/4 Wave length

Modefied GUDT - -

s

___I_\-I_I-F—IJF_—I![_IJ_

1 1/4 1/4 1/ 2Vave length
New GUDT
e ) mem O owm o om
1/6 1/4 1/2 1/4 Wave length

Fig. 4.9 Differences betwsen the thredypes of GUDTs,

Note that the figure is not necissarly showing a full group nor the
begining of the group.

Fig. 4.10 Cascading GUDT groups to perform the full transducer model.

103




the same way by starting cascading the basic-unit in a proper way
to perform a single group of the type intended to be modeled,
taking into consideration the different earthed metalized
portions, and proceed by cascading this single group number of
times to model the transducer of full required number of groups as

in Figure 4.10.

The six-port network representation of a group type

transducer may be expressed by a 6x6 chain matrix

Fi Gll G12 G13 G14 G15 G16 Fi+1
ol Gor Gz Ga3 Cag o Gos Gog||Vieg
E. . G G G G G G E..
0i 31 32 33 34 35 36 0i+1 (4.24)
IOi = G41 G42 G43 G44 G45 G46 IOi+1
Egoi| |91 Cs2 Cs3 Csq G55 Csgl|Bonies
_I9Oi_ _G61 G62 G63 G64 665 G66__I90i+1
where EO, Io’ E90 and 190 are electric potential and current for

the 0° and 90° sections, respectively.
According to the type of operation required, whether forward

operated GUDT or backward operated GUDT, the acoustic ports may be

terminated by the free space characteristic impedance Zog as shown

in Figure 4.11.

This will reduce equation 4.24 into a 4x4 chain matrix in a
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Backward Response Forward Response

Fig. 4.11 Mode! for Forward and Backward performances of GUDT.

I U
p— e
. I
1 —
L —— —blo

Phase shifter

Fig. 4.12 Simplifying CUDT network representation by including
The 90 degrees phase shifter to eliminate phase shifted signal
electric port.
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similar way to that described in previous section.

™ by B ir N
E, Fii o Fia Fiz Frg||Fi
Io | | Far Faz Faz Faq||¥s
= ... (4.25)
Esol | F31 Faz a3 Faa||Fo0i+
Too] | Far Faz a3 Faa|| 90141

E9O and 190 can be eliminated if we introduce to the network

a proper phase shifter as in Figure 4.12. Equation (4.25) will be

reduced to

11 12

= ... (4.26)

L 21 22

The values of the different elements of equations (4.24) to

(4.26) depend upon the type of operation whether forward or

backward.

Different types of phase shifters can be used while modeling
the different types of group unidirectional transducers by
introducing the chain matrix of the selected type of phase shifter
in the computation of the transducer model. The phase shifter used
in all results presented in this dissertation corresponding to

GUDTs 1s the one shown in Figure 4.13, where
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R is the radiation resistance of each section.
Rin is the inner source resistance,

C. is intér electrode capacitance,

C,. 1s stray capacitance,

L is coil inductance and

r 1is coil resistance.

The chain matrix of the phase shifter used is

E (1-wLlwC)+ jrwC r+jwC E

.. (4.27)
I (~rwLwC)+ jlwC(2-wLlwC) ] (1-wLwC)+jrwC||I

where

C =C,_, +C

w = 2uf

—
4.5.2 THREE PHASE

UNIDIRECTIONAL TRANSDUCER :

In case of three-phase unidirectional transducer the single

periodic section, which consists of three fingers derived by
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R S S S
TTT T

90 degrees Phase Shifter

Fig. 413 Phase shifter type used in GUDT.

0° 120°  240°
Bl ] B

Wave Length 1/6 1/6 1/6
»Lsec
Vi —* Y
Rt : Fles
i —_| Single | — 1.
E1 ) 2
i : |+1
2 —> 1241
E2:4 1 E2),4
13 13)+1
E3i1 f E3+1

Fig. 4.14 Light-port representation of a single periodic section
of TPUDT.
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voltages of three different phases of 120° phase shifts each, can
be represented by the eight-port network of Figure 4.14 with two
acoustic ports for acoustical input and output and three
electrical input and three electrical output ports for the three

phases.

This section may be repeated several times depending on the
number of periodic sections in the full transducer to be modeled.
The sections are to be cascaded in the same way as in the case of
bidirectional transducer and group type unidirectional transducer,
as shown in Figure 4.14, to get the final eight-port network

representation of the full TPUDT transducer.

The TPUDT transducer may be expressed by 8x8 chain matrix as

given below

i 11 "12 13 T14 15 T16 Y17 T1s||ti+1
Ui | |P21 Poz Paz Paq Pas Pag Poy Pog||Usi;
Fril (a1 Paz Paz Pag Pas Pys Py Pagl|Eppug
I P, P, P, P P _ P_ P_ P ||

1i 41 42 43 44 45 16 47 48 Ti+1
E2i P51 P52 P53 P54 P55 P56 P57 P58 E21+1 -+ (4.28)
21 61 62 63 64 65 66 67 78 121+1

31 71 72 73 74 75 76 77 78 E31+1

- 3id L 81 82 83 84 85 86 87 88--I3i+1-

109



where El’EZ’EB and Il’IZ’IB are potentials and currents of the

three phases.

Similar to the procedure followed in the previous section,
according to the type of operation of the transducer, whether
forward operated TPUDT or backward operated TPUDT, the acoustic
por£s may be terminated by the free space characteristic impedance
Zog' A suitable phase shifter also can be introduced to the
electric input ports. The eight-port network represehting the
transducer may be simplified to a two-port network representation

as shown in Figure 4.15, similar to the two-port representation of

BIDT and GUDT discussed earlier.

The chain matrix of the two-port network representation of

TPUDT may be written as

11 12

= ... (4.29)

21 22

The values of different elements in equation (4.29) depend

upon the type of operation of the transducer whether forward or

backward.
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Fig. 415 Simplifying TPUDT representation into two port network
by including the phase shifter and terminating acoustic port by Zog.

T
X3
: ——1X1
I\iatclzlng g 'Phasing Un
R R -LR
X4 X2
k Matching Phasing 1

Teo oo

Fig 4.16 Type of Phase shifting and Matching of TPUDT.
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Different types of phase shifters can be used while modeling
three phase unidirectional transducers. The only requirement is to
write the chain matrix representing the phase shifter and use it
in the computafion of transducer model. The phase shifter and the
matching network used in all TPUDTs that 1its performances are
reported in this dissertation are as shown in Figure 4.16 with the

following chain matrices representing them;

EJ 1-(1/jw’LC) JrwC 1[E,
- ....(4.30)
Il L_J/wL 1 I2
L L
For the phase shifter , and
El 1 JwlL EZ
- ....(4.31)
I jwC 1—w2LC I
1 J 2

for the matching network.

| 4 6 COMPUTATION :

For the purpose of modelling and simulating different types
of SAW devices with the aid of CHAIN MATRIX approach so that the

approximate actual performances of different types of transducers
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and filters could be found out before fabrication , a software
package has been developed using FORTRAN 77 programming language.
The package is found to be able to simulate successfully different
types of bidirectional transducers as well as different types of
unidirectional transducers. The three types of group
unidirectional transducers namely; Normal, Modified and New type
GUDTs were included 1in the package and the differences in
performances using different number of active fingers per group
and groups can be known by running the software. Simulation of
three phase unidirectional transducers with different periodic

sections were also included in the package.

In the following sections we present the performances of some
of ‘the transducers and filters that have been modeled and
simulated with the aid of chain matrix approach by using the said
package. Before proceeding into these results let us have a look
on Figure 4.17 which clarify some of the notations used later on
in the analysis of filter and transducers. The figure shows a
typical unidirectional transducer forward frequency response with
zero insertion loss at center frequency and close to it. The
transducer bandwidth (BW) is taken to be the bandwidth measured at
3dB line. Rise bandwidth (RB) and fall bandwidth (FB) are shown
in figure with their relation to first left side-lobe level (LSL)
and first right side-lobe level (RSL). Theoretically transducer
response is symmetrical therefore rise bandwidth aﬁd fall

bandwidth are equal and naturally the first side-lobe level on

113



Fig. 4.17 Typical transducer response.

Frequency Response tn dB

0
-3db

1 3dB Bandwidth BW

2 Rise Bandwidth RB

3 Fall Bandwidth FB

4 First left SL level LSL —40
5 First right SL level RSL

Transducer Response

=80 1 | 1 1 L 1 1
-2 —-71.6 -1 -0.5 0 0§ 1 1.5 2

Frequency in Hz

Forward response wn dB.

Fig. 4.18 Forward frequency
responses of a pair of NGUDT
transducers and a filter of
both transducers.

Number of active fingers and
groups are wndicated below.
Aperture 1s 7.3798E—4 m.

Frequency Responses:

GUDT N-8-2 ) =30
—— GUDT N-8-2

—— FILTER

q
|
¥

—40 - : :
0.9 0.94 0.98 1.02 1.06 1.1

Normalised Frequency.
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both sides are same. Yet there is some deviation from this
practically as will be seen from the results of simulated

transducers.

[ ]
4.7 PERFORMANCES OF GROUP TYPE

UNIDIRECTIONAL TRANSDUCERS:

|

From many group unidirectional transducers that have been
modeled and simulated we present in Table {4.1}, {4.2} and {4.3}
some of the results related to bandwidths and side-lobes levels of
some of these transducers. Table {4.1} lists the results obtained
from three Normal-type GUDT transducers with number of active

fingers per group and groups as indicated in Table.

It is obvious that the bandwidth generally decreases with the
increase in active fingers - groups product number. It is also
seen that with the same number of fingers - groups product the
bandwidth reduces with the increase in the number of groups
(number of fingers is decreased by the same factor group number is

increased).
A similar conclusion can be obtained from Table {4.2} where a

number of Modified type GUDT transducers were presented. By

comparing the two types of transducers (Normal and Modified), it
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Table {4.1}
Computational results of some Normal type Group

UniDirectional Transducers.

Transdu- Aperture RB 3dB BW FB LSL RSL

cer type 1in meter per cent per cent per cent in dB in dB

N-8-2 7.3798E-4 0.402 5.8099 0.279 6. 4.04
N-4-4 7.3798E-4 1.2178 5.419 1.329 10. 48 7.16

IN-4-8 4.8449E~-4 0.268 2.5138 0.335 7.24 8.

Table {4.2}
Computational results of some Modified type Group
UniDirectional Transducers.

Transdu- Aperture RB 3dB BW FB LSL RSL

cer type 1in meter per cent per cent per cent in dB in dB
M-8-2 7.3788E-4 0.9161 7.195 2.513 6.4 9.2
M-4-4° 7.3798E-4 0.558 6.4683 0.5027 5.6 9.2
M-4-6 3.2799E-4 0.4489 4.67 0.469 6.08 6.2
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Table {4.3}

Computational results of some New type Group

UniDirectional Transducers.

Transdu~ Aperture RB 3dB BW FB LSL RSL
cer type in meter per cent per cent per cent in dB in dB
NU-8-2 7.37398E-4 0.8268 6.2 0. 469 6.88 4.2
NU~-2-8 7.3798E-4 3.1396 5.9775 0.916 14.2 9.24
NU-8-3 5.53877E-4 0.782 4.525 0.391 8. 4.72
NU-8-4 4.8448E-4 0.4488 3.452 0.648 7.52 6.8
Table {4.4}
Computational results of some Three Phase
UniDirectional Transducers.

Transdu- Aperture RB 3dB BW FB LSL RSL
cer type in meter per cent per cent per cent in dB in dB
T-13 7.3798E-4 1.6312 10.1897 1. 10. 6.68
T-15 5.5877E-4 1.307 7.92 0.67 9. 5.69
T-20 3.1487E-4 0.8156 6.292 0.5698 8.36 6.2
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is clear that the later is having a larger bandwidth and in most
of the cases a less rise and fall bandwidths but with a little bit

higher side-lobe levels.

From the Table one can see also that although thé rise and
fall bandwidths decreases with the increase of fingers - groups
product number, for the same fingers - groups product number it
seems that these bandwidths decreases with the increase of number
of groups. The relation may not be linear as it can be concluded

from the fall bandwidth values.

New type GUDT transducer performance in terms of bandwidths
and side-lobe levels can be considered as in between Normal and
Modified types GUDTs as Table {4.3} tells us. The conclusions
concerning relations between the three bandwidths and number of
fingers - groups product and number of groups are the same for

New-type GUDT as with the other types.

4.8 PERFORMANCE OF THREE PHASE
UNIDIRECTIONAL TRANSDUCERS :

In Table {4.4} three TPUDT transducers with 13, 15 and 20
periodic sections are presented. It is clear from figures that

rise bandwidth, 3dB bandwidth and fall bandwidth are decreasing
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with the increase of number of periodic sections. First left
side-lobe level is increasing as the number of periodic sections
increases, but the right side-lobe level does not seem to be

following the same.

[ ]
4.9 FiLTERSs OF PaAIRS OF
IDENTICAL TRANSDUCERS :

[

We present here two filters listed in Table {4.5}. Identical
pair of Normal type GUDT transducers with 8-active fingers per
group and Z—groups have been simulated and a two-transducer type
filter has been built from. Performances of filter and transducers
are given in Figure 5-18 to Figure 5-20 and some of the results
are summerised in table {4.5}. Another filter has been built from
two identical simulated TPUDT transducers with 20 pefiodic
sections. Some of the filter characteristics are summerised in the
said Table and the performances of transducer and filter are shown

in Figure 4.25 to Figure 4.27.

Figure 4.18 shows forward frequency responses of the NGUDT
filter and transducer. From the backward frequency response shown
in Figure 4.19 and the relative directivity shown in Figure 4.20

of both transducer and filter, it is clear that transducer and
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Table {4.5}

Computational results of Normal type Group
UniDirectional Transducers filter and Three
Phase unidirectional transducers filter with

identical transducers in each filter.

Transdu- Aperture RB 3dB BW FB LSL RSL
cer type in meter per cent per cent per cent in dB in dB
N-8-2 7.3798E-4 1.1173 5.273 0.983 12.12 7.6

T-20 3.1487E-4 1.564 5.296 1.128 16.6 11.92
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Fig. 4.19 Backward frequency
responses of a pair of NGUDT
transducers and a filter of both
transducers.

Number of active fingers and
groups are indicated below.

Aperture 18 7.3798E—-4 m.

Frequency Responses:

GUDT N—8-2
—— ¢UDT N-8-2
—k—  Filter

Fig. 4.20 Relative directivities
of a pair of NGUDT transducers
and a filter of both transducers.
Number of active fingers and
groups are indicated below.
dperture 1s 3.798E—4 .

—— GUDT N-8-2
—— cupTr N-8-2

——  Pilter

Boackward Response in dB.

0.9 0.94 0.98 (.02 1.06 1.1

Normalised Frequency.

Relative Directiyity.

1.7

0.9

0.94 0.98 1.02 1.06

Normalised frequency.
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Fig. 4.21 Input admittances of
a pawr of NGUDT transducers
and a filter of both transducers.
Number of active fingers and
groups are wndicated below.
Aperture is 7.3798E—4 m.

Admittance:
—— GUDT N-8-2
——  cUDT N-8-2

—%—  Filter

Fig. 4.22 Change of phase
of input admitiances of a pair
of NGUDT transducers and

a filter of both transducers.
Number of active fingers and

groups are given below.
Aperture is 7.3798F -4 m.

Phase:

GUDT N-8-2
—— G¢UDT N-8-2
—k—  Filter

s Input Admittance in mho

0.5

0.9 0.94 0.98 1.02 1.06 1.1

Normalised frequency

Phase of input Admittance in ru
1.5

0.9 0.94 0.98 1.02 1.06

Normalised frequency

1.1
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Fig. 4.23 Output admittances of
a pavr of NCUDT i{ransducers

and a filler of both i{ransducers.

Number of active fingers and
groups are indicated below.
Aperture is 7.3798E -4 m.

- GUDT N-8-2

—— GUDT N-8-2

—X— Pilter

Fig. 4.24 Change of phase of
outputl admittances of a pair
of NCUDT transducers and

a filter of both transducers.
Number of active fingers and
groups are indicated below.
Aperture is 7.3798L—4 m.

—— GUDT N-8-2
—— GUDT N-8-2

—*— Filter

Output Admzittance in mho

0.7
0.6 L ¥
0.5 Lo A
T N | B
0.9 Lo o
g e ———. |

0.7 ol o

1

a

™
1.02

7.06 1.7

0
0.9 0.94 0.98

Normalised frequency

‘s Phase of ouwtput Admittance in »

-2 | | 1 |

0.9 0.94 0.98 r1.02 1.06 (1.1

Normalised frequency
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Fig. 4.25 Forward frequency

responses of TPUDT-20

transducer and a filter of a pair
of transducers of same type.

dperture is 3. 1487E—-4 m

Frequency Responses:

TPUDT —-20
—— TPUDT -20

—*— Filter

Fig. 4.26 Backward frequency

Forward Response in dB

—4 () 1\ | | Sk 1

1.06 1.1
Normalised Frequency

0.9 0.94 0.98 71.02

0 Boackward Response in dB

responses of TPUDT—-20 {ransducer

and filler of a pair of same
transducers.
Aperture 1s 3. 1487F—4 m.

—— TPUDT -20

—— TPUDT -20

——  Filter

_’O - A0 N ;K ..........
25
—-20 el * .......
...30 .....................................................
i
—40 Ifm\ L :‘ ! e 1 :
0.9 0.94 0.98 1.02 1.06 7.7

Normalised Frequency
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filter have some bidirectional operating points. Also it can be
seen that at some frequencies both transducer and fllter are
operating in reverse direction (negative directivity) giving

certain frequency responses but with high insertion loss.

Figures 4.21 to 4.24 show the variation of input and output
admittances, and input and output phases of both transducer and
filter. It can be seen that 1in all figures the region
approximately between 0.95 to 1.05 normalized frequency Iis
containing the pass band, low admittance, phase linearity, proper

directivity and low insertion loss.

Forward and backward frequency responses, directivities,
input admittance, conductance and susceptance of TPUDT-20

transducer and filter are shown in Figures 4.25 to 4.30.

410 FiLTERs oF ComBINATIONS OF

IGROUP UNIDIRECTIONAL TRANSDUCERS :
|

In order to get better filter performances in terms of
bandwidth, insertion loss and lower side-lobes levels, filter of
combinations of different types of group unidirectional
transducers have been simulated to find out the extent of such

improvement in filter performances. Four such types of filters

125



Fig. 4.27 Normalised directivities , Normalised Directivity
of TPUDT-20 transducer and
filter of pair of same transducers.
Aperture is 3.1487E—4 m.

Directivities:

—— TPUDT -20

——  TPUDT -20

—¥—  Filter

0.9 0.94 0.98 1.02 1.06 1.1
Normalised Frequency

Fig. 4.28 Input conductances 0.5 Input Conductance in mho
of TPUDT-20 transducer and )
filter of pair of same transdwcers.
Aperture is 3.1487E -4 m. 0.4 *
0.3 N
0.2 R
Conductances:
—— TPUDT =20
- 0.7 4 L
—— TPUDT -20 ' ;
—*— Pilter
O N

0.9 0.94 0.98 1.02 1.06 1.1
Normalised Fregquency
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Fig. 4.29 Input susceptances
of TPUDT-20 transducer and
filter of pair of same

transducers.
Aperture 15 3. 1487E~4 m.

Susceptances:

TPUDT —20
—— TRUDT -20

——  pilter

Fig. 4.30 Input admittances
of TPUDT-20 transducer and

filter of pair of same transducers.

Aperture 1s 3. 1487E—4 m.

Admittances:
—— TPUDT =20
—— TPUDT -20

—¥—  Pilter

Input Susceptance mho.

0.9 0.94 0.98 (.02 1.06 1.7

Normalised Frequency.

Input Admittance in mho.

0.4

0.3

0.2

0.9

0.94 0.98

7.02 1.06 7.1

Normalised Frequency.
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Table {4.6}

Computational results of filters of combinations
of Group UniDirectional Transducers.

( Normal, Modified and New type GUDTs).

Transdu- Aperture RB 3dB BW FB LSL RSL

cer type in meter per cent per cent per cent in dB in dB

N-8-2

7.3798E-4 1.575 4.288 1.329 17.6 11.32
N-4-4
M-4-4

7.37398E-4 1.407 5.35 1.698 12.44 14
M-8-2
NU-8-4

4.8448E-4 0.8670 2.346 1.0273 15.6 19.16
N-4-4
NU-8-2

7.3798E-4 2.904 4.368 1.6647 21.2 13.68
NU-2-8
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with the corresponding computational results are listed in table
{4.8} and the forward frequency responses of transducers and
filters are shown 1in Figures 4.31 to 4.34. Two types of

combinations have been used;

pair of same type of transducer with different number of
active fingers per group and different number of groups (but

same number of fingers - groups product) or

pair of different types of GUDTs with different number of
active fingers per group and different number of groups (but

same number of fingers - groups product to secure matching).

From computational results of table {4.6} and forward
frequency responses of filters shown in Figures 4.31 to 4.34, good
improvement in side-lobes suppression has been achieved. If we
compare the performance of normal type GUDT filter of identical
transducer pair of N-8-2 with the filter of same type transducers
(ie. NGUDT) but with N-8-2 and N~4-4 number of fingers and groups
we can see the difference in side-lobes levels with little secrify
in the 3dB fractional bandwidth. A side-lobe suppression up to 21
dB has been achieved using New-type GUDT transducers of NU-2-8 and
NU-8-2. In all cases an increase in the rise and fall bandwidths

can be observed.
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Fig.4.31 Forward frequency
responses of NGUDT—4-4,
NGUDT-8~-2 and filter

of both transducers.
Aperture is 7.3789E -4 m

Frequency Responses:

GCUDT N-8—-2 UNIF
—+— @GUDT N-4-4 UNIF

—*— Filter

Fig. 4.32 forward frequency
responses of MGUDT—4—4,
MGUDT—8~2 and filter of both
transducers.

Apperture is 7.3798E—4 m

Frequency Responses:

CUDT M—4—4
—  GUDT M~8-2

—*— Flifer

Forward Response in dB

Ve

—40 %)‘l/ 1 1 Mo |

0.9 0.94 0.98 71.02 1.08

1.7

Normalised Frequency.

Forward Response in dB.

AT

0.9 0.94 098 1.02 1.06
Normalised fFrequency.
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Fig. 4.33 Forward frequency
responses of NUGUDT—8—4,
NGUDT—4—-8 and filter of both
transducers.

Apperture is 1.8449£—4 m

Frequency Responses:

GUDT NU—-8—4 UNIF

——  GUDT N—4—-8 UNIF
—*— Filter

Fig. 4.34 Forward frequency
responses of NUGUDT—8-2,

NUGUDT—2-8 and filter of both

transducers.
Aperture is 7.3798E—4 m

Frequency Responses:

—— GUDT NU-8-2

——  GUDT KU-2-8
~—X—  Fitter

Forward Respon'se In dBb.

Ly
A

0.94 0.98

.02 1.06 7.7

Normalised Frequency.

Forward Response In dB.

.02 1.06 1.7

0.94 0.98

0.9
Normalised Frequency.
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From the plots of forward frquency responses of NUGUDT-8-4
and NGUDT-4-8 and filter of their combination shown in Figure 4.33
it can be seenhow greatly side-lobe levels have been reduced due
to the different frequency locations of side-lobes of the two
transducers. A better selection of the combination can cause a
great reduction in side-lobe levels due to the cancellation of
Sidé—lobes of each transducer by different frequency locations of
side-lobes of the other transducer. That is why this much of level
reduction and this much of distance from the main lobe is there in

the first right side-lobe of filter shown in Figure.

411 FiLTERs oF COMBINATIONS
oF GUDTs anp TPUDTs :

For the same goal of achieving better filter performances,
filters of combinations of group unidirectional transducers and
three phase unidirectional transducers have been simulated.
Different types of GUDT transducers with different number of
fingers per group and different number of groups have been used,
either in transmitting or receiving modes with TPUDT tranéducers
with different number of periodic sections. The number of fingers
- groups product of GUDT or number of periodic sections of TPUDT
of one of the filter transducers (either the one in receiving or

the one in transmitting modes) is to be calculated by the packagé

to secure matching.
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Some of these filters are listed in Table {4.7} with the
corresponding computational results of rise, fall, 3dB bandwidths
and side-lobe levels. Figures 4.35 to 4.37 represent forward,
backward frequency responses and relative directivities of
NGUDT-8-2 transducer, TPUDT-13 transducer and filter of both
transducers. Figure 4.38 is a plot of forward frequency responses
of TPUDT-15 transducer, NUGUDT-8-3 transducer and filter of both.
Figure 4.338 shows forward frequency response of filter, simulated
from a pair of MGUDT-4-6 transducer and TPUDT-20 transducer, and

responses of both transducers.

From Table and Figures it can be seen that using such
combinations high side-lobe suppression up to 26 dB has been
achieved with a good 3dB fractional bandwidth. It can be seen also

that rise and fall bandwidths are remarkably high.

The effect of using high bandwidth transducer with another
lower bandwidth transducer, both with minimal insertion loss
(unidirectional transducers) in constructing a filter on improving
the_ performance of that filter 1is very much clear from the
examples given here as well as the ones given in previous section.
The filter 3db fractional bandwidth is usually very close to that
of the narrower bandwidth transducer. If both the transducers are
unidirectional then the insertion loss of the filter is zero (at

fo and close to it) or negligible fraction. First left and right
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Table {4.7}

Computational results of filter of combinations

of Group and Three Phase UniDirectional Transducers

Transdu- Aperture RB

cer type in meter

3dB BW FB LSL RSL

per cent per cent per cent in dB in dB

N-8-2

7.3798E-4 3.05 5.329 1.853 26. 44 12
T-13
T-15

5.5977E-4 0.96 4.3 1.25 15.4 14.84
NU-8-3
M-4-8

3.2798E-4 1.508 4.234 1.284 20 19.32
T-20
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Fig. 4.35 forward frequency
responses of NGUDT-8-2,
TPUDT— 13 and filter of both

transducers.
Aperture is 7.3798E—4 m

Frequency Response:

NGUDT-8-2 UNIF
——  TPUDT-13 UNIF

—k—  FILTER

Fig. 4.36 Backward frequency
responses of NGUDT—-8-2,
TPUDT—- 13 and filter of both
tronsducers.

Aperture is 7.3789E—4 m.

Frequency Responses:

GUDT N-82 UNIF

——  TPUDT —13 UNIF
X~ filter

e | | | N

Forward Response in dB.

CRato T IR

0.94 098 1.02 1.06 1.1

Normalised Frequency.

Backward Response In dB.

0.94 0.98 1.02 1.06 1.1
Normalised frequency.
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Fig. 4.37 Relative directivities
of NGUDT-8-2, TPUDT—13

and filter of both transducers.
Aperture 1s 7.3798F—4 m.

Directivities :

NGUDT-8-2 UNIF

—— TPUDT-13 UNIF
—*— FILTER

Fig. 4.38 Forward frequency
responses of TPUDT—-105,

NUGUDT-8-8 and filter of both
transducers.

Aperture 1s 5.5977E—4 m

Frequency Responses:

TPUDT —15 UNIF
—— ¢UDT NU-8-3 UNIF

—*— Filter

0.8 P PPN+ B S
0.6 O [
0.4 N | 0 R B R

0.2 T v A | TEETETTRURURTINS ¥ i b v A PURPI

_0.2 .l 1 1 ] |

Relative direc t}v'ity.

0.9 0.94 0.98 1.02 1.06 1.1
Normalised Frequency.

Forward Response in dB.

;l'/l * |

| [N
0.9 0.94 0.98 1.02 1.06 1.1
Normalised frequency.
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Fig. 4.39 Forward frequency
responses of MGUDT—-4-6,

TRUDT-20 and filter of both
transducers.

Aperture is 3.2799EF -4 m

Frequency Responses:

CUDT M—4—6 UNIF
—— TPUDT -20 UNIF

——  Pilter

Forward Response in dB

%" e
R

0.9 0.94 0.98 1.02 1.06 1./

Normalised Frequency.
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side~lobes are usually very low (Suppressed) and it is possible to
have negative or positive side-lobes roll off depending upon the

selection of transducers combination.

| 412 CONCLUSION :

Due to the limited capabilities of SCAT MAT and TRANS MAT
models, and for the sake of having a model that is able to
describe the performances of large variety of SAW signal
processing devices, CHAIN MAT approach has been developed and
presented in this chapter. The basic modeling wunit of this
approach has been represented by a four-port network and a 4x4
chain matrix. With the use of this basic-unit the modeling of an
IDT.has been worked out. The model for two-transducer type filters

has also been considered.

Modeling of bidirectional transducers as well as
unidirectional.transducers have been included. Different type of
group unidirectional transducers (Normal, Modified and New type
GUDTs) as well as three phase unidirectional transducers have been
modeled. Group type unidirectional transducers have been
represented by six-port networks and a 6x6 chain matrix, while
three phase unidirectional transducers have been represented by
eight-port network and 8x8 chain matrix. A single group of GUDT
and a single section of TPUDT have been modeled by cascading the

basic modeling unit of this approach number of times equal to the
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number of fingers per group or sections. full GUDT and full TPUDT
transducers have been constructed by cascading the groups or
section number of times as number of groups or number of sections

per transducer is required.

A SAW model simulator has been developed to model and
simulate different types of bidirectional and wunidirectional
transducers and filters built from different combinations of these
simulated transducers. The simulator proved to be a very helpful
tool for designers of SAW devices. It allows thei designer to
simulate his device and test its performance under different
operational conditions by changing different parameters such as
electrical loading, aperture, material,..etc. before fabricating
the device, thus saving money and effort that may be spent on
fabricating a device with performance characteristics not up to

the requirements.

With the aid of this CHAIN MAT simulator different types of
transducers and filters have been modeled and simulated. Some of
the performances of different group types unidirectional
transducers (Normal, Modified and New type) with different number
of active fingers per group and different number of groups have
been reported and studied. Performances of some of the three phase
unidirectional transducers that have been simulated with different

periodic sections have been reported and studied too.
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A study has been carried out to improve the performances of
two-transducer type filters in terms of good bandwidths and
side-lobe suppression. Quit useful results have been obtained by
using different combinations of wunidirectional transducers to

construct filters. Performances (in terms of forward and backward

frequency responses and directivities) of filters of {a} two
identical unidirectional transducers, (b) combinations of group
types unidirectional transducers and (c) combinations of group

unidirectional transducers and three phase unidirectional
transducers have been reported and studied.

\

For getting good performance filters it has been found that
combinations of unidirectional transducers with one wide bandwidth
transducer and the other with narrower bandwidth give very good
filter performances if the side-lobes of the two transducers are
acceptably low. It has been noticed that the difference in
side-lobes frequency locations of the two transducers causes

cancellation or great reduction in filter side-lobes levels.

Results concerning input and output admittances,
conductances, susceptances and phases of some transducers and

filters as function of frequency have also been reported.

The study of ways to improve the performances of SAW filters
in terms of bandwidth and side-lobe suppression is continued in

the coming chapters of this dissertation.

140



CHAPTER FIVE
O

Apodizalion
ST
Wi indowing

5.1 Fnbroduchion.

5.2 dpodigation.

5.8 Filbor Dosign Fpecifications.

5.4 FINEG dpodiyation Bomputations.

5.5 SING Wpodiped Group Unidirectional

.%‘-a/rw/c{cmm@

5.6 SING dpodiped Throo Phase
Unidirectional Tramsducers.

5.7 Filtors Of Uniform And FING
Apodiged GUDT,.

5.8 Filters Of Uniform And FINE dpodiped
TPUDT.

5.9 Filtors Of Bombinabions Of Uniform And
Apodiped GUDT and TPUDT Transducers.




(@)

10
v
12

13

14

15

16

17

Bosine W[m&w.»i/n? i?wywtabm.

SINEC—Weighled BOSINE —Windowed

Apodiged SUDTs.

SINC—Weighled COSINE —Windowed

.ﬁ/w&w JPUDIs.
Fibers, Of Uniform dAnd SING

Weibled—BOSING Windowed
(.)Zl/deM) YUDT.

Fillors Of Uniform dnd SING
Weighled—EOSING  Windoured
(ﬂﬁ»&?d) IPUDIs.

Filbers. Of Combinalions Of
Uniform dAnd SINEG Weighled—
EOSING Windowed (ﬂ/u»clc?od)
CUDTs And JPUDI».
Goncdusion.




CHAPTER FIVE
5

APODIZATION AND WINDOWING

5.1 INTRODUCTION :

There are certain response requirements that are considered in
filter design as goals. Generally a filter response is required to
be very close to a brick shape response. There are some
applications that require responses of different shape than that
of the brick. In this chapter two methods of improving the
performances of SAW transducers/filters are. considered. These are

apodization and windowing techniques.

Apodization of SAW transducers is discussed briefly and SINC
function finger weighting apodization type is considered.
Different transducer/filter performance parameters and basic

requirements for a good transducer/filter performance are

discussed.

Additional development has been carried out on the simulator

package reported and discussed in the previous chapter. Different

types of SINC apodized unidirectional transducer are simulated and
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results related to its performances are presented. Filters of one
uniform and one apodized transducers are also simulated. Results
related to filters of GUDTs, TPUDTs and combinations of both types

of transducers are reported and discussed.

Windowing as one way of improving the apodized transducers
performances is discussed in brief. It eliminates the gibbs caused
by the truncation of the SINC weighting function. It also improves
the the transducer/filter response up to some extent depending
upon the type of window. Mainly COSINE windowing is considered in
this chapter. Different SINC weighted-COSINE windowed apodized
transducers are simulated and their relative performances 1in
tabular and graphical forms are reported. Forward, backward
responses, admittance (magnitude and phase) responses..etc. of
different filters having one uniform and one SINC weighted-COSINE
windowed apodized transducers at the two ends with different
combinations of GUDT and TPUDT transducers are computed, reported

and discussed.

| 5.2 APODIZATION :

SAW transducers/filters can be considered as finite impulse
response (FIR). filters ( in the absence of any feedback ). The
geometric pattern of an interdigital transducer 1is a unique
feature of SAW filter design. It corresponds to a spatially

sampled replica of the IDT impulse response. So far we have
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studied the frequency responses of different types of SAW
transducers wusing different models aiming to achieve «close
simulation of the real transducers performances so that to enable
the designers to study the performance of the simulated
transducers/filters before fabrication and to ease the studies
regarding improving SAW transducers/filters performances. Now this
simulator is used to study the impulse responses, performances
under different conditions of these transducers/filters and ways

to improve these performances.

Let us consider an ideal lossless uniform (constant finger
overlap) interdigital transducer with 20 finger pairs operating at
frequency fo. If we calculate the magnitude of the frequency
response |H(f)| using fourier transform, by considering the
transducer as a rectangular time domain function of duration from
-T to +T with 20 samples per 2T, we will get a result similar to
that shown in Figure 5.1. Examining the overall response it is

seen that it is infinite and same as the SINC function response.

If we are interested in getting a rectangular response filter
then it is easy to find out from fourier transform theory that
this can be achieved if the transducer finger overlaps follow a
SINC function._ Instead of wusing the uniform IDT with constant
overlap apodization - that we were using so far in this study -
let us consider the case of SINC {unction finger overlap
apodization. It can be anticipated that the frequency response of

one such IDT should now approximate a rectangular bandpass

145



Frequency Response In dB.

Fig. 5.1 Frequency Response H(f)
of Uniform (rectangular

constant agpperture) IDT calculated
using FFT.

L* Uniform IDT=20 pairs I Mo M.
! | 1 | | | |

-1.5 -7 =05 0 05 1 1.5

Frequency.
UNIFORM APODIZED

Fig. 5.2 Schematic diagrom showing two tronsducers
filter with one apodised and another uniform.
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response. Ideally the frequency response would have the
rectangular bandpass form 1if the impulse response of the SAW
filter was of infinite time duration which is not the case in

practice since it is truncated by the ends of the IDT.

Figure 5.2 shows a typical SAW transversal filter with one
SINC apodized transducer and another uniform transducer. here it
should be noted that the acoustic wave is not uniform normal to

its direction of propagation due to the variation of aperture.

1 5.3 FILTER DESIGN SPECIFICATIONS

Before proceeding into the simulation of apodized
transducers/filters and study their performances let us see what
are the Dbasic requirements in a good ‘transducer/filter

performance.

We refer to Figure 5.3 that shows a plot of a filter
frequency response and indicates some design parameters required
for specifying the desired performance of a SAW transducer/filter.

These parameters are :

1. Insertion loss I.L.; which is always required to be as
minimum as possible and this is
usually achieved by using low loss
transducers (Unidirectional

transducers).
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2. Pass band bandwidth BW; which is usually (in case of UDTs)
is considered to be the 3dB

bandwidth.

3. Pass band ripple Rp; These ripples are either due to
Triple Transit Echo in
Bidirectional transducers or (what
is called Gibbs) due to truncation
of the SINC weighting function of

apodized transducers.

4. Transition bandwidths: Rise bandwidth RB and Fall
bandwidth FB; generally they are
required to be as small as possible
and equal if the transducer/filter

response is required to be close to

the brick shape.

S. Side lobes rejection level; required to be as high as
possible in most of the

applications.

S. Phase ripple; for getting a linear and smooth phase
response in the pass band region it
is required that the phase ripple

should be minimal.
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7. Rejection bandwidth RJ; an arbitrary bandwidth selected to

8. Shape factor S ;

is a

149

calculate the shape factor of the
transducer/filter. It may be taken
as the 40dB, 60dB, 100dB
bandwidthsor any other. For our
analysis we will take it as the 40dB

bandwidth.

relative measure of the filter or
transducer selectivity. Asthe
transition bandwidths approach zero
S approaches 1. When each of the
transition bandwidths 1is equal to
the transducer/filter bandwidth S
will be equal to 0.3333. A higher
shape factor indicates who close

is the transducer/filter response to

that of the brick shape.

Shape factor has many definitions
and can be some what misleading.

Some definitions are TBWO_sodB’

TBW TB TB

3 - 80dB’ w60-—3dB' w0—4OdB’

TBW3—4OdB’ etc. [20,44]. For

theoretical analysis and comparison
we will use the definition

TBW3—4OdB'



Fig. 5.3 Trans./Filter - Frequency Response in dB.

design specefications,

3 dB

40 dgl b S ENA T S

— Response . R.J.
| | | | 1
-3 -2 -1 0 1 2 3
Frequency.

Fig. 5.4 Forward frequency forward Response In db.

response of uniform NGUDT—-8-2, 0
apodised NGUDT-8-3 (one zero
crossing) and filter of both
transducers.

Max. Aperture /s 7.3798E—4 m

Frequency Responses:

NGUDT—8~2 UNIF
—t—  NGUDT-8-3 APD; 31

= FILTER

e

—40 *
0.9 0.94 0.98 1.02 1.06 1.1

Normalised Frequency.
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—
| 5.4 SINC ApobizaTiON COMPUTATIONS :

To include the modeling and simulation of SINC apodized
transducers and filter having one uniform and one apodized
transducers, some additional developing has been carried out on

the CHAIN MAT modeling software package.

Number of filter having one apodized and one uniform
transducers have been simulated in order to study the effect of

SINC apodization on transducers/filters performances.

The software used for these simulations has been developed in
a way that it calculates the proper number of finger-pairs (BIDT),
periodic sections (TPUDT), and active fingers per group or number
of groups (GUDT) for either the uniform or apodized transducers to

secure matching.

5.5 SINC Apobpizep Group
UNIDIRECTIONAL TRANSDUCERS i

Different types of apodized group unidirectional transducers
have been simulated using the above mentioned  package.
Computational results of some of these transducers are given 1in
Table {5.1}. In all the transducers tablulated the SINC function

is truncated at its first or second zero crossing on both ends of
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Table {5.1}
Computed Rise, 3dB and Fall bandwidths
of SINC weighted Group

type UniDirectional Transducers.

Transdu- Apodizat- Aperture RB 3dB BW FB

cer type ion type in meter per cent per cent per cent

N~-8-3 31 7.3798E-4 2.022 3.53 0.1675

N-4-5 31 7.3798E~4 1.1173 4.4915 0.4469

N-4-86 31 4.9199E-4 1.3407 3.564 0.2122

N-4-7 32 7.4525E-4 1.486 2.6815 0.1452

N-4-8 31 3.1487E-4 0.5698 2.8943 0.1340

N-2-10 31 7.3798E-4 0.6368 3.7988 0.4022
Table {5.2}

Computed first left and right side lobes levels

of SINC weighted Group Unidirectional ransducers

Transdu- Apodizat- Aperture LSL RSL
cer type ion type in meter in dB in dB
N-8-3 31 7.3798E-4 15.92 3.8
N-4-5 _ 31 7.3798E-4 10. 5.6
N-4-86 31 4.9199E-4 10. 4.4
N-4-7 32 7.4525E~4 10. 4.4
N-4-8 31 3.1487E~4 8.6 5.2
N-2-10 31 7.3798E-4 8.2 4.8

152



transducers as indicated in table for each transducer. The
apodization is performed by changing the finger overlap or
aperture per group,i.e. group apodization. Fingers in each group

have the same overlap (aperture).

Computational results corresponding to 3dB bandwidth, transit
bandwidths and side-lobes levels are given in Table 5.1 and Table
5.2,respectiveiy. Re jection bandwidths and shape factor of each of
these group type apodized transducers are given in Table ©5.3.
Generally it seems that for same number of fingers per
group-groups product the increase in number of groups raises

side-lobes levels and decrease transition bandwidth.

Comparing GUDT-4-5 and GUDT-4-7 normal type transducers,
where the SINC function in the later transducer is truncated at
the second zero crossing, there is a great difference in the rise
to 3dB bandwidﬁhs ratios of the two transducers. Due to
lengthening of the weighting part of the SINC function, an
increase 1in rise bandwidth and a decrease in both 3dB and fall
bandwidths is caused. This in turn affects negatively the shape
factor of the transducer (Table{5.3}). A relation can be sensed
between the these three bandwidths (transition and 3dB bandwidths)
and the amount of used (or truncated) length of the SINC weighting
function. This is to be considered in more details in the coming

sections of this chapter.
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Table {5.3}

Computed Rejection bandwidth and Shape factor of

SINC weighted Group type Unidirectional Transducers

Transdu-

cer type

N-2-10

Computed Rise,

31

31

31

32

31

31

Apodizat- Aperture RJ SHAPE

ion type in meter per cent factor

7.3798E-4 7.3518 0.48

7.3798E-4 7.824 0.574
4.9199E-4 6.569 0.542
7.4525E-4 5.698 0.4705

3.1487E-4 5.0278 0.5855

7.3798E-4 6.6479 0.5714

Table {5.4}
3dB and Fall bandw idths of SINC

Weighted Three Phase Unidirectional ransducer

Transdu-
cer type
T-17
T-20

T-33

Apodizat-

ion type

31
31

32

Aperture RB 3dB BW FB

in meter per cent per cent per cent

7.3798E-4 1.4525 7.9329 0.5586
4.9199E-4 0.916 6.6144 0.3351

7.3798E-4 0.8938 2.3240 0.0558
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5.6 SINC ApopizeD THREE PHASE

UNIDIRECTIONAL TRANSDUCERS: |

Many apodized three phase unidirectional transducers with
different number of periodic sections have been simulated. The
apodization has been performed by changing aperture per sections

keeping the finger overlap of each section constant. Different

truncations of the SINC weighting function have been considered.

Computational results of some of these simulated three phase
unidirectional transducers are listed in Tables 5.4, 5.5 and 5.6.
The effect of increasing number of sections is clear (Table 5.4)

on decreasing transition and 3dB bandwidths.

Considering the results related to increasing used length of
the SINC weighting function such as the case of apodized TPUDT-33,
with its (section) aperture follows a SINC function truncated at
second zero crossing, the effect of such lengthening is clear from
results. It is to be noted that the increased number of sections
is to keep the transducer impedance same as TPUDT-20 with a single
zero crossing SINC apodization. Comparing the result of the two
transducers it.can be seen that although transition bandwidths
have been reduced and side-lobes levels have been lowered due to
the combined effect of increasing SINC function length and the
number of sections, yet the shape factor of the transducer is quit

low. This deterioration in the shape factor 1is due to the
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Table {5.5}
Computed first left and right side lobes levels of

SINC weighted Three Phase type UniDirectional Transducers.

Transdu- Apodizat- Aperture LSL RSL
cer type ion type in meter in dB in dB
T-17 31 7.3798E-4 6.8 8.4
T-20 31 4.9199E-4 7.12 6.08
T~33 32 7.3798E-4 10.8 6.76
Table {5.6}

Computed Rejection bandwidth and Shape factor of

SINC weighted Three Phase type UniDirectional Transducers.

Transdu- Apodizat- Aperture RJ SHAPE

cer type ion type in meter per cent factor

T-17 31 7.3798E-4 11.899 0.6666
T-20 31 4.9199E-4 S.8323 0.8727
T-33 32 7.3798E-4 6.1563 0.3774
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increased rise to 3dB bandwidths ratio caused by lengthening the

used part of the SINC function in weighting the transducer.

It has been found that for compensating the effect of
increasing the SINC function weighting length more increase in the
number of sections is required, and to keep the input impedance of
the transducer constant ( for matching purposes ) while increasing
the number of sections for the same apodization pattern the
maximum effective aperture of the transducer has to be reduced.
This we will consider again in the coming sections with some more

examples.

Proper selection of the SINC weighting function length and
proper number of sections is very much essential in the design of
apodized SAW TPUDT transducers for getting a good performance up

to the requirements.

5.7 FILTERS OF UNIFORM AND

SINC Apopizep GUDTs 3

In order to find the effect of apodization on improving SAW
GUDT filter performance, many types of filters have been simulated
from different combinations of uniform and apodized group
unidirectional transducers. In each filter one uniform wide band
and another apodized narrower band GUDT transducers have been
used. Tables (5.7), {5.8} and Table {5.9} list the computational

results of some of these simulated filters.
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Table {5.7)}
Computed Rise, 3dB and Fall bandwidths of filters
of uniform and SINC apodized GUDTs.

Transdu- Apodizat- Aperture RB 3dB BW FB

cer type 1ion type in meter per cent per cent per cent

N-8-2 1

7.3798E-4 2.4357 3.005 1.229
N-8-3 31
N-8-2 1

7.3798E-4 1.7765 3.8547 1.564
N-4-5 31
NU-8-2 1

7.3798E-4 1.2737 3.4077 0.8044
N-2-10 31

Table {5.8}
Computed left and right side lobes levels of filters
of uniform and SINC apodized GUDTs.

Transdu- Apodizat- Aperture LSL RSL
cer type 1ion type in meter in dB in dB
N-8-2 1
7.3798E-4 30.5 16.4
N-8-3 31
N-8-2 1
7.3798E-4 25.2 22.4
N-4-5 31
NU-8-2 1
7.3798E-4 21.2 . 12.4
N-2-10 31
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Table {5.9}
Computed Rejection bandwidth and Shape factor of
filters of uniform and SINC apodized GUDTs.

Transdu~ Apodizat- Aperture RJ SHAPE
cer type lon type:  in meter per cent factor
N-8-2 1

7.3798E-4 7.3518 0. 4087
N-8-3 31
N-8-2 1

7.3798E-4 7.8211 0.4928
N-4-5 31
NU-8-2 1

7.3798E-4 . 6.86479 0.5125
N-2-10 31
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Generally the main lobe of the filter response is very close
to that of the apodized transducer, therefore, the 3dB bandwidth
of the filter and the apodized transducer is very close to each
other. Increasing the number of fingers per group - groups product
of the apodized transducer decreases the 3dB bandwidth of the
filter, but not necessarily improves the shape factor which
depends on how much the difference in bandwidths between the
uniform and the apodized transducers. For the same number of
fingers per group - groups product of the apodized transducer and
the same uniform transducer an increase in the number of groups of
the apodized transducer with the same apodization pattern causes a
reduction in the 3dB bandwidth as well as improvement in the shape
factor of the filter. These are some of the observations that can

be anticipated from the mentioned tables.

Side-lobes levels of filters depend on side-lobes levels and
side-lobes frequency locations of the two uniform and apodized
transducers. Side-lobes level up to 30.5 dB is reported in Table
{5.8}. This is due to the low side-lobes level of the apodized
transducer as well as frequency locations of first both sides
lobes inside the main lobe of the uniform transducer as shown in
rigure 5.4. The Figure represents the forward frequency response
of uniform GUDT-8-2, apodized GUDT-8-3 and filter of both normal

type transducers.

Figure 5.5 shows the input admittance response of the above

mentioned transducers and filter. The 1input admittance of the
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Fig. 5.5 Input admittance of
uniform NGUDT—-8-2, apodized
NGUDT—8-3 and filter of both
transducers.

Max Aperture is 7.3798E—4 m.

0.5

Admittance:
——  NGUDT—8-2 UNIF
—— NGUDT—-8-3 APD; 31

= Flilter

Fig. 5.6 /nput phase response

of uniform NGUDT-8-2, apodized

NGUDT—8-3 ond filter of both.

Phase:

NGUDT~8-2 UNIF
——  NGUDT-8-3 APD; 31

> Filter

Admittance In mho.

!
T

0.94 0.98 1.02 1.06 1.1
Normalised frequency.

Phase In rad.

0.94 098 102 1.06 1.1

Normalised Frequency.
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filter follows the input admittance of the wuniform transducer
which is used as the transmitting transducer in this filter. There
is a dip or a high ripple destoring the linearity of the phase
response of the apodized transducer that causes small oscillations
or ripples in the filter phase response as shown in Figure 5.6.
The linear and smaller ripple phase response of the
transducer/filter leads to lesser signal distortion due to
frequency dispersion. This phase ripple caused by apodization can

be eliminated or reduced by the use of dummy fingers.

It has been found from the different simulated’ apodized
transducers and filters -which is not possible to report all its
performances and results here~ that if we measure both transition
bandwidths on the same line ( say either LSL level or RSL level)
then we can see that rise bandwidth and fall bandwidth behaviors
are inversely proportional to each other. When the rise bandwidth
is 1arge the response may fall sharply giving a low fall bandwidth
and vise versa. It 1s even noted that when the rise bandwidth is
large enough the response may fall sharply before it rises above
the 3dB line giving higher insertion loss performance and zero or

very low 3dB bandwidth.

It has been found that the rise bandwidth of an apodized GUDT
transducer is function of number of fingers per group - groups
product, number of apodized groups and length of SINC weighting
function. The rise bandwidth increases with the increase of the

SINC weighting function length. It decreases with the increase of
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Fig 5.7 forward frequency

response of uniform NUGDT—-8-2,

apodized NGUDT—2=10 (one zero
crossing) and filter of both
transducers.

Max. Aperture is 7.3798E—4 m

Frequency Responses:

NUGUDT—8—2 UNIF
——  NGUDT-2-10 APD; 31

e FILTER
L

Fig. 5.8 /nput admittance of
uniform NUGUDT—8-2, apodized
NGUDT—2—10 and filter of both
transducers.

Max Aperture is 7.3798E—4 m.

Amittance:
— NUGUDT-8-2 UNIF

—— NGUDT-2-10 APD; 31

—%—  Filfer

Forward Response in dB.

" Y;
aial
5/

"
__40 "I | li— ),h{
0.9 0.94 0.98 1.02 1.06 1.1
Normalised Frequency
Admittance In mho.
0.35
0.3_ ..................................................... >-< ...................
0.25
0.2
0.15
0.1
0.05
0
0.9 0.94 0.98 1.02 1.06 1.1

Normalised Frequency
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Fig. 5.9 /nput phase response for
uniform NUGUDT-8-2, apodized
NGUDT=2—10 and filter of both.
Max aperture is 7.3798E—4 m.

Phase :

NUGUDT-8-2 UNIF
—= NGUDT-2-10 APD; 31

= Filfer

o

Fig. 5.10 Backward frequency

response of uniform NUGUDT~8-2,
opodized NGUDT-2-10 and filter of

both transducers.
Max aoperture is 7.3798E~4 m.

Frequency Responses:

NUGUDT—8~2 UNIF
—— NGUDT-2-70 APD; 31

% Filfer

Phase In rad.

_2 1 { | |
0.9 094 098 1.02 1.06 1.1

Normalised Frequency.

Backward Response In dBb.
0

=10

—40 > L b4
0.9 0.894 098 1.02 1.06 1.1

Normalised Frequency.
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Tingers per group - groups product number and with the increase of
number of apodized groups for the same fingers per group - groups

product number. While the fall bandwidth behaves the reverse way.

According to the requirements the ratios of the rise and fall
bandwidths relative to 3dB bandwidth can be modified by changing
the above parameters. It has to be noted that both ratios can not
be considered alone without taking into consideration both sides
(lower and upper) first side-lobes levels. By definition rise and
fall bandwidths are measured at first right and first left
side—-lobes levels which are in most of the cases not at the same

level.

Such improvemgnts in the shape factor of the filter as well
as reducing the difference between the rise and fall bandwidths of
the apodized transducer and filter by increasing the number of
groups is very much visible in the performances of transducers and
filters shown in Figures 5.7 and 5.12. Figures 5.9, 5.10 and 5.11
show the phase response, backward response and relative
directivity of uniform GUDT—8¥3, SINC apodized GUDT-2-10 and their
filter. The phase ripples (oscillations) can be seen in the filter
phase response. The directivity of this filter is more flat than
that of the apodized transducer and sharper than the uniform

transducer directivity as can be seen from Figure 5.11.
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Fig. 5.11 Relotive directivity of
uniform NUGUDT—8-2, apodized
NGUDT—2—-10 and filter of both.
Max aperture is 7.3798E~4 m.

Directivities:

NUGUDT—8—2 UNIF
—— NGUDT-2-10 APD; 31

%= Filter

Fig. 5.12 Forward Frequency
response of uniform NGUDT—8-2,
apodized NGUDT—4-5 and filter of
both transducers.

Max. Aperture is 7.3798E—4 m

Frequency Responses:

NGUDT—-8—2 UNIF
——  NGUOT—4-5 APD; 31

== Flifer

L

1.2

Relative Directivity.

0.9 0.94 098 1.02 1.06 1.1
Normalised Frequency.

Forward Response in dB.

0.9 094 098 1.02 1.06 7.7

Normalised Frequency.
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5.8 FILTERS OF UNIFORM AND
SINC Apopizep TPUDTs :

In continuation of the study of apodization effect on
improving filters performances, number of two three-phase
unidirectional transducers filters have been simulated, with one
apodized narrow band transducer and one uniform wider band
transducer. Computational results of some of these filters are
presented in Tables {5.10}, {5.11} and {5.12}. Performances of
some of these filter and their corresponding uniform and apodized
transducers performances are presented in Figure 5.13 to Figure
5.21. From the plots of forward frequency responses it can be seen
that the filter forward frequency response is generally very close
to the apodized transducer frequency response specially in the
main lobe and differs 1in side-lobes levels and frequency
locations. backward frequency response, admittance response..etc

of the filter 'is generally different than that of the apodized

transducer.

The effect of increasing the number of sections on transition
and 3dB bandwidths is greatly visible from Tables and forward
frequency responses plots of Figures 5.13 and 5.14. The effect of
increasing the weighting {untruncated) length of the SINC function
on increasing the rise bandwidth and decreasing the fall bandwidth
is clear from Tables. This effect causes a great degradation in

the shape factor. This 1is also clear from Figure 5.19 which
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Table {5.10}
Computed Rise, 3dB and Fall bandwidths of filters
of uniform and SINC apodized TPUDTs.

Transdu- Apodizat- Aperture RB 3dB BW FB

cer type 1ion type in meter per cent per cent per cent

T-13 1

7.4526E-4 2.9608 6.7038 1.363
T-17 31
T-16 1

4.9199E-4 2.324 5.698 1.3407
T-20 31
T-16 1

4.9199E-4 2.5809 2.3240 0.2681
T-33 32

Table {5.11}
Computed left and right side lobes levels of filters
of uniform and SINC apodized TPUDTs.

Transdu- Apodizat- Aperture LSL RSL
cer type ion type in meter in dB in dB
T-13 1
7.4526E~-4 24. 21.
T-17 31
T-16 1
4.9199E-4 26.4 23.4
T-20 31
T-16 1
4.9199E-4 14. 4 9.6
T-33 32
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Table {5.12}

Computed Rejection bandwidth and Shape factor of

filters of uniform and SINC apodized TPUDTs.

Transdu-

cer type

T-13

T-20

Apodizat- Aperture RJ

ion type in meter per cent

1
7.4526E-4 11.898

31
1

4.9199E-4 9.8323
31
1

4.9198E-4 6.1563
32
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SHAPE

factor

0.56337

0.5795

0.37749



Fig. 5.13 Forward frequency
response of uniform TPUDT—-13,
apodised TPUDT—17 and filter of
both transducers.

Max. Aperture is 7.452656—4 m

Frequency Responses:
— TPUDT—-13 UNIF
—= TPUDT-17 AFD; 371

——  Filter

H

Fig. 5.14 Forward frequency

response of uniform TPUDT—16,
apodized TPUDT-20 and filter

of both transducers.
Max. Aperture is 4.9189E—4 m

Frequency Responses:
——— TPUDT—-T16 UNIF
—t— TPUDT-20 APD; 31

—X—  Filter

—40 —> y¢ 1 | 1

=10 KA K

Forward Response In dB.

+

0.9 094 098 1.02 1.06 1.7

Normalised frequency.

Forward Response in db.

£ et 13|
7

0.9 0.94 0.98 1.02 1.06 1.1
Normalised fFrequency.
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Fig. 5.15 /nput admittance of
uniform TPUDT—-16, apodized
TPUDT-20 (single crossing)
and filter of both.

Max aperture is 4.9199E—4 m.

Admittance :
= TPUDT~16 UNIF
~——  TPUDT-20 APD; 31

X~ Flilfer

Fig. 5.186 /nput phase response of
uniform TPUDT—16, apodized
TPUDT—20 and filter of both.

Max aperture /s 4.91996—4 m.

Phase :

TPUDT—16 UNIF
—= TPUDT-20 APD; 31

=X Filfer

0.5

0.4

0.3

0.2

Admlittance in mho.

0.9

, L
1.06 1.1
Normalised Frequency.

0.94 0.98 1.02

FPhase in rod.

0.94 098 1.02 1.06 7.7

Normalised Frequency.
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represents TPUDT-16/TPUDT-33 filter with the SINC function
trauncated at second =zero crossing. This degradation can be
improved by decreasing the rise band or in other words lower the
rise to 3dB bandwidth ratio by increasing the number of sections
to a proper number to bring rise and fall bandwidths as close to
each other as possible. The effect of increasing the number of
apodized sections or reducing the rise bandwidth can be seen from

Figures 5.13 and 5.14.

The selection of the uniform transducer affects very much the
side-lobes levels of the filter in addition to the effect of the
apodized transducer. The frequency locations of side-lobes of both
uniform and apodized transducers are very important in getting
filter response with low side-lobes levels. Some times side-lobes
frequency locations may cause cancellation of side-lobes close to
the main lobe in the filter response causing separation between

the main and side-lobes frequencies.

It has been found from the different simulated apodized
transducers and filters that transition bandwidths are very much
related to the number of sections and length of the SINC weighting
function. The rise bandwidth increases with increasing the length
of the SINC weighting function ( reducing the truncation) and with
decreasing the number of sections. When the rise bandwidth
increases it may affect greatly both 3dB and fall bandwidths. If
" number of sections of the apodized transducer of the filter whose

response shown in Figure 5.19 1is reduced by enough number the

172



Fig. 5.17 Backward frequency
response of uniform TPUDT— 186,
apodized TPUDT-20 and filter
of both.

Max aperture is 4.9199E—4 m.

Frequency Responses:

TPUDT—16 UNIF
~—  TPUDT-20 APD: 371

= Fliter

Fig. 5.18 Relative directivity
of uniform TPUDT—16, apodized
TPUDT—20 and filter of both.
Max aperture /s 4.91996—4 m.

Directivities:

TPUDT—16 UNIF

—t—  TPUDT-20 APD; 37

= fiter

Backward Response In df.

O.

0.8

0.6

0.4

0.2

0

—0.2

0.9

9 0.94 0.98 1.02 1.06 1.7

Normalised Frequency.

Relative Directivity.
V4

ot ™

0.94 0.98 1.02 1.06 7.1

Normalised Frequency.
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Fig. 5.19 Forward frequency
response of uniform TPUDT—16,
opodized TPUDT—33 (two zero
crossing) and filter of both.

Max. Aperture is 4.9199£—4 m

Frequency Responses:

TPUDT—16 UNIF
——  TPUDT-33 APD; 32

—>*—  Filter

Fig. 5.20 /nput admittance of
uniform TPUDT—16, apodized
TPUDT—33 (two zero crossing)
and filter of both.

Max aperture is 4.91996—4 m.

Admilttance:
—— TPUDT—16 UNIF

——  TPUDT-33 APD; 32 .

—¢—  Ffilter

L

Forward Response In dB.

0.9 094 0.98 1.02 1.06 1.1

Normalised Frequency.

Admittance in mho.
0.5

0.3 O S RSP RPOPPPRRY | EEEEEE .
0.2 |- SRR ) S

0.1

o
e

0.9 094 0.98 102 1.06 1.7

Normalised Frequency.
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responses of both apodized transducer and filter may not have the
chance to rise above the 3dB line and fall sharply causing a
response with null 3dB bandwidth, very low fall bandwidth and high
insertion loss although both apodized and uniform transducers are

of low loss type and they are supposed to have zero insertion loss

]
at fO..

Admittance, phase responses, backward and forward frequency
resbonses and relative directivities of some of the simulated
filters are presented in Figures 5.13 to 5.21. In Figures 5.17 and
5.18 frequency shifting of the apodized transducer backward
response and relative directivity from the same uniform transducer
responses can be seen. Some oscillation in Lhese responses of the

filter due to this shift can also be seen.

; —
9.9 FILTERS OF COMBINATIONS OF
UNIFORM AND APODIZED
GUDT ano TPUDT TRANSDUCERSI:

Filters of combinations of uniform and apodized GUDT and
TPUDT transducers have been simulated. A wider band uniform GUDT
or TPUDT transducer 1is wused in combination with an apodized
narrower band of a different type transducer to obtain the
filters. Simulation results of some of these filters are listed in
Tables {S5.13}, {5.14} and {5.15}. Performanoes of these filters (
in terms of different responses ) and some other related graphs

are shown in Figures 5.22 to 5.27. As was the case in the previous
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Fig. 5.21 Input phase response
of uniform TPUDT—16, apodized
TPUDT-33 (two zero crossing)
and filter of both.

Max aperture is 4.9199E—4 m.

Phase :

TPUDT—1&6 UNIF
TPUDT-33 AFPD; 32 .

Filter

Fig. 5.22 forward frequency
response of uniform NGUDT—4—4,
opodized TPUDT—17 and filter

of both transducers.

Max. Apperture is 7.3798E—4 m

Frequency Responses:

NGUDT—4—4 UNIF
——  TPUDT—17 APD; 31

——  Ffilter

FPhose in rad.

0.9 094 098 1.02 1.06 1.1

Normalised Frequency.

~10F

0.9 094 0.98

.02 1.06 1.7

Normalised Frequency.
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Computed Rise,

Transdu-

cer type

T-13

Table {5.13}

3dB and Fall bandwidths of filters

of combinations of uniform and apodized

GUDT and TPUDT transducers.

Apodizat-
ion type

31

32

31

31

Aperture RB

3dB BW FB

in meter per cent per cent per cent

7.3798E-4 2.324

7.4526E-4 1.6536

4.9198E-4 1.8758

3.1487E-4 0.7832
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4.4869 1.6536

2.6815 0.2234

3.486 0.5474

2.8943 0.2793



Table {5.14}

Computed left and right side lobes levels of filters

of combinations of uniform and apodized

GUDT and TPUDT transducers.

Transdu-

cer type

T-13

N-4-6

T-20

N-4-8

Apodizat-
ion type

1

31

32

31

31

Aperture LSL

in meter in dB

7.3798E-4 18.48
7.4526E-4 11.96
4.9198E-4 15.56
3.1487E-4 13.52
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in dB

16.64



Table {5.15}

Computed Rejection bandwidth and Shape factor of

filters of combinations of uniform and apodized

Transdu-

cer type

T-13

T-16

T-20

N-4-8

GUDT and TPUDT transducers.

Apodizat-
ion type

31

32

31

31

Aperture RJ

in meter per cent

7.3798E-4 8.854

7.4526E-4 5.698

4.9199E-4 6.563

3.1487E-4 5.027
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SHAPE

factor

0.4535

0.47058

0.5306

0.59553



two articles, It can be seen from forward frequency responses that
main lobes of filters responses are very close to their apodized

transducers main lobes.

From the three tables and plots of forward frequency
responses in Figures 5.23-5.24 the effect of increasing the number
of apodized groups/sections on decreasing rise and 3dB bandwidths
is very clear. The increase in fall bandwidth due to the decreased
rise bandwidth is also very clear from tables and above mentioned
figures. This cause a great improvement in the shape factor of the

filter shown in Figure 5.24.

The cancellation of first side~lobe ( or the free side-lobe
band to the left of the main lobe ) of the filter (whose forward
frequency response 1is shown in Figure 5.22) is due to the
different frequency locations of side-lobes of both uniform and

apodized transducers from which the filter is constructed.

Such cancellation can also be seen in different frequency

locations in filters responses shown in Figures 5.23 and 5.25.

In the filter whose frequency response is shown in Figure
5.25 with 1its apodized transducer SINC weighting function is
truncated after two zero crossings, the number of apodized groups
are not enough to reduce the ratio of rise to 3dB bandwidths. The
rise bandwidth ( and the ratio of rise to 3dB bandwidths ) is

related to the SINC weighting function length and the number of
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Fig. 5.23 Forward frequency
response of uniform TPUDT—16,
apodized NGUDT—4—6 and filter
of both,

Max. Aperture is 4.9199E—4 m

Frequency Responses:

TPUDT—16 UNIF
—r—  NGUDT—4—6 APD; 371

% Filter

Fig. 5.24 forward frequency
response of uniform TPUDT-Z0,
ogpodized NGUDT—4—8 and filter
of both.

Max apreture is 3.714876—4 m.

Frequency Responses:

TPUDT—20 UNIF
——  NGUDT-4-8 APD; 31

—>—  fiifer

~40
0.9

Forword Response In dB.

§7.
Y

% 1 | he

0.94 0.898 1.02 1.06 1.7

Normalised Frequency.

fForward Response in dB.

—rob N KA TR
_20 ..................
1N
=30 bRy A
X
_40 | | i‘v 1 ¢
0.9 0.94 0.98 1.02 1.06 7.1

Normalised Frequency.
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Fig. 5.25 Forward frequency response Forward Response In dB.

of uniform TPUDT—Z20, apodized
NGUDT—4~13 (two zero crossing)
and filter of both.
Max aperture is 3.1487E—4 m. "
—10 S X e L R
: +
% L
L .
_20 ...... X
+
Freguency Responses: % %
——= NGUDT_4—-13 APD; 32 " A %
—X—  Filter I x
__40 b \J” 1 | 1

0.9 094 098 71.02 1.06 1.7

Fig. 5.26 /nput phase response
of uniform TPUDT—-20, apodized
NGUDT—4—13 (two zero crossing)

and filter of both.
Max aperture is 3. 1487E—4 m.

Phase:

TPUDT—20 UNIF
—— NGUDT-4—13 APD; 32

—X— Filter
L— i -2

Normalised Frequency.

FPhase In rad.

0.9 094 0.98 1.02 1.06 1.1

Normalised Frequency.
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apodized groups/sections. The rise bandwidth in this filter is so
wide that the response falls sharply Just after crossing the 3dB
line causing a very small 3dB bandwidth, very high RSL level up to
3dB and an insertion loss of more that 2 dB in both apodized
traﬁsducer response as well as filter response although both

transducers are low loss and supposed to be of zero insertion

loss.

The filter response is so much deteriorated compared to the
same combination of uniform transducers filter due to the improper
selection of apodized groups with the selected SINC weighting
function length. Increasing the numbef of apodized groups properly
will improve the filter performance. This increase will cause a
decrease in the ratio of rise to 3dB bandwidths and increase in
the ratio of fall to 3dB bandwidths which in turn will improve the

shape factor of both apodized transducer and filter.

Figure 5.26 shows the phase response of this filter and its
uniform and apodized transducers. Figure 5.27 shows the effective

aperture length of the 13 groups of apodized GUDT-4-13 transducer.

f S

| 5.10 WiNDOWING: |

It is apparent that interdigital transducers of all SAW
filter have a built in window function. That is the rectangular

window function associated with the finite physical length of the
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Fig. 5.27 Effective aperture length
of apodized NGUDT-4-13

(two zero crossing).
Max. aperture is 3,1487E-4 m,

Aperture pattern:
NGUDT-4-13 APD; 32

Fig. 5.28 Theoratical frequency
responses of SINC apodized 1DTs

calculated using FFT.

FFT calculated Res.

Transducer! APD; 371

Transducer? APD; 32

Transducer3 APD;

——
—a—

Transducerd APD;

34

Normalised Effect. Aperture L.
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L | 1

6 8
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Group Number.

Transducer Response in dB.

-10

1 |
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[
T

1.5 2
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IDT on the piezo electric substrate. It can be shown
mathematically.that the corresponding operation in the frequency
domain 1is a convolution of the ideal response with the fourier
transform of the IDT comb. This is called windowing because the
original 1impulse response is effectively observed through a
window, namely the sampling IDT. The synthesis amounts to the

choice of a good impulse response in conjunction with a good

window.

An all pass window with a SINC apodized transducer has the
disadvantage of leaving scars, in the form of unwanted high
frequency oscillations ( usually called Gibbs ) in the frequency
response. More over the resultant frequency response is yet not as
close as the ideal requirements. These Gibbs can be overcome and

the frequency response can be improved up to some extent by the

use of more elaborate windows.

In general it is desirable to obtain a brick-wall type (i.e
rectangular ) filter response which 1is simply a frequency

translated rectangular function.

H(w) = rect (v - wo) ....(5.1)

BW
where H(w) is the transfer function.
w, w_ are angular frequencies.

BW 1s bandwidth.
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The time function fourier transform of equation (5.1) is
infinite and unrealizable. The procedure to get appropriate
response close to the desirable 1is to pick a proper time
truncation function or window to multiply the infinite time

function.

In this chapter we will consider the COSINE function window
which is described in equation (5.2) in time domain over a time

interval from -t/2 to t/2.

L

= cos (m t/T) ....(5.2)
cos

There are many other COSINE windows such as Hamming, Blackman

and others [44,46].

—
‘ 5.11 COSINE WiNDOWING COMPUTATIONS :

To enable the software package that has been developed
earlier to model and simulate apodized transducers, with SINC
weighting-COSINE windowing apodization patterns, and two
transducer filters with one of the transducers is apodized with
one such pattern some additional development has been made to the
said package. As in the case of simulating filters with SINC
weighted apodized and uniform transducers the software calculates
the proper number of finger pairs, sections, fingers per group or
number of groups for the apodized transducer to secure matching of

the two transducers.
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An FFT computation facility has been included also in the
package [46] to calculate the expected responses of apodized
transducers regardless of the number of finger pairs, sections or
groups ( i.e assuming continues h(t) ). The software calculates
the response from sampled rectangular, SINC and COSINE functlons.
The total length of weighting and windowing functions T is taken’

to be 1 which represents also the normalized number of pairs,

sections or group in an IDT.

The graphs shown in Figure 5.28 represent the FFT calculated
responses of SINC apodized IDTs with different lengths of the SINC
weighting function. The weighting function in this Figure is
truncated at first, second, third and fourth zero crossings. The
apodization type is described in figure by a two-digit number.
First digit of the apodization type number represents the
weighting function and windowing if any, and the second digit
represents the length of weighting\windowing function. In figure
apodization type number of 31 and 34 represent SINC function
weighted transducers with the SINC function truncated at first and

fourth zero crossings, respectively.

Figure 5.29 represents the FFT calculated responses of SINC
weighted-COSINE windowed IDTs with different lengths of the
weighting-windowing functions. Both functions are truncated at
first, second, third and fourth zero crossings as indicated by the
apodization type number shown in figure. Apodization type number
of 41 represents SINC weighting-COSINE windowing apodization type

with both functions truncated at first zero crossings.
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From both. figures of 5.28 and 6,29 the improvement using
COSINE function windowing is clear. It can be seen also that
increasing the length of the SINC weighting function causes
reduction in IDT bandwidth, high side-lobes and increases
side-lobes bandwidths, while in the case of COSINE windowed
transducers increasing the length of the SINC weight ing-COSINE
windowing functions Increases transducer bandwidth, lower

side-lobes levels and decrease side-lobes bandwidths.

In continuation with the study of the different ways of
improving the performances of SAW two-transducer filters and to
see the effect of COSINE windowing on improving these responses
trough studying the responses of simulated SAW filters, different
types of such filters having one uniform and one SINC
weighted-COSINE windowed transducers have been modeled/simulated.
Different combinations of low loss transducers have been used in
constructing such filters (filters of GUDTs, TPUDTs and
combinations of GUDTs and TPUDTs). In the following sections we
preéent performances results of some of the simulated SINC
weighted-COSINE windowed transducers, and filters consist of one

such apodized transducer and the other uniform.

l —
5.12 SINC WeicHTED-COSINE

‘ WiNDOweD Arpopizep GUDTSs 3

Filters of different combinations of group unidirectional

transducers with one uniform and another SINC welghted-COSINE
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Fig. 5.29 Theoratical frequency
responses of sinc opodized IDTs

with cosine window function

calculated using FFT.

FFT caleulated Resp.
——  Tronsducerl AFPD; 4171
Transducer? APD; 42

+
—>*—  Transducer3 APD; 43
_B—

Transducerd APD; 44

Fig. 5.30 Forward frequency
response of uniform MGUDT—-8-2Z,
apodized & cosine windowed
NGUDT=2-11 and filter of both.
Max aperture is 7.3798E—4 m.

Frequency Responses:

MGUDT—-8—-2 UNIF
—— NGUDT-2=11 APD; 41

< Filfer

Transducer Response in dB.

PR

-0.5 0 0.5 7
Frequency in Hz.

Forward Response In dB.

0.94 0.98 1.02 1.06 1.1
Normalised Frequency.
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windowed transducers having different numbers of fingers per group
and groups have been simulated. Computational results of some of
these SINC weighted-COSINE windowed GUDT transducers are presented
in Tables 5.16, 5.17 and 5.18. Graphs of performances of some of
these transducérs are shown later in coming sections. Comparing
the results reported in these three tables with results of SINC
apodized GUDTs reported in Tables {5.1}, {5.2} and {5.3} one can
see the improvements in transducers performances. results related
to GUDT-4-5 and GUDT-4-7 in tables show significant improvement in
frequency responses of the two transducers in terms of bandwidths

and transducers shape factors.

The relation between increasing fingers per group - groups
product number and increasing number of groups for constant
fingers per group - groups product number on one side and rise,
3dB bandwidths and side-lobes levels on the other side still holds
as in the cases of uniform and SINC apodized (unwindowed) GUDT
transducers. In case of increasing the used length of the SINC
weighting-COSINE windowing functions as in the last two
transducers listed in Tables {5.16}, {5.17} and {5.18}, this
increased length causes an increase in the rise bandwidth, or more
correctly increases the rise to 3dB bandwidths ratio remarkably,
which in turn affects negatively the shape factor of the
transducer unless a proper increase in number of fingers per group

- groups product and number of groups is made.
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Computed Rise,

Transdu- Apodizat-

cer type ion type

41

41

41

41

42

42

Table {5.16}

3dB and Fall bandwidths of
SINC weighted-COSINE windowed GUDTs.

Aperture

in meter

7.3798E-4 1.
3.2799E-4 O
7.3798E-4  O.
3.2798E-4 0.
7.3798E-4 1.
4.9169E-4 1.

Table {5.17}

RB

016 4.
. 760 3
8628 3.
4468 2.
518 2.
173 1.

58

.016

497

10

737

452

3dB BW

FB

per cent per cent per cent

0.435

0.1117

0.3351

0.134

(@}

L1117

0.1229

Computed left and right side lobes levels of
SINC weighted-COSINE windowed GUDTs.

Transdu-

cer type

Apodizat- Aperture-

ion type

41

41

41

41

42

42

in meter

7.3798E-4

3.2799E-4

7.3798E-4

3.2798E-4

7.3798E-4

4.9169E-4
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LSL
in dB

10.

8.52

3.408

10.

11.2

RSL

in

5.4

4.88

3.16

5.4

4.08

dB



Table {5.18}

Computed Rejection bandwidth and Shape factor of
SINC weighted-COSINE windowed GUDTs.

Transdu-

cer type

Transdu-

cer type

T-19

T-22

T-28

T-40

T-40

Computed Rise,

Table {5.19}

3dB and Fall bandwidths of

SINC weighted-COSINE windowed TPUDTs.

Apodizat-

ion type

41

41

41

42

43

Aperture

in meter

7

4

3

.3798E-4

.8169E-4

. 1467E~4

. 1467E-4

.8169E-4
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RB

2.368

1.285

1.050

1.664

2.592

3dB BW

5.237

4.8044

4.134

2.087

1.1173

Apodizat- Aperture RJ SHAPE
ion type in meter per cent factor
41 7.3798E-4 7.932 0.577
41 3.27389E-4 6.122 0.4832
41 7.3798E-4 6.134 0.570
41 3.2783E-4 4.022 0.522
42 7.3798E-4 5.698 | 0.4803
42 4.9169E-4 4.134 .0.351

FB

per cent per cent per cent

0.614

0.468

0.223

0.1675

0.335



Table {5.20}
Computed left and right side lobes levels of
SINC weighted-COSINE windowed TPUDTs.

Transdu- Apodizat- Aperture LSL RSL

cer type ion type in meter in dB in dB
T-19 41 7.3798E-4 8.8 9.4
T-22 41 4.9169E-4 7.92 7.2
T-28 41 3.1467E-4 7.2 5.6
T-40 42 3.1467E-4 10.8 7.2
T-40 43 4.9169E-4 14.6 11.2

Table {5.21}
Computed Rejection bandwidth and Shape factor of
SINC weighted-COSINE windowed TPUDTs.

Transdu- Apodizat- Aperture RJ SHAPE

cer type ion type in meter per cent factor
T-19 41 7.3738E~-4 10. 446 0.5047
T-22 41 4.9169E-4 g8.072 0.5295
T-28 41 3. 1467E-4 7.217 0.5727
T-40 42 3. 1467E-4 5.117 0.4039
T-40 43 4.9169E-14 5.094 0.2193
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5.13 SINC WetcHTED-COSINE

Winoowep Apobizep TPUDTs:
| |

Many SINC weighted-COSINE windowed three phase unidirectional
transducers with different numbers of sections have Dbeen
simulated. Computational results of some of these transducers are

reported in Tables {5.18} to {5.21}.

From these results the effect of increasing number of
sections is clear on reducing rise, 3db, fall bandwidths,
increasing fall to 3dB bandwidths ratio and decreasing rise to 3dB
bandwidths ratio as well as improving the shape factor of the
transducer. The effect of increasing the length of SINC
weighting—COSINE windowing functions is obvious on increasing rise
bandwidth, decreasing 3db and fall bandwidths, increasing rise to
3dB bandwidths ratio and decreasing fall to 3dB bandwidths ratio.
This can be seen clearly from the last two transducers liéted in
tables. The corresponding degradation in transducer shape factor

can also be observed.

5.14 FILTERS oF UNIFORM AND
SINC WeiGHTED-COSINE WINDOWED
(Apopizep) GUDTs

L |

Some of the filters that have been simulated having one
uniform and another SINC weighted-COSINE windowed GUDT transducers

are listed in Tables {5.22}, ({5.23} and {5.24} with their
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Computed Rise,

Transdu-

cer type

M-8-2

N-2-11

Apodizat-

ion type

41

41

41

4]

42

Table {5.22}

3dB and Fall bandwidths of filters
of uniform and SINC welghted-COSINE windowed GUDTs.

Aperture RB

3dB BW

FB

in meter per cent per cent per cent

7.3798E-4 1.944

7.3798E-4 0.636

3.2799E-4 1.340

3.2799E-4 1.117

7.3798E-4 2.022

195

3.91

3.363

2.5898

2.011

2.489

1.452

0.558

0. 368

0.446



Table {5.23}
Computed left and right side lobes levels of filters
of uniform and SINC weighted-COSINE windowed GUDTs.

Transdu- Apodizat- Aperture LSL RSL
cer type 1ion type in meter in dB in dB
N-8-2 1
7.3798E-4 24.88 22.4
N-4-5 41
N-8-2 1
7.3798E-4 13.76 10.8
N-2-11 41
N-8-3 1
3.2799E-4 24.44 16.8
N-4-8 41
N-8-3 1
3.2799E-4 18.2 9.6
N-2-17 41
N-8-2 1
7.3798E-4 21. 10
N-4-7 42

196



_ Table {5.24}
Computed Rejection bandwidth and shape factor of
filters of uniform and SINC weighted-COSIN windowed
GUDTs.

Transdu- Apodizat- Aperture RJ SHAPE

cer type ion type in meter per cent factor

N-8-2 1

7.3798E-4 7.932 0.493
N-4-5 41
N-8-2 1

7.3798E-4 6.134 0.548
N-2-11 41
N-8-3 1

3.2799E-4 6.122 0.4197
N-4-8 41
N-8-3 1

3.2799E-4 4.022 0.5
N-2-17 41
N-8-2 1

7.3798E-4 5.698 0.433
N-4-7 42
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corresponding computational results. The relevant performances and
some other related responses of these filters and the group
unidirectional transducers from which these filters have been

constructed (in software) are given in Figures 5.30 to 5.39.

Comparing the computational results of GUDT-8-2/GUDT-4-5
filter given in tables {5.22} to {5.24} with the computational
results of the filter of same combination of transducers but
without COSINE windowing reported in Tables {5.7} to {5.8} one can
see the marginal improvement in rise, 3dB and fall bandwidths
which caused marginal improvement in the shape factor of the
filter. This marginality (small improvement) is due to the low
number of apodized groups used. It can also be seen that the
side-lobes levels have been increased marginally due to the COSINE
windowing. This increase can be reduced by increasing the length
of the SINC weighting-COSINE windowing functions and choosing a
proper fingers per group - groups product number and apodized
groups number. The corresponding forward frequency response of

this filter is shown in Figure 5.31 with its transducers forward

responses.

In an attempt to get more improved performance than that of -
NUGUDT-8-2/GUDT-2-10 whose frequency response shown in Figure 5.7
earlier( 1its computational results listed in Tables {5.7} to
{6.9}) in addition to the improvement caused by the COSINE
windowing, the uniform transducer type has been changed by some

other group unidirectional transducer. Modified type GUDT has been
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Fig. 5.31 Forawrd frequency
response of uniform NGUDT—8-2,
sinc apodized and cosine windowed
NGUDT—-4-5 and filter of both.

Max aperture is 7.3798E—4 m.

Frequency Responses:

NGUDT-8-2 UNIF
——  NGUDT—4-5 APD; 41

X FILTER

Fig. 5.32 forward frequency response

of uniform NGUDT-8-2, sinc
gpodized and cosine windowed
(two zero crossing) NGUDT—4-7
and filter of both transducers.
Max aperture is 7.3798E—4 m.

Frequency Responses:

NGUDT—8-2 UNIF
——  NGUDT—4-7 APD; 042

“X—  FILTER

_40 it K 1

forward Response In dff

!

] X1

0.9 094 098 1.02 1.06 1.1
Normalised Frequency.

Forward Response In db.

0.9 0.94 0.98 1.02 1.06 1.1
Normalised Frequency.
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used instead of the New type GUDT with the same finger and group
numbers. Figure 5.30 shows the forward frequency response of this
filter in addition to the forward responses of the two building
transducers. From Figure and the corresponding computational
results presented in Tables 5.22 to 5.24 it can be seen that an
improvement has been achieved in the shape factor with reduction
in rise, 3dB and fall bandwidths, lowering rise to 3db bandwidths

ratio yet having higher side-lobes level which requires some more

improvement.

The frequency response of GUDT-8-2/GUDT-4-7 filter shown in
Figure 5.32 with the weighting-windowing functions of the apodized
transducer truncated at second zefo crossing shows very slow rise
and very sharp fall. And although the rise to 3dB bandwidth ratio
is high (0.818) still the shape factor is not bad. The performance

of the filter can be improved by reselecting proper numbers of

fingers and groups.

The filters GUDT—8—3)GUDT—4—8 and GUDT-8-3/GUDT-2-17 whose
frequency responses are shown in Figures 5.33 and 5.36 and their
computational results are given in Tables {5.22} to {5.24} show
clearly how increasing the number of apodized groups ( in
approximately equal fingers per group - groups product number )
can improve the shape factor of a filter of same combination of
transducers types but with secrifying side-lobe rejection levels

as per this filter.
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Fig9.5.33 Forward frequency response
of uniform NGUDT—8-3, sinc
gpodized and cosine windowed
NGUDT—4-8 and filter of both.

Max aperture is 3.2799E—4 m.

Frequency Responses:
—— NGUDT-8-3 UNIF
—t—  NGUDT—4—8 APD; 471 .

—X—  Filter

Fig. 5.34 /nput admittance of
uniform NGUDT—-8-3, apodized
and cosine windowed NGUDT—4—8
and fitter of both transducers.
Max aperture is 3.2799£—4 m.

Admittance:
—— NGUDT—8-3 UNIF

—— NGUDT—4—-8 APD; 41

> Filfer

Forward response In dB.

1N | 13 1
A A

—~{0
0.9

0.94 0.98 1.02 1.06 1.1

Normalised frequency.

Input admiffance in dB.

0.8

0.6

0.4_ ......

0.2 |-

N 5
LIy S

1.7

Normalised Frequency.
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Fig. 5.35 Phase response of uniform
NGUDT-8-3, sinc apodized and

cosine windowed NGUDT—4-8 and
filter of both transducers.

Frequency Responses:

NGUDT—-8-3 UNIF

——  NGUDT—4-8 APD; 41

> Fliter

Fig. 5.36 Forward frequency response
of uniforr NGUDT—8-3, sinc
apodized and cosine windowed
NGUDT—=2-17 and filter of both.

Max aperture is 3.4799t—4 m.

Frequency Responses:
—— NGUDT-8-3 UNIF
—t—= NGUDT-2-17 APD; 471

——  filter

Forward Response in dB.

0.9 094 098 1.02 1.06 1.1

Normalised Frequency.

Forward Response in dB.

—40 X T}T 1 1 I > K
0.9 094 0.98 71.02 1.06 1.1

Normalised Frequency.
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Fig. 5.37 Relative directivity of
uniform NGUDT—8-3, apodized
and cosine windowed NGUDT—2—17
ond filter of both.

Directivities:
——  NGUDT—8—-3 UNIF
—t— NGUDT-2—-17 APD; 41

== Filter

Fig. 5.38 Conductance response
of uniform GUDT-8-3, apodized
and cosine windowed GUDT—2-17

and their filter. _
Max aperture is 3.2/799E—4 m

Conductance :

NGCUDT—8-3 UNIF
—— NGUDT-2—17 APD; 47

—X—  Filter

Relative Directivify.

0.9 094 0.98 1.02 1.06 1.1
Normalised Frequency.

inpuf Conductonce in mho.

O |

0.3 O | T

Normalised Frequency.
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Figures 5.34, 5.35, 5.38, 5.39 show admittance, phase,
conductance, and susceptance responses, respectively of the above
mentioned two filters. Differences in these responses between the
uniform and the apodized (weighted and windowed) transducers are
also observed. From figures it appears that although in forward
response the filter response is very close to that of the apodized
transducer in the above responses it follows the uniform
transducer with some oscillations (ripples) in filters phase

responses at and around fo.

The effect of both uniform and apodized transducer side-lobes
having differént frequency locations in giving 1low filter
side-lobes levels ( or even some times cancellation of some filter
side-lobes ) is very clear from responses shown in Figures 5.30

and 5.33.

Figure 5.37 shows a plot of the relative directivity of
GUDT-8-3/GUDT-2-17 filter and those of its transducers. The
directivity of the apodized transducer ( in this filter ) is
sharper than that of the uniform transducer. The directivity plot

of the filter is more sharp with many up-and-downs in the main

lobe.

5.15 FILTERS OF UNIFORM AND
SINC WeicHTED-COSINE WINDOWED
(Apopizep) TPUDTs :

A number of three phase unidirectional transducers filters

with one uniform transducer and another (SINC welghted-COSINE
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Fig. 5.39 Susceptance response of
uniform GUOT-8~-3, apodized and
cosine windowed GUDT—2~—17 and
their filter.

Susceptance :
— NGUDT—8-3 UNIF
——  NGUDT-2—17 APD; 41

~>— Filter

Fig. 5.40 forward frequency response
of uniform TPUDT—16, apodized

and cosine windowed TPUDT—22

and their filter.

Frequenxy responses:

TPUDT—16 UNIF
— = TPUDT-22 APD; 41

—X—  FITER

)

Input Susceptance in mho.

0.9 0.94 0.98 1.02 1.06 1.1
Normalised Frequency.

Forward Response in dB

POt

X | K 1 | be

0.9 094 098 1.02 1.06 1.1
Normalised Frequency.
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windowed) apodized transducer have been simulated. Some of these
filters computational results are given in Tables {5.25}, {5.26}
and {5.27} and some of their responses are shown in Figure 5.40 to

5.50.

Comparing the computational results of TPUDT-16/TPUDT-22
filter whose frequency response is shown in Figure 5.40 with that
of Figure 5.14 and its relevant computational results given 1in
Tables {5.10} to {5.12} we can see the deterioration in filter
performance and shape factor when COSINE windowing is used due to
the improper selection of number of sections. From filter forward
response it can be seen that using the window function caused an
increase in the rise to 3dB bandwidths ratio and a decrease in

fall to 3db bandwidths ratio.

This response deterioration can be cured and the response can
be further improved by increasing the number of sections, as we
will see later. Figures 5.41 to 5.44 show admittance, phase and
backward responses as well as the relative directivity of this
filter and 1its transducers for comparison with same responses
corresponding to the filter whose forward response 1s shown in
Figure 5.14 and 1its other responses reported earlier in this

chapter after the mentioned figure.
In agreement with the results obtained earlier from

TPUDT/TPUDT Weighted —unwindowed filters a deteriorated

performance has been obtained when the apodized transducer of the
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Computed Rise,

Table {5.25}

3dB and Fall bandwidths of filters

of uniform and SINC weighted-COSINE windowed TPUDTs.

Transdu-

cer type

T-20

Apodizat-

ion type

41

41

42

43

Aperture RB 3dB BW FB

in meter per cent per cent per cent

4.9168E-4 2.88 4.357 0.12

3.1467E-4 1.34 3.787 0.67

3. 1467E-4 1.564 2.087 0.279

4.9168E-4 2.703 1.1173 0.39
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Table {5.26}
Computed first left and right side lobes levels
of filters of uniform and SINC weighted-COSINE windowed

TPUDTS.
Transdu- Apodizat- Aperture LSL RSL
cer type ion type in meter in dB in dB dB
T-186 1
4.9168E-4 20. 19.12
T-22 41
T-20 1
3. 1467E-4 20.4 17.12
T-28 41
T-20 1
3.14B67E-4 15. 10.
T-40 42
T-18 1
4.9169E-4 16. 48 12.56
T-40 43
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Table {5.27}
Computed Rejection bandwidth and Shape factor of
filters of uniform and SINC weighted-COSINE windowed

TPUDTs.
Transdu- Apodizat- Aperture RJ SHAPE
cer type ion type in meter per cent factor

T-16 1

4.9169E-4 8.072 0.48
T-22 41
T-20 1

3. 1467E-4 7.217 0.5247
T-28 41
T-20 1

3.1467E-4 5.117 0. 4039
T-40 42
T-16 1

4.9169E-4 5.094 0.2192
T~40 43
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filter, whose frequency response is shown in Figure 5.40, has been
apodized with increased SINC weighting-COSINE windowing functions
length ( without properly increasing the number of sections. ).
This is clear from the frequency response of TPUDT-16/TPUDT-40
filter with the weighting-windowing functions truncated at third
zero crossing. Very slow response rise and so sharp fall with high
rise to 3dB bandwidths ratio cause very low shape factor .of

0.2192.

In an attempt to improve the performance of TPUDT-16/TPUDT-22
filter of Figure 5.40 discussed earlier a filter with.the same
type and same apodization profile with increased number of
sections ( to decrease the rise to 3dB bandwidths ratio and
increase the fall to 3dB bandwidths ratio ) has been simulated.

The new filter with the increased number of sections is

TPUDT-20/TPUDT-28.

Comparing the computational results of this filter given in
Tables {5.25} to {5.27} and the corresponding forward frequency
response shown in Figure 5.47 with that of TPUDT-16/TPUDT-22 one
can see the extent of improvement. It can be seen also from both
tables and Figure 5.47 that the response rise is still much slower
that 1its fall compared to that of TPUDT-16/TPUDT-20 filter
reported in Tables {5.10} to {5.12} earlier. Selecting still
higher number of sections will improve both rise and fall to 3dB
bandwidths ratios and therefore cause more improvement in filter

response and shape factor.
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Fig S.41 Admittance response of
uniform TPUDT—186, apodized and
cosine windowed TPUDT—-22 and
their filter.

Admittance :
—— TPUDT—16 UNIF
~——  TPUDT-22 APD; 41

X FHUTER

Fig. 5.42 Phase response of
uniform TPUDT-16, apodized
and cosine windowed TPUDT—22
and their filter.

Phase :

TRPUDT—16 UNIF

—t=  TPUDT-22 APD; 47

¢ FILTER

Admiftance in mho.

0.4

0.3

0.2

0.1

0.94 0.98 1.02

1
T

0.9 .06 1.1

Normalised frequency.

Phase in rad.

0.94 0.98 1.02

Normalised Frequency.
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Fig. 5.43 Backward frequency Backward Response in dB.

response of uniform TPUDT—16, 0
apodized and cosine windowed
TPUDT—-22 and their filter.
Max aperture is 3.2799E—4 m. ~10 b S A
K v
frequency responses: \ ‘ \
TPUDT—16 UNIF -30
——  TPUDT-22 APD; 41 \ X
X
—>—  FILTER X '
—40 X ] K 1 | be

0.9 094 098 1.02 106 1.1

Normalised Frequency.

Fig. 5.44 Relative directivity of 5 Relative Directivify.
uniform TRPUDT—16, apodized
and cosine windowed TPUDT—-22
and their filter.

Directivities:

TPUDT—16 UNIF

——  TPUDT-22 APD; 41

—X—  FILTER

0.9 094 098 1.02 1.06 1.1
Normalised Frequency.
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Forward Response In df

Fig. 5.45 Forward frequency
response of uniform TPUDT—-16

apodized and cosine windowed

(three zero crossing) TPUDT—40

and their filter 10 K& ........................
Max aperture is 4.9199E—4 m.

Frequency responses:

rPUDT_ 76‘ UN//_' . . B R B P 1 e D FETS O IY S

—t—  TPUDT—40 APD; 43 0
AT
| 5 o

a
| =iy U

0.9 0.94 0.98 1.02 1.06 7.1

7 G

B FILTER

Normalised Frequency.

Fig. 5.46 Forward frequency Forward Response In dB.

response of uniform TPUDT—186,
apodized and cosine windowed
(four zero crossing) TPUDT—46

and their filter. ~10 Ko Seeofo e LN
Max. aperture is 4.97199F—-4 m.

Frequency responses:
. TPUDT—16 UNIF =30 |-l A :
——  TPUDT~46 APD; 44 ‘

X FILTER

| |

7 7%

0.9 094 0898 1.02 1.06 1.1

A

Normalized Frequency.
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For lowering filter side-lobes levels the apodization pattern
of the apodized transducer has to be changed by increasing the
length of weighting-windowing functions with a suitable additional
increase in the number of sections to compensate the effect of
this (weighting-windowing functions) lengthening on both rise and

fall to 3dB bandwidths ratios.

Phase response and relative directivity of TPUDT-20/TPUDT-28
filter and its transducers are shown in Figures 5.48 and 5.49,
respectively, for comparison with those of TPUDT-16/TPUDT-22 of
apodization type number 41 and TPUDT-16/TPUDT-20 of apodization

type number 31.

Increasing the length of weighting-windowing functions
without increasing the number of sections properly will cause a
filter performance similar to that of Figure 5.50. The apodization
profile of TPUDT-20/TPUDT-28 filter has been changed by further
lengthening the weighting-windowing functions one more =zero
crossing without increasing the number of sections to compensate

the effect of low rise and sharp fall caused by this lengthening.

| |
5.16 FILTERS oF COMBINATIONS OF UNIFORM AND

SINC WeicHTED-COSINE WiNnDOWED
(Apopizep) GUDTs anp TPUDTs :

Many filters of mixed type of wunidirectional transducers
(GUDTs and TPUDTs) with the uniform transducer of one type and the

apodized (SINC weighted-COSINE windowed) transducer of the other
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Fig. 5.47 Forward frequency response
of uniform TPUDT-Z0, apodized
and cosine windowed TPUDT~28

and their filter.
Max. aperture is 3.14876—4 m.

Frequency responses:

TPUDT—-20 UNIF

—t—  TPUDT-28 APD; 471

>~ FILTER

Fig. 5.48 Phase response of
uniform TPUDT-20, apodized and
cosine windowed TPUDT—28

and their fifter.
Max aperture is 3.14876—4 m.

Phase:

TPUDT—20 UNIF

——  TPUDT-28 APD; 47

X FILTER

Forward Response in dB.

0.94 0.98 1.02 106 1.1

Normalised frequency.

0.9

Inpuf Phase inrod.

0.94 0.98 1.02 1.06 1.1

Normalised Frequency.
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Fig. 5.49 Relative directivity of 12

uniform TPUDT-20, opodized and
cosine windowed TPUDT—28
and their filter.

Directivities :
TPUDT~20 UNIF
——  TPULT-28 APD; 41

> FILTER

Fig. 5.50 forward frequency response
of uniform TPUDT-Z20, opodized

aond cosine windowed (two zero
crossing) TPUDT—40 and their

filter.
Max. aperture is 3.14876—4 m.

Frequency responses:
TPUDT—=20 UNIF
—t—  TPUDT—40 APD; 42

<  FILTER

— 0 Ly
0.9 094 098 1.02 1.06

Normalised Frequency.

Relative Dlrectivity.

0.9 094 0898 1.02 106 1.1

Normalised Frequency.

Forward Response in dB.

1.7

216




type have been simulated. In Tables {5.28}, {5.29} and {5.30} we
present the computational results of some of these transducers

with their forward frequency responses shown in Figures 5.51, 5.53

and 5.54.

In all the filters presented here the uniform transducers are
group type unidirectional transducers and the apodized transducers
are three phase type unidirectional transducers. It can be seen
from the frequency responses of uniform and apodized transducers
of GUDT-8-2/TPUDT-19 filter and GUDT-8-3/TPUDT-28 filter shown in
Figures 5.51 and 5.53 that the uniform transducers in both filters
are either having narrower or comparable bandwidth to that of the
apodized transducer of the same filter which gives a filter
response that is not very close to either of the uniform or the

apodized transducer.

It has been found from the different filters that have been
simulated that for a better performance it is preferable to have a
wider band uniform transducer with a narrower band apodized
transducer. In this case the main lobe of the filter response will
be wvery close to that of the apodized transducer. This makes the
design of the filter easier by selecting the apodization profile
and the number of groups/sections that will give apodized

transducer response close to the required filter response.

Moreover the use of narrower and wider bands transducers in

constructing a filter may give very low side-lobes levels
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Computed Rise,

Table {5.28}

3dB and Fall bandwidths of filters

of combinations of uniform and SINC weighted-COSINE windowed

Transdu-

cer type

N-8-2

NU-8-3

NU-8-3

T-40

GUDT and TPUDT transducers.

Apodizat-

ion type

41

41

42

Aperture RB

3dB BW FB

in meter per cent per cent per cent

7.3798E-4 2.547

3.2789E-4 1.765

3.2798E-4 2.145
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3.296 0.983
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Table {5.29}
Computed first left and right side lobes levels of
filters of combinations of uniform and SINC weighted-COSINE
-windowed GUDT and TPUDT transducers.

Transdu- Apodizat- Aperture LSL RSL
cer type ion type in meter in dB in dB
N-8-2 1
7.3798E-4 15.04 14.8
T-19 41
NU-8-3 1
3.2799E-4 16.4 13.77
T-28 41
NU-8-3 1
3.2799E-4  22.48 15.2
T-40 42
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Table {5.30}
Computed Rejection bandwidth and Shape factor of
filters of combination of uniform and
SINC weighted-COSINE windowed
GUDT and TPUDT transducers.

Transdu- Apodizat- Aperture RJ SHAPE

cer type ion type in meter per cent . factor

N-8-2 1

7.3798E-4 10. 15 0.374
T-19 41
NU-8-3 1

3.2739E-4 7.24 0.455
T-28 41
NU-8-3 1

3.2799E~4 5.072 0.363
T-40 42
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Fig.5.51 Forward frequency response

of uniform NGUDT-8-2, apodized
and cosine windowed TPUDT—19

and their filter.
Max aperture /s 7.3798E—4 m.

Frequency responses:

NGUDT—8-2 UNIF
—t—=  TPUDT-19 APD; 41

>  FILTER

Fig. 5.52 £ffective aperture of
apodized and cosine windowed

TPUDT—13.
Max. aperture is 7.3798E—4 m.

Aperture Profile:

SINC Walghfing Func.
——  Cosine Window Fune.

. Effective Apar/ure

i '.; s
\
ol FE
LR \ ;)
]
_50 O T | S I PR DRURNE 111 | AR OPRRR 3
ﬁC{O el e | | . |
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1.2
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Normalised Frequency.
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7.7
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Section Number.
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(specially side-lobes close to the main lobe) or even cancellation
of some of these side-lobes due to the different frequency

locations of the two transducers side-lobes.

For this reason also it has been found that the performance
of filters constructed from uniform GUDT and apodized TPUDT with
the SINC weighting-COSINE windowing functions truncated at the
first zero crossing is not as good as the performances of many
filters constructed from uniform TPUDTs and apodized GUDTs with

the same apodization profiles.

It can be seen also from the two mentioned Figures that the
responses of apodized transducers in both filters have very slow
rise and fast fall which gives low transducer and filter shape
factor. This transducer performance can be improved by increasing
the number of sections which may improves the filter performance.
Here we would like to mention that we found that improving the
performance of. a filter of same type of wuniform and ;podized

transducers 1is much easier than that of a filter with mixed

combination of TPUDT and GUDT.

Figure 5.54 shows the forward response of NUGUDT-8-3/TPUDT-40
filter with the weighting-windowing functions truncated at second
zero crossing. The main lobe of the filter response follows that
of the apodized transducer because the uniform transducer is much
wider. The filters side-lobes levels are so low compared to the

previous two filters (see table {5.29}) due to the different
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Fig. 5.53 Forward frequency
response of uniform NUGUDT-8-3,
apodized and cosine widowed
TPUDT—-28 ond their filter.

Max. Aperture /s 3.27996—4 m

Frequency responses:
— NUGUDT=8-3 UNIF

——  TPUDT-28 APD; 41

— Filfer

Fig. 5.54 Forward frequency
response of uniform NUGUDT—-8-3,

agpodized and cosine windowed
(two zero crossing) TPUDT—40
and their filetr.

Max aperture /s 3.2799E—4 m.

Frequency Responses:

NUGUDT-8—3 UNIF
~——  TPUDT—40 APD; 42

= Fllter

—40

0.9

X i | |2 |
AT

0.94 0.98 1.02 1.06

0.9 1.1

Normalised Frequency.

Forward Response in dB.

0.94 098 1.02 1.06 1.1

Normalised frequency.
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frequency locations of the two transducers side-lobes. The shape
factor of the filter is low due to the high rise to 3db bandwidths
ratio caused by lengthening the weighting-windowing function. It
is worth to mention that the shape factor is a measure of how
close is the filter response to the brick-wall response. In some

applications such as in channel-equalizer filters, such response

with this low shape factor may be desirable.

For improving the shape factor of ©both the apodized
transducer and filter compensation of the effect of lengthening
the weighting-widowing functions is required. This can be done by
increasing the number of apodized sections for the same
apcdization profile. Increasing the apodized sections of the TPUDT
requires a suitable increase in the number of fingers per

groups—groups product of the uniform GUDT transducer to secure

matching.

Note that all numbers of fingers per group - groups product
of GUDTs and number of sections of TPUDTs and transducers aperture
lengths have been calculated so that transducers admittances at fo

in all filters are equal to 0.002 mho or the transducers

impedances are equal to 50 ohm.

[ ]
5.17 CoNCLUSION

In order to study the performances of apodized transducers

and filters with one apodized and one uniform transducers, the
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performances of apodized and windowed transducers and filters with
such transducers, and the Improvement 1in transducers/filters
responses caused by apodization and windowing techniques, both
apodization and windowingtechniques have been studied. SINC
weighting and COSINE windowing have been considered and applied.
The software package developed earlier has been improved to
include the simulation of such filters. FFT computation facility
has been also included to study windows in both time and frequency
doméins, and to calculate the theoretical responses of weighted

and windowed transducers.

Filters of different combinations of low loss GUDTs and
TPUDTs with one uniform and one apodized transducers have been
simulated. Apodization has been performed in all cases studied in
this chapter either using SINC weighting function only or using
SINC weighting function along with COSINE window. Different
apodization profiles have been used using the two functions with
different lengths in performing the apodization. Fingers in each
group/section have been kept constant in apodized unidirectional
transducers and aperture variations have been performed per

groups/sections and not per fingers in each.

Computational results and graphs of performances of these
simulated filters and its uniform and apodized transducers along
with some othef related responses have been studied and reported.
The results of both apodized and windowed transducers/filters gave

an idea about the extent of improvement in performances using the
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two techniques ( SINC weighting and COSINE windowing ). Many
useful conclusions and remarks have been obtained from studying
the different performances results of the simulated filters which

we feel that it is very helpful in designing SAW apodized and

COSINE windowed transducers/filters.

It has been found from the different filters that have been
simulated that it is not only the apodization profile of the
apodized transducer that decides the SAW filter response.
Selecting the apodization profile means selecting either SINC
weighting or COSINE windowing as well with different lengths of
the weighting windowing functions. It has been found that there
are many factors that affect the SAW filter response and it has to
be taken into consideration when designing SAW filter using one or
both mentioned techniques in addition to the selection of the
proper apodization profile. some of these factors are the
selection of the two transducers combinations, wuniform transducer
bandwidth relative to the apodized transducer bandwidth, number of
apodized groups/sections, number of fingers per group, frequency

locations of both transducers side-lobes...etc.

The numbers of sections/groups and fingers per group have
great effect on apodized transducers/filters performances. It is
not simply the effect of these numbers on rise, 3dB, fall
bandwidths and side-lobes levels as the case in filters of two
uniform transducers discussed in the previous chapter. Changing

these numbers in apodized transducer/filters may cause drastic
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changes 1n transducer/filter response because it affect greatly
rise to 3dB bandwidths ratio and fall to 3dB bandwidth ratio in
addition to the effect on these bandwidths which is the same
effect as Iin uniform transducers/filters. Proper selection of
number of pairs/sections/groups and fingers per group 1is very
essential in getting good apodized/windowed transducer/filter

response.

Changing the apodization profile by changing the length of
the SINC weighting-COSINE windowing functions has great effect on
the apodized transducer/filter performance. Increasing this length
increases the rise to 3dB bandwidths ratio and decreases fall to
3dB bandwidths ratio. if the lengthening is performed with proper
increase in apodized sections/groups numbers it will cause great
improvement in apodized transducer/filter performance, shape
factor and side~lobe levels as well in COSINE windowed
transducers. Increasing number of sections/groups of apodized
transducers compensates the effect of increasing the length of
weighting-windowing function on rise to 3dB bandwidths ratio and

fall to 3dB bandwidths ratio.

The behavior of rise and fall bandwidths of weighted-windowed
transducers/filters have been found to be related but different.
While both bandwidths and 3dB bandwidth are increasing or
decreasing with the decrease or increase of number of
sections/groups and fingers per group - groups product the ratio

of rise to 3dB bandwidths decreases with the increase of number of
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sections/groups and fingers per group - groups product. The fall
to 3dB bandwidths ratio behaves the opposite way. Rise to 3dB
bandwidths ratio increases with the increase ~of
weilghting-windowing functions length and fall to 3dB bandwidths
ratio decreases with this increase. Right side-lobe level Iis
related also to rise to 3dB bandwidths ratio. The level is high
with high rise to 3dB bandwidths ratio. Rise, 3dB and fall
bandwidths have great importance in determining the shape factor
of weighted-windowed transducer/filter. Generally it is required
to have very low and equal rise and fall to 3dB bandwidths ratios
vet in some applications 1like equalizer filters high rise

bandwidths may be required.

Filter side-lobes levels are determined from both uniform and
apodized transducers side-lobes levels. Another factor of great
effect on reducing filter side-lobes levels is the differences in
frequency locations of the two transducers side-lobes. These
differences in frequency locations causes great lowering of filter
side-lobes levels and in some cases cancellation of some of these

side~lobes creating side-lobe-free frequency bands.

If the uniform transducer frequency response is much wider
than the apodized transducer response then these side-lobes
cancellations or levels lowering will be close to filter main
lobe. Selection of uniform filter response affects filter

side-lobes levels as well as filter response in general.
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The selection of wider band uniform transducer simplifies the
design of the SAW filter in the sense that the designer will wary
about the apodized transducer response only, because in this case
main lobe of filter response will be very close to the apodized
transducer main lobe. In addition to that choosing a wider band
uniform transducer response will lower filter side-lobes due to
differences in frequency locations of both uniform and apodized

transducers side-lobes as discussed earlier,

It has been found that due to the differences required
between the the uniform and apodized bandwidths, if mixed types
unidirectional transducers are to be used in constructing a filter
then it is better for good filter performance to chose the TPUDT
type transducer as uniform transducer and apodize the GUDT
transducer in case the weighting-windowing function is truncated
at first zero crossing, because in such length the apodized TPUDT
bandwidth will be very close to or wider than the uniform GUDT
bandwidth. The later will give filter response which is not close
to either of transducers and with possible greater insertion loss.
If SINC weighting-COSINE windowing functions are truncated after
more than one zero crossing then any combination of TPUDT and GUDT

can be used depending upon the required filter response.

It has been found that using a wide band uniform transducer
with narrower band apodized transducer in constructing a filter,
the different filter responses in the pass frequency band will be

as follow: The forward frequency response will be very close to
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the apodized transducer frequency response, Admittance, phase,
conductance and susceptance responses will be very close to
corresponding responses of the uniform transducer with some
oscillations or ripples in the filter phase response unless dummy
fingers are used. Filter backward frequency response and
directivity response may or may not be close to either of uniform

and apodized transducers.

So far in this chapter we have studied and discussed SINC
function apodization and COSINE function windowing. In the next
chapter we will discuss and present some other apodization

profiles by using some other window functions.
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CHAPTER SIX
6

MoDiIFiED BesseL  FuncTion WiNDow FaAMILY

[ 1

6.1 INTRODUCTION: 1
|

Window functions have found extensive applications in digital
signal processing, signal analysis, detection, estimation, etc.
There is a variety of window functions for use in different signal
processing applications. we have already considered the COSINE
window and studied the responses of SAW transducers and filters

windowed with this function.

In this chapter we are Considering a generalized modified
Bessel function that by varying certain parameters it yields a big
family of windows that we call modified Bessel function (MBF)
windows. Some of these windows are same as some commonly used
windows such as Dolph-Chebyshev and Kaiser-Bessel window functions

but with simpler expressions.

The generalized equation of these MBF windows is considered

in this chapter with different window functions derived from it.

The characteristics of many such window functions are studied
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“after calculating their fourier transforms using the FFT facility
of the software modeling package. New apodization profiles are
presented using SINC function for weighting with COSINE and one
MBF window fuﬁctions for windowing using different lengths of

SINC-COSINE functions.

These apodization profiles are used 1n apodizing many GUDT
and TPUDT transducers. The different performances of these
transducers are presented and discussed. Many filters having -one
uniform and one apodized transducers apodized with such profiles
have been simulated. The performances of such filters constructed
from.same transducers either GUDTs or TPUDTs or from combinations

of both types are studied, presented and discussed.

| |
‘6.2 WINDOWS FOR SAW TRANSDUCERS:
|

There is much signal processing devoted in detection,
estimation, | equalization, multichanel multiplexing /
demultiplexing..etc. Often the signal under processing 1is
complicated or is corrupted by interfering signals or noise. To
facilitate such signal processing tasks certain filter responses
are required. For getting the required frequency responses it is
always true that a good response for a certain application is

primarily due to the selection of a proper window.

There is a wide range of window functions available 1in

literature, and many of them are widely wused in designing
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equipments for signal processing applications. Some of these
windows are simple such as the triangular and the trigonometric
window functions and some are complicated. Some are rarely used
such as the two prementioned windows and some are widely used such
as Kalser-Bessel and Dolph-Chebyshev window functions. Harris [47]

has listed and discussed many types of reported window functions.

COSINE window functions have been widely used to improve SAW
transducers and filters frequency responses [44,48]. And although
surface acoustic waves filters design is closely allied to that of
antenna arrays and digital finite impulse response filters yet one
can not find much work reported on SAW transducers and filters
utilizing different types of window functions [48]. This can be
reasoned if one is to consider the cost of constructing many SAW
transducers/filters using different window functions for simply
studying .the use of these windows in designing SAW
tranéducers/filters. This indicates the need for a simulator that
is able to aid such studies and help in selecting the proper

window for the specific application.

Reddy and Lahiri .[49,50] proposed a generalized window
function to be used in the design of digital and SAW filters. The
proposed window function takes the form of the widely wused
Kaiser-Bessel and Dolph-Chebyshev window characteristics for
certain values of parameters. In both papers only time and
frequency domains calculations of some of these window functions
derived from the generalized window function have been reported.

Built in rect window of SAW transducers, apodization type,
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transducer number of pairs, transducer type and other parameters

have not been taken into consideration.

In the coming sections we will derive some more new window
functions from the proposed modified Bessel window generalized

equation, study different apodization profiles and simulate

different windowed apodized transducers.

| |
6.3 MobIFiED BesseL FUNCTION
Winpow FAMILY: ‘

The Bessel function based generalized window function

reported in [50] is given by;

2 2 n/2 / 2 2
w(t) =(T -t ) I (b¥Y (T -t )) |t[<T
... (6.1)
= 0. |t\>T

where In is the modified Bessel function of the first kind and of
order n.

b any number > O.

The fourier transform of w(t) is

Ww) = v/ (n Ts2) (b T (b2 —oF )yTVEA

2 2
In+1/2(T V/( b"-w" ) ) w<b
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W(w) = / (n T/2) (b T)7 (&% -p2 )y We-1/4

2 2
Jn+1/2(T V/( w-b~ ) ) w > b

where Jn is the Bessel function of the first kind and of order n.

Equation (6.1) yields a family of window functions for

different values of b and n.

It is to be noted that Kaiser-Bessel function is a special
case of equation (6.1) for n=0., and the characteristics of the

window function for n=1 correspond to Dolph-Chebychef [49,50].

[ —)
6.4 COMPUTATION OF
MopIFiIED BesseL FuUNCTION

WiNDow FAMILY: 1

In order to study the characteristics of the Modified Bessel
Function (MBF) window faﬁily and to make use of it later on in
getting the required responses from windowed SAW
transducers/filters many window functions belong to this window
family ( derived from the generalized MBF window equation (6.1))
have been calculated with the aid of FFT facility made available

in the software simulator package.

For the purpose of studying the different parameters that
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Fig. 6.1 Tivme domain plot of Normalised Amplitude.
MBF windows of b=3 and 1.2
n from 0 to 1.5,
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Fig. 6.2 Frequency domain plot

of MBF windows of b=3 and 0 W(w).
n from 0. to 1.5.
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Fig. 6.3 Time domain plots of w(t)
MBF windows of b=4 and 1.2
n from 0.0 to 1.5.

Windows : b & n
—— MBF 4 0.0

""""" MBF 4 0.5
T T MBF 4 1.0
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Fig. 6.4 Frequency domain plots 0 Transfer function ¥(f) in dB.

of MBF windows of b=4 and i)
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affect the frequency responses of SAW filters, having one uniform
transducer and other apodized, windowed with one of the MBF window
functions in addition to the COSINE window discussed earlier, the
package has been utilized to simulate such transducers and

filters.

In the coming sections we present different FFT calculated
window characteristics ( in time and frequency domains), different
apodization patterns using SINC weighting, COSINE windowing and
one MBF window in calculating each pattern and more over expected
(FFT calculated) transducers frequency responses. Also we present
the results of different simulated SAW transducers and filters

using such apodization patterns.

8.5 CHARACTERISTICS OF
‘ DIFFERENT MBF WiNnDows:
|

Referring to the generalized MBF window equation of (6.1), by
changing b and n a large family of MBF windows can be generated.
Odd numbered Figures 6.1 to 6.9 show time domain plots of number
of MBF windows. In each figure a group of windows with constant b
and with n ha?ing the values of 0., 0.5, 1. and 1.5 have been
shown. In these figures b has been selected as 3., 4., 5., 6. and
7., respectively. The corresponding Fourier transforms of these
window functions are shown in the even numbered Figures of 6.2 to

6.10.
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Fig. 6.5 Time domain plot of
MBF windows of b=5 and
n from 0.0 to 71.5.

Windows: b & n
—— MBF 5 0.0
""""" MBF 5 0.5
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Fig. 6.6 Frequency domain plot
of MBF windows of b=5§ and
n from 0.0 {o 1.5.
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Fig. 6.7 Time domain plots of
MBF windows of b=6 and
n from 0.0 to 1.5.

Windows: b & n
—— MBF 6 0.0
-------- MBF 6 0.5
“=- MBF 6 1.0

= MBF 6 1.5

.

Fig. 6.8 Frequency domain plots
of MBF windows of b=6 and
n from 0.0 to 1.5.
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b may take any value greater than zero and it is not
necessary that the number is an integer. Figure 6.11 shows plots
of windows of n = 1. and different fractional values of b along

with one window of b equal to integer value (5.0) for comparison.

Figures 6.13 and 6.14 show some window functions with n = 1.
and different b values (1., 3., 5. and 7.) and 1its fourier

transforms.

In all the above mentioned figures the MBF windows are named
by two numbers each; first number represents the value of b and
the second number represents the value of n. It is to be noted
that the value of n is élways less or equal to zero yet we are
always referring to the absolute values of n and not the real

values for simplicity.

From the different MBF window functions that have been
calculated it has been found that lower n and/or lower b means a
more flat function regardless whether n or b are integers or
fractionals. From the corresponding Fourier transforms it can be
seen that lowering b generally means lower side lobes levels yet
also lower shape factor. This is true whether b is integer or
fraction. Higher integer n value means lower side lobes levels

while the reverse can be expected with fractional n.

[ ]
6.6 New ApopIZATION PROFILES

[ UsiNg MBF WinDOws: |

If MBF windows are used with SINC apodization and COSINE

windowing The designers of SAW devices for signal processing
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Fig. 6.9 Time domain plots of Normalised Amplitude.
MBF windows of b=7 and 1.2
n from 0.0 to 1.6.
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Fig. 6.11 Time domain plots of
MBF windows of n=71.0 and
b equal to 0.5, 2.5, 4.5 and 5.

Windows: b &. n
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Fig. 6.12 Frequency domain plots

of MBF windows of n=71.0 and
b equal to 0.5, 2.5, 4.5 and .
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Fig. 6.13 Time domain plots of
MBF windows of n=1.0 and
bis 1, 3, 6 and 7.

Windows: b & n
—— MBF 1 1.0
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Fig. 6.14 Frequency domain plots

of MBF windows of n=71. and
bis 1., 3., 5. and 7.
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applications can find a variety of apodization profiles from which
they can select the one that may suit their applications and give
the SAW transducer and filter responses that are required. By
changing the MBF window ( b and n ) and the length of either or
both of the SINC weighting function and COSINE windowing function,

one can have different apodization profiles.

Although it 1is not necessary to use MBF windows with SINC
weighting and COSINE windowing functions, for it can be used with
any other weighting function alone or along with any other window,
here we are considering the apodization profiles ( or patterns )

of the type mentioned above.

Figures 6.15 to 6.21 show plots of some of these apodization
patterns or profiles by changing the value of n and b of the MBF
windows and the lengths of SINC welghting and -COSINE windowing
functions. The apodization type number which defiﬂés every profile
consists of four numbers. First number represents functions used
in getting the profiles ( 1: No functions except the built in rect
window i.e. uniform apodization, 2: uniform receiving transducer,
3: SINC weighting only, 4: SINC weighting and COSINE windowing
apodization, 5: SINC weighting and COSINE & MBF windowing ..etc).
Second number represents the length of SINC welghting~-COSINE
windowing functions in terms of number of zero crossings on each
sides of functions. Third and fourth numbgrs are required only if
MBF.windows are used and these numbers represent values of b and n
respectively. Both third and fourth numbers in the apodization

type number can be integers or fractions.
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Fig. 6.15 dpodization patierns of
SINC weighting—COSINE+MBF
windowing. MBF windows of
b=3 and n equal to 0. and 7.5.

Apodization Profiles

APD 51 3 0.0

APD 571 3 1.6

Fig. 6.16 Apodizalion palierns of
SINC weighting—COSINE+MBF
windowing. MBF windows of b=4
and n equal to 0.0 and 7.5.
SINC—COSINE functions

are truncated at first zero
CTOSSINg.

Apodization Profiles

APD 571 4 0.0

APD 51 4 1.6

Normaolised Aperture length.
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Fig. 6.17 Apodization patterns of
SINC weighting—COSINE+MBF 1.2
windowing. MBF windows are of
b=5 and n 0.0 and 1.5.
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Fig. 6.18 4podization patierns of

SINC weighting—COSINE+MBF 1.2
windowing. MBF windows are of

n=71.0 and b of 7., 3., 5. and 7.
SINC weighting function is !
truncated at first zero crossing.
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Fig. 6.19 Apodization palterns
SINC weghting—COSINE+MBF
windowing. MBF windows are
b=§ and n=71.0. SINC-COSINE
functions are truncated at

1, 2,3 and 4 zero crossings.

of
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V= APD 54 5 1.0

Fig. 6.20 Apodization patterns

SINC weighting—COSINE +MBF
windowing. MBF windows are
b=7 and n=71.0. SINC—COSINE
funciions are truncated at
first, second, third and

fourth zero crossings.
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Fig. 6.21 Apodization profiles of
SINC weighting—-COSINE+MBF
windowing. MBF windows are of
n=71.0 and b of 0.5, 2.5, 4.5
and 5.0.

0.
0.
Apodization profiles
—— APD 57 0.5 1.0 0.
""""" APD 57 2.5 1.0
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Fig. 6.22 FFT calculated F'requ,ency
response of SINC weighted—
COSINE & MBF windowed
transducers. MBF windows are
of n=71.0 and b of 1 and 7.
SINC weghting funciion is
truncated at first zero
CTOSSINg.
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Figure 6.22 represents fourier transforms of two of these
apodization profiles with the built-in rectangular window of SAW

IDT.

6.7 Apopizep GUDTs
‘ (SINC-COSINE-MBF PROFILES):

To find out the effect of wusing the above apodization
profiles on the performance of group type unidirectional
transducers and to study the role of different IDT parameters on
SAW GUDT transducers performances using such profiles, many SINC
weighéed—COSINE & MBF windowed GUDTs have been simulated. The
computational results of some of these transducers are presented
in Tables {6.1} to {6.3} in terms of rise, fall, 3dB, rejection
bandwidths, first both sides lobes levels and transducers shape

factors.

Comparing the results presented in the above mentioned tables
with these presented earlier in tables {5.16} to {5.18} of SINC
weighted-COSINE windowed transducers one can see the extent of

improvement in terms of bandwidth and shape factor caused by using

MBF windows.

Comparing the computational results of GUDT-4-5 with
apodization type number of (51 5 1.) and same transducer with
apodization type number of (41) one can see from tables such

improvement although the number of apocdized groups is small.
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Table {B6.1}
Computed Rise, 3dB and Fall bandwidths of
SINC weighted-COSINE & MBF windowed GUDTs.

Transdu- Apodizat- Aperture RB 3dB BW FB
cer type ion type in meter per cent per cent per cent
N-4-6 5150 7.3798E-4 1.1843 3.754 0.2011
N-4-5 5151 7.3798E-4 1.0273 4.881 0.2458
N-4-8 5111 7.3798E-4 0.9487 2.709 0.1117
N-4-9 5150 3.2799E-4 1.3295 5.273 0.2234
N-4-9 5151 3.2798E-4 1.2848 5.251 0.2234
N-4-10 5171 3.4889E-4 1.1284 1.854 0.0558
N-2-19 5150 3.2798E-4 1.0167 4.134 0.2234
N-4-50 5151 1.1531E-5 0.346 2.044 0.6703
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Tab

le {6.2}

Computed left and right side lobes levels of
SINC weighted-COSINE & MBF windowed GUDTs.

Transdu- Apodizat- Aperture

cer type
N-4-6
N-4-5

N-4-8

ion type
5150
5151
5111
5150
5151
5171
5150

5151

in meter
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7.3798E-4

7.3798E-4

3.4888E-4

3.2789E-4

3.2799E-4

3.4889E-4

3.2799E-4

1.1531E-5

LS

L

in dB

9.

69

10.

g.

8.

8.

2

48

10.

T.

8

8.

44

4

RSL

in

4.

4.

dB

4

.32

0



Table {6.3}
Computed Rejection bandwidth and Shape factor of
SINC weighted-COSINE & MBF windowed GUDTs.

Transdu- Apodizat- Aperture RJ SHAPE

cer type ion type in meter per cent factor
N-4-86 5150 7.3798E-4 6.592 0.5694
N-4-5 5151 7.3798E-4 7.932 0.5901
N-4-8 5111 3.4889E-4 4.971 0.5449
N-4-9 5150 3.2798E-4 8.759 0.6020
N-4-9 5151 3.279%E-4 8.759 0.5984
N-4-10 5171 3.4888E-4 4.022 0.4611
N-2-19 5150 3.2799E-4 6.949 0.5948
N-4-50 5151 1.1531E-S 3.687 0.5545
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SINC weighted-COSINE widowed GUDT-4-8 with
weighting-windowing functions truncated at second zero crossing
got so much improved in 3dB bandwidth and transducer shape factor
when MBF window (5. 0.) has been used and with weighting-COSINE

windowing functions truncated at first zero crossing.

GUDT-2-17 (of apodization type number 41) and GUDT-2-19 (of
apodization type number (51 5. 0.)), the extent of improvement in
3dB bandwidth (as well as shape factor) is very much clear
although the MBF windowed transducer 1is having little higher

number of apodized groups.

It can be seen from Tables {5.17} and {6.2} that this
improvement in bandwidth and transducer shape factor 1is with
compromising side lobes levels. To reduce these side lobes levels
one can increase the length of SINC weighting-COSINE windowing
functions and increase in the same time the number of apodized
groups to compensate the effect of increasing that length on rise

to 3dB bandwidths ratio and on fall to 3dB bandwidths ratio.

From Tables {6.1} and {6.3} one can see the effect of
increasing the number of apodized groups on improving both rise to
3dB bandwidths ratio and fall to 3dB bandwidths ratio using same
apodization profile. This is clear from the computational results
of GUDT-4-6 and GUDT-4-8 transducers (both using (51 5. 0.)
apodization pattern) and GUDT-4-~5 and GUDT-4-9 transducers (both
using (51 5. 1.) apodization profile). GUDT-2-19 transducer

computational results show that increasing the number of
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apodization groups while keeping the product of effective fingers

per group - groups constant may not cause such improvement.

It is worth to note here that it has been found that
increasing the number of apodized groups beyond certain threshold
may deteriorate the transducer shape factor due to the high
increase in fall to 3dB bandwidths ratio and the decrease in rise
to 3db bandwidths ratio, as can be seen from GUDT-4-50

(apodization type number (51 5. 1.)).

6.8 Aropizep TPUDTs
(SINC-COSINE-MBF PROFILES) :

Some of the simulated apodized (SINC weighted-COSINE & MBF
windowed) three phase unidirectional transducers are listed in
Tables {6.4} to {6.6} along with its computational results in
terms of rise, 3dB, fall, rejection bandwidths, side lobes levels

and transducer shape factor.

It is clear from tables that with the increase of the value
of b; 3db bandwidth reduces, rise bandwidth increases, transducer
shape factor decreases and both sides lobes levels increase. This
conclusion is drawn from tables regardless the change occurring
(due to matching calculations) to the number of apodized sections.
The number of apodized sections is calculated according to uniform

sections of 16 in all transducers listed in tables except

TPUDT-28.
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Table {6.4}
Computed Rise, 3dB and Fall bandwidths of
SINC weighted-COSINE & MBF windowed TPUDTs.

Transdu- Apodizat- Aperture RB 3dB BW FB

cer type ion type in meter per cent per cent per cent

T-23 5111 4.9189E-4 1.564 4.826 0.346

T-24 5131 4.9198E-4 1.698 4.536 0.770

T-25 5151 4.9199E-4 1.899 3.854 0.335

T-26 5170.5 4.9188E-4 2.346 3.138 0.458

T-25 5172 4.8198E-4 2.0687 3.821 0.4025

T-28 5111 3.1487E-4 1.005 3.776 0.223
Table {6.5}

Computed left and right side lobes levels of
SINC welighted-COSINE & MBF windowed TPUDTs.

Transdu- Apodizat- Aperture LSL RSL
cer type 1ion type in meter in dB  in dB
T-23 5111 4.91389E-4 8.2 7.6
T-24 5131 4.9199E-4 8.72 7.6
T-25 5151 4.9189E-4 10. 8.8
T-26 5170.5 4.9199E-4 11.6 10.4
T-25 5172 4.9199E-4 12.36 9.8
T-28 5111 3.1487E~-4 7.6 5.44
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Table {6.6}

Computed Rejection bandwidth and Shape factor of
SINC weighted-COSINE & MBF windowed TPUDTs.

Transdu-
cer type
T-23
T-24

T-25

Apodizat-

ion type

5111

5131

5151

5170.5

5172

5111
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Aperture

in meter

4

4

4

4

4

3

.9198E-4
.9199E-4
.919%E-4
.9199E-4
.9198E-4

. 1487E-4

8

8

RJ

‘per cent
.513
424
. 888
. 798
. 843

. 150

SHAPE

factor

0.

5669

. 5384

. 4886

. 4025

. 4859

. 5281



These transducers can be compared with TPUDT-22 of Tables
{5-19} to {5-20}. The transducer admittance and number of sections
has been calculated with reference to uniform sections number of
16 also. It can be seen that transducers TPUDT-23 (apodization
type number (51 1. 1.)) and TPUDT-24 (apodization type number (51
3. 1.)) are having improved shape factors but high side lobes
levels in the same time. TPUDT-23 (APD 51 1. 1.) is even having

wider 3db bandwidth than TPUDT-22 (apodization type number 41).

Other transducers modelled with reference to uniform sections
number 16 having apodization type numbers with b higher that 3
given in tables suffer from a high rise to 3dB bandwidths ratio
and that is why it is having lower transducers shape factors. The
shape factors of these transducers can be improved by increasing
the number of apodized sections ( calculate the number of apodized
sections with reference to a higher number of uniform sections) so

that to reduce the rise to 3db bandwidths ratio.

The effect of increasing the value of n on the performance of
these filters can be seen from the computational results of
TPUDT-26 (apodization type number (51 7. .5)) and TPUDT-25
(apodization type number (51 7. 2.)). This increase in this case
caused a decrease in the number of apodized sections (same maximum
aperture), an increase in 3dB bandwidth, decrease in rise and fall

bandwidths, improved shape factor but higher side lobes levels.

TPUDT-28 transducers (with apodization type number of (51 1.

1.), the number of apodized sections has been increased
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(calculated with reference to uniform 20 sections). The
apodization profile 1is exactly the same as TPUDT-23. An
improvement in side lobes levels has been achieved (but with
little compromise of transducer shape factor) as it can be seen

from tables {6.4} to {6.86}.

6.9 FILTERS WiTH UNIFORM AND
(SINC-COSINE-MBF PROFILES) APODIZED

GUDTs
L |

Tables {6.7},{6.8} and (6.9} 1list some of the filters
constructed (in software) from one uniform and another SINC
weighted-COSINE & MBF windowed apodized group unidirectional
transducers. The corresponding computational results of these
filters in terms of rise, fall, 3dB, rejection bandwidths, side
lobes levels and filters shape factors are also given. The
relevant forward frequency responses of these filters and the GUDT
transducers from which it have been constructed along with other

related responses are shown in Figures 6.23 to 6.32.

Comparing the performances of GUDT-8-2/GUDT-4-6 filter and
GUDT-8-2/GUDT-4-5 filter (with apodization type numbers of (51 S.
0.) and (51 5. 1.) respectively) whose frequency responses are
shown in Figures 6.23 and 6.33, the effect of the difference in
frequency locations as well as bandwidths of side lobes of both
uniform and apodized transducers on the shape, locations and

levels of filter side lobes is very much clear. Although both
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Table {6.7}
Computed Rise, 3dB and Fall bandwidths of filters
of uniform and SINC weighted-COSINE & MBF windowed GUDTs.

Transdu- Apodizat- Aperture RB 3dB BW FB
cer type ion type in meter per cent per cent per cent

N-8-2 1 .
7.3798E-4 1.875 3.286 1.217

N-4-6 5150
M-8-3 1
3.2799E-4 2.346 4.670 0.882
N-4-9 5150
N-8-3 1

3.2798E-4 1.675 3.7988 0.983
N-2-18 5150

N-8-2 1

7.3798E-4 1.921 3.787 1.474
N-4-5 5151
N-8-3 1

3.2739E-4 2. 402 4.536 0.930
N-4-3 5151
N-16-8 1

1.1531E-5 0.569 1.765 0.916
N-4-50 5151
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Table {6.8}
Computed left and right side lobes levels of filters
of uniform and SINC weighted-COSINE & MBF windowed GUDTs.

Transdu- Apodizat— Aperture LSL RSL
cer type ion type in meter in dB in dB

N-8-2 1

7.3798E-4 22.44 14.2
N-4-6 41
N-8-3 1

3.2798E-4 21.28 11.84
N-4-9 41
N-8-3 1

3.2739E-4 16.08 7.68
N-2-19 41
N-8-2 1

7.3798E-4 25.04 22.8
N-4-5 41
N-8-3 1

3.2798E-4 21.2 11.68
N-4-9 41
N-16-8 1

1.1531E-4 13.6 14.2
N-4-50 42
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Table {6.9}

Computed Rejection bandwidth and shape factor of

filters of uniform and SINC weighted-COSIN & MBF windowed

Transdu-

cer type
N-8-2

N-4-9

N-2-19

N-8-2

N-16-8

N-4-50

Apodizat-

ion type

1

5150

5150

5150

5151

5151

5151

264

GUDTs.

Aperture RJ SHAPE

in meter per cent factor .

7.3798E-4 6.592 0. 4899

3.2799E-4 8.759  0.5331

3.2799E-4 6.849 0.5466

7.3798E-4  7.932 0.4774

3.2799E-4 8.759 0.5178

1.1531E-4 3.887 0.4787



mentioned filters are having the same uniform transducers and
there is a marginal difference between the main lobes of both
filters apodized transducers ( due to low number of apodized
groups) still there is much difference between both filters side
lobes ( due to the difference in frequency locations and
bandwidths of transducers side lobes) as can be seen from figures

and read from tables.

By comparing computational results of these two filters and
computational results of GUDT-8-2/GUDT-4-5 filter {(with
apodization type number of 41) given in the previous chapter one
can see the differences between the three filters. It can be seen
that (5. 0.) MBF window resulted in an improvement in the shape
factor whereas (5. 1.) resulted in lower side lobes levels. The
designer hence can select any of the filters depending on his

requirements.

It is to be noted that this is not a general conclusion and
it may be restricted to this case only because the difference in
the number of apodized groups has it is own effect on the
performances of filters also. This difference in the number of
apodized groups has been calculated by the software package to

secure matching.

In both filters one can see also that there is a great
difference between rise to 3dB bandwidths ratioc and fall to 3dB
bandwidths ratio. If this is not required and some improvement in

filters shape factors are required then increasing the number of
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Fig. 6.23 Forward frequency
response of uniform GUDT—-8-2,
apodized GUDT-4-6 and filter
of both transducers. Apodization
type number is §7150.

Max aperture is 7.3798E -4 m.

Frequency Responses:

NGUDT-8~2 UNIF
—t— NGUDT—4—-6 APD;5150.0

—k— FILTER

Fig. 6.24 Forward frequency
response of uniform GUDT-8-2,
apodized GUDT—-4-5 and filter of
both transducers. Apodization
type number is 5157.

Max aperture is 7.3798E-8 m.

Frequency Responses:
—— NGUDT-8-2 UNIF
—t— NGUDT-4-5 APD;5151.0

—%~  FILTER

Forward Response in dB.

_10 (T R =y

+
-40 WX
0.9 0.94 0.98 1.02 1.06 1.1

Normalised Frequency.

Forward Response in dB.

—40 k] |

0.9 0.94 0.98 71.02

X oy
7.06

1.1
Normalised Frequency.
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Fig. 6.25 Admittance response of
uniform GUDT-8-2, apodized
CUDT—-4-5 and filter of both.
Apodization number is 5151.
Max aperture is 7.3798E—4 m.

Admittance:

—— GUDT-8-2 UNIF

—  GUDT-4-5 APD;5151.0
—%—  FILTER

Fig. 6.26 Phase response of
uniform GUDT-8-2, apodized
GUDT-4-5 and filter of

both transducers. dpodization
number is §1567.

Phase :

CUDT-8~2 UNIF
—— CUDT-4-5 APD:5157.0
—*—  FILTER

Admittance in mho.

0.5

0‘4 R R T

0.3

0.2

0.7

L\

0 ¥
0.94 0.98 71.02 1.06 1.1

0.9

Normalised Frequency.

Phase tn road.

1.5

0.9 0.94 0.98 71.02 1.7

Normalised Frequency.

7.06
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apodized groups ( by increasing the number of effective fingers

per group - group product) is one of the possible solutions.

Figures 6.25 and 6.26 show comparison between admittance and
phase responses of GUDT-8-2/GUDT-4-5 filter (APD 51 5. 1.) and the
corresponding responses of its uniform and apodized transducers.
From the admittance response one can see that the value of the
uniform transducer admittance is constant (= 0.02 mho) over a
certain range of frequencies around the operating frequency. The
range of which the apodized transducer admittance is having the
same value is very much less. The filter admittance response is

very close to that of the uniform transducer.

Great difference in phase ripples between both uniform and
apodized transducers of the mentioned filter can be seen from
their phase responses shown in Figure 6.26. The larger phase
ripples of the apodized transducer causes oscillations (ripples)
in the filter bhase response. These ripples have to be reduced if
not eliminated to improve the phase linearity of the filter so
that the processed signal will not be distorted ( wunless this
distortion is required intentionally in some applications ). One

method of reducing these ripples is to use dummy fingers.

Variation in effective aperture lengths (due to apodization)
of apodized groups of GUDT-4-5 (APD 51 5. 2.) and GUDT-4-6 (APD 51
5. .5) transducers are shown in figures 6.27 and 6.28. It can be
seen that in the case of even number of apodized groups the

maximum aperture 1is less than the aperture of the wuniform
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Fig. 6.27 Effective aperiure of
GUDT—-4-6 apodized transducer.
Apodization Number is §7150.5.
Max aperture is 7.3798E—4 m.

Apertur profile:

—— SINC weighting

——  COSINE windowing
—%~ MBF 5 0.5 windowing

| Effective Aperture

Fig. 6.28 Efective aperture of
CUDT-4-5 apodized transducer.
Apodization number is 5152.
Max aperture is 7.3798E—4 m.

Aperture Profile:

SINC weighting
—t—  COSINE windowing
—— MBF 5 2.0 windowing

n Effective Aperture

2 Croup Aperture Length.

2 3 4 5
Group Number,

5 Effective Aperture Length.

2 3 4 5
Group Number.
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transducer by an amount depending upon the number of apodized
groups. In the transducer of Figure 6.27 effective aperture
lengths of fingers of groups 3 and 4 are 10 percent less than the
uniferm transducer aperture length, which means that some of the
acoustic energy transmitted by the uniform transducer are not
passing through the apodized transducer, which is an additional
loss. The difference between the max apertures of both the uniform
and apodized transducers and this acoustic energy loss is lesser

when the (even) number of apodized groups is larger.

It can be noted also that with less number of apodized groups
it is difficult to shape the selected apodization profile ( for
the Séme reason why the curve fitting technique used in fitting
the weighting and windowing functions of Figures 6.27 and 6.28
failed to give a closer fit to these functions due to the less
number of points used in drawing these functions). As higher is
the number of apodized groups used as closer 1is the effective

aperture profile from the apodized profile selected.

It is worth to mention here that the software package has
been developed in away that it will try several times to find the
optimum effective aperture lengths (profile) which is as close as
possible from the selected profile within the range of apodized
groups that will provide the suitable impedance matching. Yet some
times if the range of apodized groups number is so less (usually
decided by the product number of fingers per group - groups of the
uniform transducer and number of fingers per group of apodized

transducer) that the optimum number calculated to be fractional
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Fig. 6.29 Forward Frequency
response of unifor GUDT-8-3,
apodized GUDT—-4-9 and filter
of both transducers. Apodization
number s 5750.

Max aperture is 3.2799E-4 m.

Frequency Responses:

GUDT-8-3 UNIF
GUDT—-4-9 APD;51 5 0.

*—  FILTER

Fig. 6.30 Forward frequency
response of uniform GUDT—-8-3,
apodized GUDT-4-9 and filter
of both transducers. Apodization
number is 57157.

Max aperture is 3.2799E—4 m.

Frequency Responses:
—— GUDT-8-3 UNIF
—— GUDT-4-9 APD:51 5 1.

—*— FILTER

Forwoard Response in dB.

—70 -y ..... !
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j
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—40
0.95 0.97 0.99

| e o
A A
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Normalised Frequency.
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centered mid way in between two integer numbers and the software
will select any of both. If the number of apodized groups is small

then this selection may cause a great deference.

Improvement in shape factors have been achieved in
GUDT-8-3/GUDT-4-9 filters (with apodization type numbers (51 5.
0.) and (51 5. 1.)) compared to GUDT-8-2/GUDT-4-5 (APD 51 5. 1.)
filter and GUDT-8-2/GUDT-4-6 (APD 51 5. 0.) filter by increasing
the.number of apodized groups. (51 5. 0.) apodization profile gave
better improvement than (51 5. 1.) in this case. This can be seen
from Figures 6.28 and 6.30 that show the forward frequency
résponses of both filters and from tables {6.7} to {6.8}. It can
be seen that this improvement was due to improving the rise to 3dB
bandwidths ratio. This improvement was combined with rise in
filter side lobes levels due to the rise of apodized transducers
side lobes levels and the change of their frequency locations and
bandwidtﬁs. Side lobes levels can be improved by more increase in
the number of apodized groups with lengthening of SINC

weighting~COSINE windowing functions.

Increasing the number of apodized groups while keeping the
product number of effective fingers per group - groups constant
may not necessary improve the shape factor as it is the case with
GUDT-8-3/GUDT-2-18 filter ( with the apodization profile used in
apodizing one .of its transducers is 51 5. 0.) whose frequency

response is shown in Figure 6.31.

It seems that there is a range of apodized groups number for

each transducer after which any increase in the number of apodized
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Fig. 6.31 Forward frequency
response of uniform GUDT-8-3,
apodized GUDT-2-19 and filter
of both transducers. Apodization
number is 57150.

Max aperture is 3.2799E-4 m.

Frequency Responses:

GUDT-8-3 UNIF
—— GUDT-2-794PD:57 5 0.

*~  FILTER

Fig. 6.32 Forward frequency
Tesponse of uniform GUDT—-16-8,
apodized GUDT—4-50 and filter
of both transducers. Apodization
type number is 5151,

Max aperture is 1.1531E-5 m.

Frequency Response:

GUDT—16-8 UNIF

—t—  GUDT~4-504APD:51 5 1.
—¥—  FILTER

Forward Response in dB.

—40 $ Lk
0.95 0.97 0.99 1.0/ 1.03

1.05
Normalised Frequency.

Forward Response in dB.

—40
0.98 7

1.02
Normalised Frequency.




Fig. 6.33 Effective aperture of
Apodized GUDT—-4-50 transducer.
Apodization type number is 57167
Max aperture is 1.1531E-5 m.

Aperture Profile:

SINC weighting
------- COSINE windowing
-~~~ MBF § 1.0 windowing

— Effective Aperture

Fig. 6.34 Forward frequency
response of uniform TPUDT-16,
apodized TPUDT-23 and filter
of both {ransducers. Adpodizaiion
type number s 57171171.

Max aperture is 4.9199E—-4 m.

Frequency Responses:

TPUDT-16 UNIF

—— TPUDT-23 APD;51 1 1.

—¥—~ FILTER

1.2

0.8

0.6

0.4

0.2

5
3
“
3
S

Effective Aperture Length.

7

7 6 717 76 21 26 37 36 41 46

Group Nurmnber.

Forward lfle:;zocm.s*leJ . dB.

0.9 0.94 0.98 71.02 1.06 1.1
Normalised Frequency.
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groups will deteriorate the apodized transducer and the filter
shape factors, due to lowering rise to 3dB bandwidths ratio and
increasing fall to 3dB bandwidths ratio in a way that the later is
very much higher than the former. however such filter performances

are also required in equalizing processes.

Such a case is same as GUDT-16-8/GUDT-4~50 filter (APD 51 5.
1.) whose frequency response is shown in Figure 6.32 and its
computational results are given in prementioned tables. The
effective aperture lengths of the apodized transducer groups of
this filter are shown in Figure 6.33 along with plots of the

welghting and windowing functions used in obtaining this profile.

6.10 FILTERS WITH UNIFORM AND
(SINC-COSINE-MBF PROFILES) APODIZED

TPUDTs

To understand the effect of SINC-COSINE-MBF apodization
profiles on the performances of filters of three phase
unidirectional transducers having one uniform and one apodized
transducers using one such profiles, a work of simulating and
calculating different such filters responses has been carried out.
The computational results of some of these simulated filters are

presented in Tables {6.10} to {6.12}.

Comparing the computational results given in tables and
frequency responses shown in Figures 6.34 to G.36 of

TPUDT-16/TPUDT-23 filter (apodization type number (51 1. 1.)),
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Table {6.10}
Computed Rise, 3dB and Fall bandwidths of filters
of uniform and SINC weighted-COSINE & MBF windowed TPUDTs.

Transdu- Apodizat- Aperture RB 3dB BW FB

cer type 1ion type in meter per cent per cent per cent

T-16 1
4.918SE-4 2.568 4.480 0.782

T-23 5111
T-16 1
4.8199E-4 2.569  4.134  0.770
T-24 5131
T-16 1 _
4.9199E-4 2.703  3.687  0.870
T-25 5151
T-16 1
4.9199E-4 2.960  3.005  0.837
T-26 5170. 5
T-16 1
4.9199E-4 2.770  3.708  0.870
T-25 5172
T-20 1
3.1487E-4 1.875  4.1343  3.932
T-28 5111
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Table {6.11}
Computed first left and right side lobes levels
of filters of uniform and SINC weighted-COSINE & MBF windowed

TPUDTS.

Transdu- Apodizat- Aperture LSL RSL
cer type ion type in meter in dB in 4B

T-186 1

4.9199E-4 20.4 17.6
T-23 5111
T-16 1

4.9199E-4 19. 12 16.36
T-24 5131
T-16 1

4.9199E-4 18.84 16.4
T-25 5151
T-16 1

4.9199E-4 21.6 17.0
T-26 5170.5
T-16 1

4.9199E-4 19.28 16.76
T-25 5172
T-20 1

3.1487E-4 20.72 17.32
T-28 5111 '
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Table {6.12}

Computed Rejection bandwidth and Shape factor of
filters of uniform and SINC weighted-COSINE & MBF windowed

Transdu-

cer type

T-16

T-24

T-26

25

TPUDTs.

Apodizat- Aperture

ion type in meter
1
4.9199E-4
5111
1
4.9199E-4
5131
1
4.9198E-4
5151
1
4.9199E-4
5170.5
1
4.9198E~-4
5 1 72
1
3.1487E-4
5111
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per cent

8.513

8.424

7.888

7.798

7.843

7.150

SHAPE
factor

0.5262

0. 4307

0.4674

0.4728

0.5781



Fig. 6.35 Forward frequency

response of uniform TPUDT-16,
apodized TPUDT-24 and filter
of both transducers. Apodization

type number is 5737.
Max Aperture is 4.9199E—4 m.

Frequency Responses:

TRPUDT-16 UNIF
—+— TPUDT-24 APD;51 3 1.

—%— FILTER

Fig. 6.36 Forward frequency
response of uniform TPUDT-16,
apodized TPUDT—-25 and filter
of both transducers. Apodization
type number is 5157.

Max aperture is 4.9199E-4 m.

Frequency responses:

TPUDT-16 UNIF

—— TPUDT-25 APD;51 5 1.
—¥%— FILTER

x

—40 > | 1 . He N

0.9 0.94 0.98 1.02 1.06 1.1

Normalised Frequency.

Forward Response in dB.

—40 % | ! Me e

0.9 0.94 0.98 71.02 1.06

1.7
Normalised Frequency.
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TPUDT-16/TPUDT-24 filter (APD 51 3. 1.) and TPUDT-16/TPUDT-25
filter (APD 51 5. 1.) on one hand an that of TPUDT-16/TPUDT-22 (
apodization type number 41) given in Tables {5.25} to {5.27} whose
frequency response is shown in Figure 5.40 on the other hand, one
Caﬂ see the improvement in filter performance useing each of the
above profiles with respect to the filter with  SINC

welghted-COSINE windowed transducer of Figure 5.40.

From these tables and figures it can be seen that with the
increase in the value of b both 3dB bandwidth and shape factor are
decreasing while side lobes levels are increasing. The increase in

rise to 3dB bandwidths ratio can also be seen.

Figures 6.37 and 6.38 show increase in 3dB bandwidth and
filter shape factor with the increase of the value of n. The
performance shows some improvement in terms of side lobes levels

with the decrease of the value of n.

In all the filters shown in Figurers related to this section
the effect of changing the frequency locations and bandwidths of
apodized transducers side lobes by selecting different windows is

very much clear.

The forward frequency responses of TPUDT-16/TPUDT-35 filter
(APD 51 1. 1.) and TPUDT-20/TPUDT-28 shown in Figures 6.34 and
6.39 show clearly how frequency locations of apodized transducers
side 1lobes resulted a uniform roll off while in other windows
filters side lobes levels are going up and down as side lobes go

away from the main lobe.
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Fig. 6.37 Forward frequency
response of uniform TPUDT-16,
apodized TPUDT-26 and filter
of both transducers. Apodization
type number s §170.5 .

Max aperture is 4.9199E—4 m.

Frequency responses:

TPUDT~16 UNIF
—— TPUDT-26 APD:5¢ 7 .5
—%—  FILTER

S

Fig. 6.38 Forward frequency
response of uniform TPUDT-16,
apodized TPUDT-25 and filter
of both transducers. dpodization
type numbar is 5172,

Max aperture is 4.9199E-4 m

Frequency Responses:

TPUDT-16 UNIF

—— TPUDT-25 APD;51 7 2.
—— FILTER

Forward Response in dB.

ek
1.02 1.06 1.1
Normalised Frequency.

0.9 0.94 0.98

Forward Response in dBb.
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Normalised frequency.
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Fig. 6.39 Forward frequency 0 Forward Response in oB.
response of uniform TPUDT-20, e
apodized TPUDT-28 and filler

of both transducers. Apodization L
type number 1s 57117. —10 oyl TR .
Max aperture is 3.1487E—-4 m.
—20
Frequency Responses:
—— TPUDT-20 UNIF =30 )
—— TPUDT-28 APD;51 1 1.
H*
—&— FILTER
—40 '

0.9 0.94 0.98 71.02 1.06 1.1
Normalised Frequency.

Fig. 6.40 Admittance response of Admittance in mho.
uniform TPUDT-20, apodized 0.5
TPUDT—-28 and filter of both.
dpodization type number is 577171.

Max effect. apert. is 3.1487E—-4 m.

0.4 Ffl o

0.3

0.2 -
Admittance:

—— TPUDT-20 UNIF 3
0.7
—— TPUDT—28 APD;51 1 1.

—¥— FILTER

0
0.9 0.94 0.98 71.02 1.06 1.7

Normalised Fregquency.
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Fig. 6.41 Relative Directivity
of uniform TPUDT-20, apodized
TPUDT-28 and filter of both.

Apodization type number is 571711.
Max Effec. Aper. is 3.1487E-4 m.

Directivities:

TPUDT-20 UNIF
~—— TPUDT-28 APD:571 1 1.

—— FILTER

Fig. 6.42 Forward frequency
response of uniform TPUDT-20,
apodized TPUDT-33 and filter
of both transducers. Apodization
lype number is 5177.

Max Aperture is 3.1487E-4 m.

Frequency Responses:

—— TPUDT-20 UNIF

—~+— TPUDT-33 APD:51 7 {.
—%—  PILTER

Relative Directivity.
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0.4
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Normalised Freguency.

Forward Response in dB.
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*
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Normalised Frequency.
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Figures 6.40 and 6.41 show admittance and relative

directivity responses of TPUDT-20/TPUDT-28 filter {(APD 51 1. 1.).

6.1 FILTER WiTH UNIForMm TPUDT
AnD (SINC-COSINE-MBF PROFILES)
Apopizep GUDT 3

Figures 6.43 to 6.43 give plots of different responses of
simulated filters constructed from one uniform wide band three
phase unidirectional transducer and narrower band (SINC-COSINE-MBF
profiles) apodized group unidirectional transducer. Tables {6.13}

to {6.15} give the computational results of two of such filters.

From tables and plots of frequency responses of these filters
shown in Figures 6.43, 6.44 and 6,49 it can be seen that for the
same uniform transducers the number of apodized groups may
increase with the change of apodization profile with one of higher
value of b. It can be seen also that with this change 3dB
bandwidth decreases, rise bandwidth 1increases, filters shape

factor lowers and side lobes levels increases.

It may be noted also from forward frequency responses of
these filters that side 1lobes levels of these filters are
generally high.compared to filters of same transducers discussed
earlier. This can be reasoned if one notices the f{requency
locations of apodized transducers side lobes. Because first both
apodized transducer side lobes are located totally under the main

lobe of the uniform TPUDT transducer we are not able to get the
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Table {6.13}

Computed Rise, 3dB and Fall bandwidths of filters

of combinations of uniform and SINC welghted-COSINE

& MBF wndowed

GUDT and TPUDT transducers.

Transdu- Apodizat- Aperture RB
cer type ion type in meter
T-18 1 _
3.4889E-4 1.256
N-4-8 5111
-19 1
3.4888E-4 1.284
N-4-10 5171

Table {6.14}

2.625

3dB BW FB

per cent per cent per cent

0.217

1.854 0.083

Computed first left and right side lobes levels of

filters of combinations of uniform and SINC weighted-COSINE

& MBF windowed GUDT and TPUDT transducers.

Transdu— Apodizat- Aperture
cer type ion type in meter in
T-19 1
3.4889E~-4
N-4-8 5111
T-19 1
3.4889E-4 12.
N-4-10 5171
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LSL

RSL
dB in dB

13.28 6.4
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Table {6.15}
Computed Rejection bandwidth and Shape factor of
filters of combination of uniform and
SINC weighted-COSINE & MBF windowed
GUDT and TPUDT transducers.

Transdu- Apodizat- Aperture RJ SHAPE

cer type 1ion type in meter per cent factor

T-18 1
3.4889E-4 4.971 0.528

N-4-8 5111
T-18 1

3.4889E-4 4.022 0.461
N-4-10 5171

286



Fig. 6.43 Forward frequency
response of uniform TPUDT—-19,
apodized GUDT—4-8 and filter
of both transducers. dpodization
type number is 57117.

Max aperture is 3.4889E—4 m.

Frequency Responses:
—— TPUDT-Y9 UNIF
—— GUDT-4-8 APD;571 1 1.

—%—  FILTER

Fig. 6.44 Forward frequency
response of uniform TPUDT—-19,
apodized GUDT-4-9 and filter
of both. Apodization type
number s §137. Max Effective
Aperture is 3.4889E-4 m.

Frequency Responses:

TPUDT-19 UNIF

—— GUDT—-4-9 APD:51 3 1.
—*— FILTER

Forward Frequency Response in

-10

—40 | 1 I | ;J‘/
0.95 0.97 0.99 71.07r 1.03 1.05

Normalised Frequency.

Forward Frequency Response in

—40 | I | | =
0.95 0.97 0.89 (.07 1.03 1.05

Normalised Frequency.
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Fig. 6.45 Admittance response of
uniform TPUDT-19, apodized

CUDT-4-9 and filter of both.
apodization type number is §7137.

Max aperture is 3.4889 m.

Admittance:
—— TPRPUDT-19 UNIF
—— GUDT-4-9 APD;57 3 1.

—%— FILTER

9

Fig. 6.46 Phase response of
uniform TPUDT-19, Apodized
GCUDT—-4-9 and filler of both.

Apodization type number is §7137.
Max aperture is 3.4889E—-4 m.

Phase:

TPUDT—19 UNIF
—— GUDT—4-9 APD;51 3 1.

—%— FILTER

Admittance in mho.
0.12

O 7 b
0.08 teimimimrnenin s
0.06 b e
0.04 oo

0.02 L ............. Y J¥ ,‘.'. ..................

O | | 1 |
0.95 0.97 0.99 7.07 1.03 1.06

Normalised Frequency.

Phase wn rad.

0.95 0.97 0.99 1.0/ 1.03 1.06
Normalised Frequency.
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Fig. 6.47 Conductance response of Conductunce in mho

uniform TPUDT-19, apodized 0.7
CUDT-4-9 and filter of both. +
Apodization type nwmber is §137.
Max aperture is 3.4889E-4 m. 0.08 [
006‘ LR P | O
0.04 e e P T PN
Conductance:
—— TPUDT-19 UNIF RS He o
0.02 :" 1 o PR
—— GUDT-4-9 APD;51 3 1. )
—%— FILTER ;

THHH HtT 1 T

0.95 0.97 0.99 1.01 1.03 1.05
Normalised Frequency.

Fig. 6.48 Susceptance response of
uniform TPUDT-19, apodized 0.06

CUDT-4-9 and filter of both.
Apodization type nwmber is 5137.

Max aperture is 3.4889E—-4 m.

Susceptance tn mho.

0.04

0.02

Susceptance: -0.02

—— TPUDT-19 UNIF

—— GUDT-4-9 APD:57 3 1. =0.04 4

*—  FILTER

~0.06 R
0.95 0.97 0.99 1.07 1.03 1.05 -

Normalised Frequency.
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appropriate side lobes levels reduction. This gives an advantage

for filters having same type of uniform and apodized transducers.

Admittance, Phase, Conductance and susceptance responses of
TPUDT-18/GUDT-4-8 filter (APD 51 3. 1.) along with corresponding
responses of filter uniform and apodized transducers are shown in
Figures 6.45 to 6.48. In all Figures, filter responses are

oscillating around the uniform TPUDT responses.

| —
6.12 CONCLUSION :
L

From the different window functions available 'in literature
for different signal processing applications a generalized window
function has been selected. This generalized function has been
presented, studied and many Modified Bessel window Functions have

been derived fron.

Some of these window functions have been studied in both time
and frequency domains. T in equation 6.1 has been taken as
normalized 1.; b and n values have begn varied. It has been found
that lower n and/or lower b means a more flat window regardless

whether the values of n and b are integers or fractionals.

In‘frequency domain it has been found that lowering b ( by an
integer or a fraction ) yields lower side lobes levels but in the
same time lower shape factor. Changing the value of n gives
different responses depending on whether the value of n is integer

or fractional. Side lobes levels are lower with lower integer n
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values but it is higher with fractional n values. The value of n
also affect side lobes roll off. Negative side lobes roll off has

been noticed in windows with n greater than 1.

Many new apodization profiles have been calculated using SINC
weighting, COSINE and one MBF windowing functions with different

lengths of SINC-COSINE functions.

The profiies have been used in apodizing number of group and
three phase unidirectional transducers. filters of one uniform
transducer and one apodized with one such profiles have been
simulated. The filters were having either both GUDT transducers,

both TPUDT transducers or mixed combination of the two types.

From the differeﬁt responses of these simulated apodized
transducers and filters it has been found that the number of
apodized groups or sections play a great role in changing the
performance of apodized transducer or its filter. First of all
this number should be quit enough to shape the selected profile

otherwise another profile may be shaped if the number is so less.

The number of apodized groups or sections have been
calculated according to the number of uniform groups and effective
finger per group or number of uniform sections and the apodization
profile selected in a way that the apodized groups or sections
apertures will perform the selected profile shape while

maintaining matching.
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It has been found accordingly that selecting different
apodization profiles some times requires changing the number of

apodized groups or sections.

In general one can say from the different results we obtained
that changing b requires always selection Qf a new number of
apodized groups or sections so that to compensate for the change
in irise to 3dB bandwidths ratio and improve the shape factor.
Increasing the value of n will cause generally lowering rise, 3dB
bandwidths, shape factor and side lobes level as well if this
change does not cause a change in the number of apodized groups or

sections, otherwise it may increase the bandwidth and shape

factor.

It has been found that there are general guessings or
expectations regarding the performance of apodized transducer or
the filter it belongs to when certain profile 1is wused in
apodization, but still each case is having its own differences
depénding on the number of apodized groups or seétions, how close
it is shaping the selected profile and not anothef, and what 1is
the value of rise to ‘3db bandwidths ratio in this specific

case. .etc.

For getting low filter side lobes levels it is recommended to
make use of the effect of differences in transducers side lobes
frequency locations and bandwidths. In the presented results for
filters constructed from same type of unidirectional transducers

such utilization can be observed. If the apodized transducer is
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having so much wider bandwidth that both its first side lobes are
included inside the main lobe of the wuniform transducer no
additional reduction can be gained from the difference 1in
transducers side lobes frequency locations at least for the first

left and right side lobes.

Finally we state that the apodization profiles that have been
presented in this chapter are very less compared to the number of
apodization profiles that can be provided by the MBF window
family. Some more window functions can be generated by changing
the values of T, b and n of equation 6.1 and some more apodizabtion
profiles one can get by changing the lengths of SINC or both
SINC-COSINE functions or use MBF windows without the COSINE
window..etc. The software modeling package is able to simulate SAW
transducers and filters using the above mentioned profiles and
with some minor modifications one can include any type of window
and apodize with any selected profile according to design

requirements.
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CHAPTER SEVEN
7

RECAPITULATION AnD CONCLUSION

7.1 INTRODUCTION :
[

Recapitulation of the work carried out and results obtained
through the course of this study are presented and discussed. The
goals that have been stated in the beginning of this work are
discussed and .verified with what has been achieved. Finally,

recommendations and suggestions for future work are given.

I
7.2 MopeLLING OF Saw DevVICES :
[

Different models commonly used for analyzing SAW devices ( of
fieid theory approach and circuit theory approach ) have been
briefly studied. The main goal of this work has been to try to
find out a proper model and develop a simulator that can be used
as an aldfull, quick and accurate tool for simulating and
modelling incorporate different SAW devices, specially low loss
transducers aﬁd filters with given specifications,to help
designers of signal processing equipment using SAW devices to
design using software and make the required modifications before

the final fabrication.
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Accordingly, and because time required by such simulator to
perform the simulations of £hese designs is a very important
factor ( as well as the model accuracy ) it has been decided to
select the crossed fleld equivalent circuit as the basis for any
model to be developed. The crossed field equivalent circuit model
is not the most ideal one for analyzing SAW devices. The field
theory approach models such as the coupled of modes theory model
and the Green’s function model are giving much moré accurate
results yet they require more computation effort and the modelling
process is more complicated. The crossed field equivalent circuit
modél seemed to be the most appropriate for such task as far as a
compromise between complexity and computational effort is

concerned and with comparable results with the experiments.

The modelling work that has been carried out during the
course of this study was in three approaches. In the first
approach the surface acoustic wave interdigital transducer has
been treated as a point scatterer located at the centre of the
transducer. Two models have been presented, derived, discussed and
studied. Both are based on the simplified equivalent circuit model
and the scattering matrix theory. Accordingly, bidirectional
transducers have been presented by a 3 x 3 scattering matrix with
four independent scattering parameters, while unidirectional
transducers required two more independent parameters to be

represented by a similar matrix.

It has been found that the Jjunction scattering matrix model

capabilities are limited to the matched and tuned conditions. It
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has been found also that the scattering matrix model provides many
informations regarding the performances of SAW transducers such as
forward and backward frequency responses, directivity, triple
transit echo, acoustic transmission loss, electric mismatch
loss..etc. of which some of them no other model can give directly.
Moreover, the model has been found to be very fast in terms of
computation time requirements, yet it is limited in its capability

of representing many types of SAW transducers.

In the second approach, the gap between two fingers has been
treated as a finger yet unmetalized. Both metalized and
unmetalized fingers have been represented by three-ports networks
with acoustic ports expressed in terms of waves and the electric

port expressed in electrical terms; voltage and current.

The combination gap-finger-gap transfer matrix has been
considered as the basic-unit matrix from which the full matrix of
the full transducer can be derived through cascading this

basic~-unit.

The model was able to represent many types of bidirectional
transducers, such as normal BIDT, split finger BIDT, CHIRP and
COMB transducers and filters of such transducers from combinations
of negative and positive voltage derived fingers. The model was
not able to represent unidirectional transducers unless some more
types of voltage derived basic-units such as the earthed finger
unit and the phase shifted voltage derived finger wunit are

modelled, which leads to complexity.
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In the chain matrix model, the acoustic terminals have been
expressed in terms of acoustic force and particle velocity. The
bidirectional transducer has been modelled by a four port network
with two acoustic ports and two electric ports for input and
output. It has been represented by a 4 x 4 Sittig’s chain matrix.
Group and three phase unidirectional transducers have also been
modélled and represented by 6 x 6 and 8 x 8 matrices,

respectively.

A SAW simulator has been developed to model and simulate many
types of bidirectional and unidirectional transducers and filters
built from combinations of these simulated transducers. The
simulator allows the designers to simulate their devices and test
its performances under different operational conditions by
changing different parameters in the simulator such as electric
load, transducer aperture, substrate material..etc. before
fabricating the device, thus saving money and effort that may be
spend on fabricating a device that has performance which is not up

to the requirements.

7.3 SIMULATION AND STUDY
OF PerFORMANCES OF DIFFERENT
Types OF SAW TRANSDUCERS
AND FILTERS :

Performances of normal and split-finger type uniform
transducers and filters have been reported and briefly discussed.

The results of these transducers and filters have besn computed
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with either scattering matrix or transfer matrix models.

Using the modelling software package that have been
developed, many types of transducers and filters have been
simulated. Performances of unidirectional transducers and filters
constructed ( in software ) have been reported, studied and
discussed. Different group types unidirectional transducers (
Normal, Modified and New types ) with different numbers of active
fingers per group and different numbers of groups - either
uniform, SINC apodized or windowed as well, with one or more of
thé windows discussed in this dissertation -have been simulated
and performance results have been reported in tables or/and graph
forms in terms of forward and backward " frequency responses,
directivity, admittance, phase, conductance, susceptance

responses..etc. Results have been studied and deeply discussed.

Similarly, three phase unidirectional transducers have been
simulated with different periodic sections, and using different
apodization profiles starting with the uniform apodization.
Results of three phase unidirectional transducers have been

reported, studied and discussed in the same way we mentioned for

GUDTs.

Number of two uniform transducer type filters as well as
filters with one wide band uniform transducer and another
narrow-band apodized transducer have been simulated. The
combinations of transducers used have been either both transducers

are of the same type or mixed combinations of group and three

299



phase unidirectional transducers.

In filter design for signal processing applications there are
certain response requirements that are considered as goals for
each specific application. Some of these filter responses required
are those as close as possible from the ideal brick shape
response. Some other applications require some different shape

responses othef than the brick-shape.

To study the different parameters that affect the performance
of a SAW transducer and filter and to know how to get the required
response or performance of a SAW transducer/filter that suits the
aimed application, a study has been carried out on non-uniform
finger overlapped transducers and filters. The functions that have
been used in performing this non-uniform overlapping were SINC
function for weighting, COSINE function as a window, in addition
to many other window functions that have been derived from a
generalized MBF equation. The characteristics of many of these MBF
windows have been studied in both time and frequency domains, and
many new apodization profiles using the three functions

(SINC-COSINE-MBF) have been worked out.

Selection of an appropriate apodization profile using the
proper window function is of a great importance for obtaining the
required transducer/filter response for ‘a specific signal
processing application. Yet it has been found that it is not the

only thing one has to care for when working to get such

300



transducer/filter responses, because it is not the only factor
that affects transducer/filter performances. It has been found
that there are many factors other than the apodization profile
that affect greatly the SAW transducer/filter response. Some of
these factors are the selection of the two transducers
combination, uniform transducer bandwidth relative to the apodized
transducer, number of apodized groups/sections, number of active
fingers per group, frequency locations and bandwidths of both
transducers side lobes, how close the apodized groups or sections
are shaping the selected apodization profile, the value of rise to
3dB bandwidths ratio with all these factors...etc. It is needless
to say that the inpuf and output admittances of the filters play

an important role in the design.

The selected number of sections/groups and fingers per group
affect both uniform and apodized transducers. Yet these numbers in
apodized transducers may cause drastic changes in
traﬁsducer/filter responses compared to the uniform transducer
response. It affect greatly rise to 3dB bandwidths ratio and fall
to 3dB bandwidths ratio. these numbers may also be changed and
used as a cure to ill responses obtained from apodized
transducers. Selecting the proper number of pairs/sections/groups
and active fingers per group for a certain apodization profile is
very much essential in getting good response from

(weighted/windowed) apodized transducers.

The effect of the number of apodized pairs/groups/secﬁions on

the performance of apodized transducers is not limited to the
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effect on transition to 3db bandwidths ratios. The number should
be quite enough to give a close shape to the apodization profile
selected so that the obtained response corresponds to that
profile. There is a difference also in the cases where the number
of apodized groups/sections/pairs is odd or even. Generally for
even number of apodized pairs/sections/groups the maximum aperture
of the apodized transducer 1is less than the computed or the
uniform transducer aperture by an amount decreasing with the
increase in this number. This difference in the two transducers

apertures means that there will be some acoustic energy loss.

It has been found that the behaviour of rise and fall to 3db
bandwidths ratios in apodized transducers 1s related but
different. While both transition bandwidths and 3dB bandwidth are
increasing or decreasing with the decrease or increase. in number
of pairs/sections/groups and fingers per group, both ratios’ are
changing inversely with any increase or decrease in these numbers.
Below a certain threshold for each transducer any lncrease in
these numbers will cause a decrease in rise to 3dB bandwidths
ratio and an increase in fall to 3dB bandwidth ratio. After the
threshold things get reversed. Transition to 3db bandwidths ratios
have relation with changing the truncated length of the weighting

- windowing functions also.

Filters side lobes levels are determined from both
transducers ( constructing the filter ) side lobes levels, whether
both transducers are uniform or one of them is apodized. Yet there

are other factors by which one can get still lower filter side
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lobes levels. The differences in frequency locations and bandwidth
of both transducers side lobes may cause great lowering of filter
side lobes levels or even some times cancellation of some filter
side lobes. In filters of both uniform transducers this can be
achieved by having combinations of two types transducers with one
wide band transducer and and the other narrower. In filters having
one uniform and one apodized transducers this can be achieved with
both same and mixed types of transducers. The passband of the
apodized transducer can be controlled by selecting different
apodization profiles. It is always ©better to have enough
difference between both transducers passbands so that the filter
pass band will be as close as possible to the apodized transduéer

passband for ease in design.

Apodization profiles that have been used in this study are
elther uniform overlapping, simply SINC function weighting with
different truncation lengths, SINC function weighting with COSINE
function windowing using different lengths of both functions, and
finally the use of one more additional window from the MBF window
family with the COSINE window and SINC weighting functions, also

with different lengths of SINC and COSINE functions.

It bhas been found that although there are general
expectations regarding the performance of an apodized trénsducer
or -the filter it belongs to when certain profile is wused in
performing the apodization, still each case is having its own
differences depending on the number of abodized

pairs/groups/sections, how close it is shaping the selected
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profile and not another, and what is the value of rise to 3dB
bandwidths ratio in that specific case..etc. Best - because there
are SO. many factors to care for - is to use a simulator and
simulate the apodized transducer and the filter it belongs to, and
make sure that the designed transducer or filter is giving the

required response and performance.

7.4 DiscussiNg THE GoaLs :

Going back to the goals that have been stated for this work
in the first chapter and comparing the work that has been achieved
with respect to these goals one can see that most of the goals
have been achieved. The simulator that have been developed - based
on the chain matrix model of chapter four of this dissertation -
has been found to be able to simulate a wide range of SAW
transducers and filters . The package may be made to model single
phase unidirectional transducers by including 'grattings’ in the

chain matrix model.

Filters with both apodized unidirectional transducers have
not been modelled. Modelling of such filters has been tried using
channelization method and scattering matrix theory, but the phase
shifters which have been included in the basic modelling unit‘of

both GUDT and TPUDT were great obstacles for such modelling.

Different apodization profiles have been worked out during

this study, yet there are plenty more one can get by using
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different window functions or even changing the weighting function

as well giving rise to varied responses which may be needed in new

signal processing applications.

[ ]
| /.5 FUTURE Scort :

A reliable, accurate and fast simulator to be used as an
alding tool by SAW signal processing designers can not be
fulfilled fully and easily. The simulator that has been developed
is able to cover wide range of SAW transducers and filters yet
there are so many other types of SAW devices that have important
signal processing applications such as single phase unidirectional

transducers, resonators , Convolvers. . etc.

It is recommended that a similar work may be carried out
using coupled of modes theory to include SPUDT and filters of such
transducers and resonators. Some other models may also be used to

include more SAW signal processing devices.

A simulator that 1is able to simulate SAW devices using
different circuit and field theories approaches models with
minimal errors and as close as possible to the real behaviour of
the selected SAW device within acceptable time is a real aid to
the designers of SAW signal processing devices. The work'presehted
in this dissertation plus any work in the same line such as the

work of Richie et al [48,51] are first steps towards such

efficient simulator.
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Lot of work can be done using the simulator presented in this
dissertation. Some more apodization profiles may be derived and
studied. A study of the different responses required in signal
processing applications may be carried out and SAW filters that
give such responses may be designed using the present simulator

after selecting proper windows and apodization profiles.

| 7.6 CoNcLUDING WORDS :
|

The model and the simulating package developed during the
course of this study seems to be promising and expandable to
include the modelling of few more SAW signal processing devices,
and it 1s expected to be useful and helpful to the designers of
SAW devices for signal processing applications. It is expected and
hopped that the filters simulated in this work will have many
applications. The filters using windowed apodization can have many
important applications specially in multichannel systems where
suppression of adjacent channels 1is very essential and in
equalization where frequency dependent attenuation is required.
Similarly proper selection of different pairs of UDTs and suitable
apodization profiles may give very good convolver performances,
when it is used to build up such convolvers, to be used in many
communication and signal processing applications such as spread

spectrum, cepstrum analysis, real time on-line filtering ..etc.
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Appendix

CHAIN MAT SIMULATOR

The simulation package developed and used during the course
of this work consists of the following files;
CHAIN. EXE,
PCIQCT. EXE,
FTRES.EXE and

INQCT. DAT.

The software is run under DOS environment after typing CHAIN
<RETURN>. 1t generates the following data files in the working
directory;

TRES. DAT,
PNT . DAT and

PLT. DAT.

If the number of filters to be simulated is more than one the
package will generate many PNT and TRES data files (i.e. PNTI1.DAT,
TRES1.DAT, PNTZ2.DAT, TRES2.DAT..etc.) up to the total required

number of filters.
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The input data can be edited either through the package or by

editing INQCT.DAT by any unformated word processer before running

CHAIN.

PNTn. DAT flles contain output data of simulated transducers
and filters of the 1last run in terms of transducers/filters
Insertion Losses, Backward Responses, Directivities, Input and

Output transducers/filters Admittances ( Magnitudes and Phases ),

Conductances and Susceptances.

FTRESn. DAT files contain output data of last FFT computations
which include transducers (FFT Computed) responses, Apodization

Profiles, Window functions in time and frequency domains..etc.

PLT.DAT file contains the plots of the results obtained from

the last run of the simulator program.

The package is made to be menue driven and on line help is
provided to make it user friendly. The selection of action is
performed by arrows or option numbers. Figures A.1 to A.4 show

screen print-outs of the package while in use.
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CHAIN MAT SIMULATOR v 1.00
(SAW Transducers/Filters Simulator)

/

For Information, Consultations,

r—————

Written and Developped by HISHAM AL-RAWI

-

Problems if any, and Suggestions CONTACT:
[(c) Copy right holders; 1992. all Rights Reserved.]

Dr. Jai Krishna Gautam

Dept. Electron. & Comp. Engg.
University Of Roorkee
Roorkee 247 667 INDIA

Hisham Al-Rawi
P.0.Box 7295
Baghdad - IRAQ
Tel. 00964-1-5378875

Press any key to start CHAIN MAT...

Figure A.1 Title and Copyright Screen.

l - :53:13
{//////////////”" Chain Matrix Menue 09/15/92 10 |
L

Edit Data.
Simulate Filter.

G

Ly

FFT Computation.
Exit.

S~ W N -
PO

Highlight Option By 1 or 1 And Press <!

I
‘ | Or Press Appropriate Menue Number.
L

Enter/Change Simulator Input Data.
Figure A.2 CHAIN MAT Simulator Main Menue.

L



| Chain Simulation Menue

=1
09/15/92  10:52:31|

Run Simulator.
Show Results.
Print Results.
. Exit.

TV NI

Highlight Option 8y 1 or ! And Press <!

Or Press Appropriate Menue Number.

Calculate Transducer/Filter Different Responses.

Figure A.3 Transducer/Filter Simulation Menue.

FFT Computations Menue

1
09/15/92  10:54:04]

. Start FFT Computations.
. Show Results.

. Print Results.

. Exit.

I O A

Highlight Option By 1t or | And Press «J

Or Press Appropriate Menue Number.

e e e —

\ Calculate Windows and Apodjzation Profiles.

\ Figure A.4 FFT Computation Menue.
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