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ABSTRACT
PROPAGATION OF PLATE ACOUSTIC WAVES IN CONTACT WITH FLUID
MEDIUM

Nagaraj Ghatadi Suraji

Marquette University, 2011

The characteristics of acoustic waves propagating in thin piezoelectas pla
the presence of a fluid medium contacting one or both of the plate surfaces are
investigated. If the velocity of plate wave in the substrate is greatevéhacity of bulk
wave in the fluid, then a plate acoustic wave (PAW) traveling in the substratadialte
a bulk acoustic wave (BAW) in the fluid. It is found that, under proper conditions,
efficient conversion of energy from plate acoustic waves to bulk acoustic \aadevice
versa can be obtained. For example, using the fundamental anti symmetrigguat
mode (A mode) propagating in a lithium niobate substrate and water as the fluid, total
mode conversion loss (PAW to BAW and back from BAW to PAW) of less than 3 dB
has been obtained. This mode conversion principle can be used to realize miniature, high
efficiency transducers for use in ultrasonic flow meters. Similar¢ypensducer based
on conversion of energy from surface acoustic wave (SAW) to bulk acoustic wave
(BAW) has been developed previously. The use of plate waves has severalgab/anta
Since the energy of plate waves is present on both plate surfaces, the itder digi
transducer (IDT) can be on the surface opposite from that which is in contadtevith t
fluid. This protects the IDT from possible damage due to the fluid and also simpidies t
job of making electrical connections to the IDT. Another advantage is that one has wider
choice of substrate materials with plate waves than is the case with SAlsirkRry
calculations indicate that the mode conversion principle can also be used asieyandr
detect ultrasonic waves in air. This has potential applications for realiaimggticers for
use in non-contact ultrasonic’s. The design of an ASIC (Application Specifgrdneel
Circuit) chip containing an amplifier and frequency counter for use withsoitic
transducers is also presented in this thesis.
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Chapter 1

Introduction

This thesis is concerned with the investigation of acoustic waves propagating in
thin piezoelectric plates in the presence of a fluid medium contacting da¢hoof the
plate surfaces. This work was motivated by prior work in our laboratory which had found
that, under suitable conditions, a surface acoustic wave propagating in a ptezoelec
substrate can efficiently generate a bulk acoustic wave in a liquid mednarofGhe
important applications of this effect has been to realize miniature, higleetyc
transducers for use in ultrasonic flow meters [1, 2]. This made us think as to whether t
same effect can also be observed with plate acoustic waves. That is, wipttter a
acoustic wave can also efficiently generate a bulk acoustic wave. lisaduld be very
useful, because for flow meter applications, the use of plate acoustic wéJesvei
several advantages over the use of surface acoustic waves. These advantges ar
follows. Since the energy of plate waves is present on both plate surfaces, tdmgitater
transducer (IDT) can be on the surface opposite from that which is in contadtevith t
fluid. This protects the IDT from possible damage due to the fluid and also simpidies t
job of making electrical connections to the IDT. Another advantage is that one has wider
choice of substrate materials with plate waves than is the case with SAMWpoint will
be explained in the next chapter. The analysis carried out in this thesis thlab\wlate
waves can indeed be used to efficiently generate bulk waves in liquids. Theithéoret
analysis has been extended to the case where the fluid contacting the pifte. ik &

found that, in this case also, the plate wave can radiate bulk acoustic wave in the



surrounding gas. This has potential applications for development of efficient traissduce
for generation and detection of ultrasonic waves in air. Another part of this thesis i
concerned with the development of an ASIC (Application Specific Integratedit}i

chip suitable for use with acoustic wave transducers and sensors.

This thesis is organized as follows. The first chapter provides a brief intimauct
to the subject of acoustic waves in solids and ultrasonic flow meters. The suwélytite
acoustic wave propagation in the presence of a fluid medium is presented in the second
chapter. The third chapter discusses the design, fabrication, and evaluation of ASIC
circuits for use with ultrasonic transducers. The last chapter presents arsuofitihe
work done in this thesis and suggestions for future work in this area.

1.1 Acoustic waves in solids

Acoustic wave devices have been in commercial use for over 60 years. The
telecommunications industry is the largest user of these devices, consuming
approximately three billion acoustic wave filters annually, primarilyriobile phones
and base stations. There are several new emerging applications forcazaustdevices
as sensors that may eventually equal the demand of the telecommunicatiorts marke
These include automotive applications (torque and tire pressure sensorsyl medic
applications (biosensors), and industrial and commercial applications (vapor, humidity
temperature and mass sensors). Acoustic wave sensors are competitreely pri
inherently rugged, very sensitive, and intrinsically reliable [3]. Acowsdice sensors are
so named because they use acoustic wave as sensing mechanism. This sélgtion brie
describes basic acoustic waves that can propagate in solids. Acoustic waeas that

propagate in solids can be classified as:



1. Bulk Acoustic Waves (BAW),
2. Surface Acoustic Waves (SAW), and
3. Plate Acoustic Waves (PAW).
Bulk acoustic waves travel in an unbounded elastic medium. There are two types
of bulk waves: longitudinal waves and transverse waves. In isotropic solids|dbiyve
of longitudinal waves is approximately twice the velocity of transweesees. BAW
devices are widely used in communication applications as quartz resonators and delay

lines [4, 5].

A typical thickness shear mode (TSM) quartz resonator is shown in Fig. 1. Metal
electrodes are deposited on each face of a thin wafer of quartz. Applyingtaicadle
signal to the electrodes induces strain in the quartz wafer. The fundamemi&infcy of
this oscillator is determined by the condition that A/2, whereh is the thickness of the
qguartz crystal and is the acoustic wavelength. Thus the fundamental resonant frequency

fo of the quartz oscillator is given by the equation

7 Electrodes
‘ ) Quartz
I

v

Fig. 1: Three dimensional view of Bulk acoustic wave resonator.

Ut

=5 (1)
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wherev;, is the velocity of transverse shear waves in quartz. Even though this resonator

was developed in 1918, this is still widely in use because of its stable operation.

Delay lines are devices used to slow down a signal by a time interval in an

electrical network. Radio talk shows routinely use ultrasonic delay limasdor and
cut off abusive callers before their comments are aired during raklishials. The
ultrasonic delay line bounces the voice signal back and forth between two transducers
until it has been monitored, then releases it for broadcast. A schematic daigram
BAW delay line is shown in Fig. 2. An electrical signal applied to transdugsr T
converted into an acoustic wave that propagates through the delay medium to the output
transducer 7T At the output transducer, lthe acoustic wave is converted back into an
electrical signal. The output signal is a delayed replica of the input sidratime delay
ty of the delay line is given by the equation

ta=L/v (2)
wherel is the length of the delay medium ands the velocity of bulk acoustic wave in

the delay medium.

. T
T1 Delay Medium 2
Electrical input VA Vad Electrical output
[ L >

Fig. 2: Bulk acoustic wave delay line.

Surface acoustic waves propagate along the stress free boundarynofrdisge

elastic medium. The motion of the particles is high at the surface andsdecage



moves into the medium away from the surface. SAW waves can propagate in any
direction, in isotropic and anisotropic media, with or without losses. Losses ar due t
scattering at the surface, impurities in a solid, and scratches on theesGdaface waves

are also popularly known as Rayleigh waves, name given after the sdientist

Rayleigh, who developed the theory of surface waves while studying the waeeatgd

by earthquake in 1881. Surface waves are very sensitive to surface irtegul8AW

devices can be designed and fabricated for frequencies at least twoobrdagnitude

higher than BAW devices, thus capable of providing higher sensitivity. They can be
operated in a frequency range of 10 MHz to 2 GHz. SAW devices have wide applications
in the field of signal processing. These include delay lines, band pass dittdrs

oscillators.

The structure of a typical SAW delay line is shown in Fig. 3. It consistsoof tw
fingerlike electrodes known as inter digital transducers (IDTs) dilosn the surface of
a suitable piezoelectric material as shown in Fig. 4. A sinusoidal voltagé ajupti@d to
transducer Tis converted into a surface acoustic wave, which travels along the surface of
the substrate towards the output transdugel fie output transducer then converts the
acoustic signal back to the electric signal. The time dgldyetween input and output
signals is given by Eq. 2. In the case of surface acoustic wave devicds detigt delay
medium is given by+ L, wherel is the distance between the innermost edges of
transducers anld; equalsnumber of finger pairdl times periodicityp, andv is the

velocity of surface acoustic waves.
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piezoelectric pla

Fig. 3: Structure of a typical SAW delay line.

L.

=
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T,

Fig. 4: Dimensions of IDTs deposited on the surface of a piezoelectric plate.

Plate Acoustic Waves propagate in plates of finite thickness. The thidkoéss
the plate is comparable to the wavelengtti the acoustic wave. In 1917 H. Lamb
showed that at a specified exciting frequency a finite number of plan®isiauswaves
could propagate in finite thickness plates [6]. The structure and device op&BAW
device is similar to that of a SAW device. The main difference is irati@ of substrate
thickness over wavelength. The ratia is much greater than 1 in SAW devices, whereas
h/1 is comparable to 1 in PAW devices. There are three types of plate wave arides:
symmetric (A), symmetric (S), and shear horizontal (SH) modgsSt, and $ are
three all pass modes that have no cutoff frequency and propagate all the way d@wn to
= 0. That means, if a very thin plate witti much less than 1 is used then only these

three modes will propagate while the other higher order modes will be cut off.



Up until 1990s, many scientists had studied delay lines and signal processing
devices based on plate acoustic waves for various applications [7-14]. HowaNer in
these works the ratio/A used was typically greater than three and work reported in these
papers showed that many of the things that could be done with plate acoustic waves could
also be done with SAW. Because of certain disadvantages in using the plagdikeave
dispersive characteristics of waves, presence of multiple modes, and neeel botha
surfaces freely supported, there was a situation when there was no intesastjiplate
waves in electronic applications. But later work done by White and his co-wanker
plate waves generated on the substrate of thickness much legdtsaimcreased the use
of PAW devices in sensor applications [15, 16]. At first the work done by Whi@pgr
and many subsequent workers was limited to the anti symmetpa#e wave mode and
the substrate used was mostly silicon [17-20]. Later work done at Marquets dilyi
and elsewhere has shown that the other two fundamental plate wave modes, namely
symmetric $ and shear horizontal $Han also provide many important advantages for

device applications [21-26].

1.2 Ultrasonic flow meters

The ultrasonic flow meter is an instrument that uses ultrasonic or acougéis wa
to measure flow rate of fluids. Ultrasonic flow meters can be divided stsrtrission
(or transit-time) meters and reflection (or Doppler) meters. Tranemiew meters are
most commonly used ultrasonic flow meters. They are basically divided intopes ty
[27]

e In-line flow meters (intrusive, wetted)



e Clamp-on flow meters (non-intrusive)

In in-line flow meters the transducers are placed on the inner walls of éhpgqugh

which the fluid is flowing, whereas in clamp-on flow meters the transduermaunted

on the outside of the pipe wall. Transmission flow meters have two transducers mounted
on each wall of the pipe through which the fluid is flowing. Acoustic waves geddrate

one transducer travel through the fluid and reach the other transducer. The tmmzytake
the acoustic wave to travel from one transducer to the other, the transistarfanction

of the flow velocity of the fluid. Thus, by measuring this time, one can determine the

fluid velocity and other relevant flow parameters.

Reflection flow meters require particulates or bubbles in the fluid flowrgugh
the pipe. These flow meters are ideal for wastewater applicatioregigkewould be
required in clean liquid applications. The basic principle of operation employs the
Doppler effect of an ultrasonic signal when it is reflected by suspendeclgmdi gas
bubbles. Two transducers are mounted in a case attached to one side of the pipe. A signal
of known frequency is sent into the liquid to be measured. Solids, bubbles, or any
discontinuity in the liquid, cause the pulse to be reflected to the receivemgéleme
Because the liquid causing the reflection is moving, the frequency of the returredspuls

shifted. The frequency shift is proportional to the liquid's velocity.

The work described in this thesis is concerned with transmission type fltexsme
where the transducers are placed inside the pipe. The basic principle canrb®adde
by referring to Fig. 5 which shows transducg&rsndB placed on opposite walls of a

pipe. LetV denote velocity of the fluid flowing through the pipe anddenote the



velocity of bulk acoustic waves in the fluid. From Fig. 5 it can be showr;thidie
transit time of acoustic waves to travel frénto B, is given by

t1 = L/(vg + VcosB) (3)
wherel = acoustic path length between transdugeasdB, andd is the angle between

the direction of acoustic wave propagation and the direction of fluid flow.

Fig. 5: Transmission type ultrasonic flow meter using wetted transducers.

The transit time of acoustic waves to travel frBrto A, t, is given by
t, = L/(vg —Vcos0) 4)
Let us define a parameter= (1/t; — 1/t,). Substituting (3) and (4) in this equation we
get
a = 2VCosh/L (5)
From Eg. (5) one can see tlats independent afzand depends only on fluid velocity
V, anglef and distancé. Thus by measuring the travel timgsandt,, one can calculate

« and from it the velocity of the flowing fluid.
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One of the problems of currently available transducers is that they amelfefarge in

size and protrude a considerable distance inward from the pipe wall and into the path of
the flowing fluid. This causes several problems such as disturbance of flom strea
resulting in erroneous flow data, fouling of transducer due to accumulation pf rags
debris, etc. Prior work carried out in our laboratory has shown that a flat, planar
transducer that has minimal protrusion into the pipe can be realized based on conversion
of energy from surface acoustic waves (SAWSs) to bulk acoustic wave&/sBand vice
versa. This transducer, which operates by conversion of energy between andé@cak
waves, may be referred to as a mode conversion transducer (MCT). The struttiare of
MCT is shown in Fig. 6. It consists of a thin plate of a suitable piezoelectrériala

whose SAW velocity is greater than velocity of BAW in the fluid. It can be shown tha
under these conditions SAW propagating in the substrate will radiate a BAW inithe fl

at an anglé given by the equatiof = cos ™1 (v /v,), Wherevy= BAW velocity in the

fluid, andv,= SAW velocity in the substrate. A similar device can be used on the other
wall of the pipe. Here bulk wave incident from the fluid will generate SAW on the

substrate.

fluid / y

piezoelectric substrate

Fig. 6: Geometry of a mode conversion transducer. Surface acoastcpnopagating on
the substrate radiates bulk acoustic wave in the fluid.
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The question that we wish to answer is whether a similar transducer can be
realized based on the conversion of energy from plate acoustic waves (PAWS) to bulk
acoustic waves. In order to determine whether a plate acoustic wave caneerngly
efficiently to a bulk acoustic wave, we need to analyze the propagation of acaustE w
in the presence of a fluid medium contacting the propagation surface. This ssibject i

discussed in the next chapter.
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Chapter 2

Propagation of plate acoustic waves in contact with fluid medium

This chapter is concerned with the analysis of acoustic waves propagading i
piezoelectric substrate which is in contact with a fluid medium. The geometrg of
problem under consideration is shown in Fig. 7. Acoustic waves propagate alang the
axis of a piezoelectric plate bounded by the plages0 andxs; = h. The fluid occupies
the regionxs < 0, while the regiorxs > h is free space. We consider a two-dimensional

problem in which all field components are assumed to be constanbéndinection.

Fluid
> X1
0
Piezoelectric Plate
h
Vacuum
v X3

Fig. 7: Geometry of the problem used to analyze propagation of plate acoustcinvave
contact with a fluid medium.

The analysis of this problem consists of solving the equations of motion subject to
the appropriate boundary conditions. First, consider the piezoelectric plate. Therexquati
of state for a piezoelectric medium are given by

Tij = CijiaSi1 — exijEx (6)
D; = ejjiSjk + &i;E; (7)
whereT;; are components of stress tenghy,, are the elastic constants;, are

piezoelectric constantd; is the electric displacemer#; is the electric field intensity,
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andg;; are the components of permittivity tensor. The components of strain fgpsoe

defined by

Sk1 = : (;Lx’: + g—z’j (8)
whereu; are components of particle displacement.
The equations of motion in the piezoelectric plate are given by

P = ©
wherep is the density of the piezoelectric plate.
Gauss’s Law in the piezoelectric plate is given by

- (10)
The relation between electrostatic potengiand electric field is given by

B = — % (12)
Substituting Eqg. (8) and (11) into Eq. (6), and using Eqg. (9), we get

P%Z ijkl%"‘ekij% (12)
Substituting Eqg. (8) and (11) into Eq. (7), and using Eq. (10), we get

024 02wy, 13)

Y axl-axj tkj 6Xjaxi

Egs. (12) and (13) are the equations of motion in the piezoelectric plate.
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We assume solutions of the form
u; = B; e/Pk¥%s glkamv) - =1,2,3 (14)

¢ — B4ejbkx3 ejk(xl—vt) (15)

whereB; denotes complex amplitude of particle displacemeantd potential, k = w/v
is the wave numbey, is the velocity of the wave armis the decay constant of the wave

in thexs direction. Substituting Eq. (14) and (15) in Eq. (12) and (13), four homogeneous

eqguations can be written in the following form

(I3, — pv? I1z 113 I14][B1

I3 I3 — pv? 133 154 | B2
=0 (16)

134 13; I3 —pv? T3llBs

Iy T4z I3 134118,

Here/ is a symmetric matrix whose elements are given by

IG; = C3i3ib? + (Cyizj + Cainj)b + Cuia (17)
T4 = e33b? + (e + e3i)b + eqy (18)
Ty = —[e330% + (13 + &31)b + &q4] (19)

To obtain a non-trivial solution for vectBrit is required that the determinantof
matrix in Eq. (16) be equal to zero. This condition results in an eighth order equation in
decay constarii with coefficients Athrough A that are functions of material constants
and velocityv.

Agh® + A,b7 + Agb® + Ach® + Ayb* + A3h3 + Ab2 + Aib+ Ay =0 (20)
Eq. (20) gives eight roots for decay constarfor every value db, there are eight four

component eigenvectoB, = (B1n, Bony Bsn, Ban), N =1, 2,...... , 8corresponding to the
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eight solution$,. Since for eacl, and associated eigenvecRBy; the corresponding
solutions given in Egs. (14) and (15) satisfy the equations of motion, a linear coorbinati
of all the allowed solutions will also satisfy these equations. Thus the genetelrsol

can be written as

8
up = (Z WnBl-ne"”"kxs) k1m0 =1,2,3 (21)
n=1
8
4= (Z WnB4nejb”""x3> e/kG1=vD (22)
n=1

whereW, are the weighting coefficients.
Next, we consider the situation in the fluid. For a non-conducting, non-viscous

fluid the elastic constant matrix has the following simple form

(23)
0 0 0 0 0 0
0 0 0 0 0 0
0 0 0 0 0 0
Equation of motion in the fluid is given by
2,/ T/,
o2 % (24)
6t2 Bx]
Gauss’s Law is given by
f
D _, (25)
axi

Electric field intensity is given by
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0¢f
fo_27 26
E 0x; (26)

Mechanical stress and electric displacement are given by

f_ rof f
Tii = CiniSi (27)
o4
D.f = —g.f.— (28)
LT TGy

where parameters have their usual meanings as defined in Egs. (6) through (11) but the
superscripif indicates that these are defined in the fluid medium.

Assume solutions of the form

u{ — Wllejbka3 eJk(x1—vt) (29)
ul = Wy gelbrkxs gik(xi—vt) (30)
¢f — Wgejbkasejk(x1—vt) (31)

wherebyx is the decay constant in tkedirection.
Partial differentiation of Eqgs. (29) through (31) gives

aZ

2
0xj

2

aZ
I _k2b2
dx3 !

(32)
62

0x,0x3

= —kzbf

aZ

gz = kY

Substituting Eq. (27) into Eq. (24), and using Eq. (29) and (30), we get

2,,f 2. f 2. f
of 6u1+ 0°ug :pfa uy (33)
0x?  0x10x3 ot?
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2., f 2., f 2. f
cf 0°u; +6 Uz _ fa Uy (34)
0x,0x3  0x2 ot?

Solving Egs. (33) and (34) using Eg. (32), we get a 2x2 matrix as shown below
cf — pfv? C’by Wi4
=0 (35)
C’by CTbf — pTv? | Wy
To obtain a non-trivial solution fd#/;;andW,,, it is required that the determinant of the

matrix should be equal to zero. This condition gives

fp2 —cf
b= + MT (36)

Also we can write from Eq. (35) that

pfv? — I b?
Wi = Cf—bf Wio (37)
and Eq. (27) can be written as
oul  oul
f_f 2L 273 38
T, =C (6x1+ax3> (38)

Partial differentiation of Eq. (29) with respectdtoand Eg. (30) with respect g gives

au{ .
9%, =W
(39)
au;f ]
a_.x?, = ]kbleO
Substituting Eq. (39) in Eqg. (38), and using Eq. (37), we get
fa,2
L [PV
f

Finally, in free spacé > h), the relationship between electric displacement and

electric field intensity is given by
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¢

V— 41
D &o 6xi ( )

1

whereD}, ¢* ande, are the electric displacement, electric potential and the permittivity
in free space.

2.1 Boundary Conditions

The boundary conditions on the problem are as follows. At the plate-fluid
interface (planes = 0), the normal component of particle displacemantelectric
potentialg, normal component of flux densiBg, and stress component normal to the
surfaceT3s3, are continuous; whereas the shear stress compadfierstsd 73, are zero.

Thus, the boundary conditionsxat= 0 are [28]:

usj: S u3 )
¢ =¢;
DJ, = D;; (42)

At the plate vacuum interface (plarg= h), the mechanical boundary conditions are that
the stress component3:, 732, and 733 are zero and the electrical boundary conditions
are that potential and normal component of flux density are continuous.
T30 =T3, =T33 =0;
¢¥ =¢; and (43)
DY = Ds.
Application of the above boundary conditions to the assumed field solutions leads to a set

of ten homogenous equations in the ten unknown amplitddés = 1, 2,..., 10
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Expanding the tensor notations for respective tensor terms in Eq. (42) and subsgtuting
=0, we get six equations as follows,

WiB31 + W3Bs3y + W3Bss + WyBsy + WsBss + WgB3e + W;B3; + WgBsg —

(44)
WlO = 0
WiBy1 + WyByy + W3Bys + WyByy + WsBys + WeBy + W;Byy + WgByg —
(45)
Wg = O
Wo{Bin(e311 + €313by) + Byp(esaq + €323by) + B3p(e33; + e33zhy) —
(46)
Byn(&13 + €33b,)} — Wojel = 0
Wy{B1n(C3311 + C3313by) + B2y (C3321 + C3323bp) + B3p(C3331 + C3333by) +
of 2 (47)
Byn(eq33 + e333by)} — W10b_f =0
Wo{B1n(C3111 + C3113bp) + B2y (C3121 + C3123bp) + B3, (C3131 + C3133by) + (48)
48
Byn(e131 +e331b,)} =0
Wo{B1n(C3211 + C3213bp) + By (C3221 + C3223bp) + B3, (C3231 + C3233by) + 9)
49

Byn (€132 + €3320,)} = 0
Expanding the tensor notations for respective tensor terms in Eq. (43) and subsgtuting

= h, we get four equations as follows,

Wn{Bln(C3111 + C3113bn) + BZTL(C3121 + 63123bn) + B3n(C3131 + C3133bn) +

(50)
Byn(e131 + e331bp)}e/Pn*" = 0
Wan{B1n(C3211 + C3213bn) + Bon(Ca221 + C223bn) + B3y (Csz31 + Csz33by) + 51)
Byn(e132 + 9332bn)}9jb”kh =0
Wy {B1n(C3311 + C3313b3) + B2y (Casz1 + Ca323by) + By (Cazszy + Cazzaby) + .

Byn(e133 + 3333bn)}9jb”kh =0
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Wo{B1in(e311 + €313by) + Byp(esnq + €323by) + B3p(e3s; + e3zzhy) —
(53)
Byn(&13 + £33b, _jgo)}ejb”kh =0

2.2 Modifying a 10x10 boundary condition matrix into an 8x8 matrix

Equations (44) through (53) gives us a 10x10 boundary condition matrix. We can

see from the above ten equations that only Eq. (44) and Eq. (47) has t¥vpsand
Eq. (45) and Eq. (46) has termaig. By suitable modification, we can reduce this
10x10 matrix to an 8x8 matrix and that work is explained below.
From Eg. (45), we get
Wy = Wy Byy + WyByy + W3Byz + WyByy + W5Bys + WeByg + WyBy; + WgByg  (54)
Substituting Eq. (54) fowg in Eq. (46), we get

Wo{Bin(e311 + €313by) + Byp(esnq + €323by) + B3p(e3s; + e3zzhy) —

(55)
Byn(&13 + £33b, +j5f)} =0
From Eqg. (44), we get
Wio = WiBgy + WyB3y + W3B33 + Wy B3y + WsBss + WeB3e + W7 B3y
(56)
+ WsgBsg
Substituting Eq. (56) fowo in EqQ. (47), we get
Wh {B1n(C3311 + C3313by) + B2n(C3321 + C3323b,) + B3y (63331 + C3333b, — (57)

F2
pb;) ) + Byn(e133 + 9333bn)} =0

By writing Equations (48), (49), (57), (55), and (50) through (53) in order, we get

a set of eight homogenous algebraic equations for the eight weightinigieoé$t Note
that these equations do not have any ternWiandWyo. These modified equations can

be written in the form
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[Pmn] [Wn] =0 (58)
where W] is a column vector with componer(#/,, W, ..., Wg), and the boundary
condition matrix P] is an 8x8 matrix whose components are given by

Pin = (Czi1 + Csik3bn) Bin + (€13; + €33:bn)Ban i=1,2

P3p = (C3311 + C3313b5)B1p + (C3321 + C3323b0) By + (C3331 + C3333b, —

f12
plv
by )B3n + (e133 + e333b,)Byn

Py = (€31 + €3x3bn) Bin — (€13 + €33by, +j5f)B4n
Psy = PrpelPnkh
Pey = Pppe/Pnkh
P7n = (63311 + C3313bn)Bln + (63321 + C3323bn)BZn + (C3331 + C3333bn)B3n +
(e133 + €333bn) By, and
Pgp, = (€31 + e3x3bp) Bin — (€13 + €33bn — j€9)Ban
where subscript ranges from 1 through 8 akdanges from 1 to 3.
To obtain a non-trivial solution for the weighting coefficieWisthe determinant
of the boundary condition matri®},] should be equal to zero. Thus the velocity of the
propagating plate wave is found by searching for valuetioht simultaneously makes
the determinant of th€' matrix (Eq. 16) and determinant of thg, matrix (Eq. 58) equal
to zero. In the"matrix, there are two unknown variables, namely wave velodatyd
decay constarii. This decay constant is also a variable inRlmeatrix. Thus to solve this
kind of complex problem we use numerical method. In numerical method, the decay
constanb and its eigenvecto® are calculated for an assumed velocity. And then, these
calculated values are substituted to find the determinant of the boundary conditian matr

P. This iterating process is repeated till the minimum valye| aé obtained. The correct
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velocity gives minimumP| value for a chosel/A ratio. The velocityw depends on

various parameters such as the type of the substrate, its thickness, wavetgsigih, c
orientation, and direction of propagation. Thus we need to specify these parameters in the
computer program.

2.3 Flowchart and programming procedure to calculate plate wave velocity

The flowchart of the Matlab program to find the wave velocity for the case of a
substrate in contact with the fluid on one side and free space on the other side is give
below in Fig. 8. The program finds valuesmffor iterated velocities to locate the
minima in theP| versus velocity plot. The description of the main steps in the program is
as follows.

1. Material constants, e,¢, andp of the piezoelectric plate', ¢ andp' of the fluid,
permittivity of the free spacs, ratio of plate thickness and acoustic wavelength

h/A (orhin program), and Euler anglés,, and @ are entered directly in

program.

2. Rotated material constants of the piezoelectric plate are calculateuegnalit
be used onwards in the program.
3. The range oh is defined.

4. A search velocity range is defined.
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Enter material constants e,¢, andp of the piezoelectric plate.

\ 4

EnterEuler angle:, 4, andé.

\ 4

Find rotated constants e,ande by performing Euler rotation.

\ 4

Enter material constanc’, ¢' andp' of the fluid

A 4

Set determinant 0/] =0

Enter the range df (or h/4 ratio) from hstart to hend with

increments of hstep
< C
A\ 4

Set a search velocity range by choosing desired number|of
iterations starting from vstart, with increments of v

No

Search velocity <y

Choose imagt}) <0 Choose imagtg) > 0

Fig. 8: Flowchart to calculate plate acoustic wave velocity.
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Find decay constants
Find eigenvectors B for each valuetof

Find boundary condition matri

!

Iterations done?

No

Yes

. . Increment the
Plot|P| vs velocity. The minimunP| velocity by vstep

corresponds to desired velocity v

o No
Minima found

A 4

Yes Change the velocity range

A 4

Displayvelocity

Fig. 8 (Continued): Flowchart to calculate plate acoustic wave velocity.
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. Consider a case where search velocity range is less than veldaitik evave in
the fluid w. In this case real velocity search has to be done. Let us say for given

plate velocity the complex decay constant= bf + jb; . From Egs. (29) through

(31) e/Prk*s factor can be written as
ej(bj?+jb})kx3 _ ejb}‘kx3_e—b}kx3 (59)

Forxs < 0, Eq. (59) will become ~27¥*3_¢?k%3and since plate wave should
decay in the fluid thereforg-s with negative imaginary part should be chosen.
Fig. 9is one such example of real velocity search for 128 Y-X lithium niobate at
h/A =0.16.

. For search velocity range greater thgnoomplex velocity search has to be done.
In this case amplitude of the wave should increase in the fluid and thdsefore
with positive imaginary parts should be chosen.

. The components of matrix are defined using Eqgs. (17) through (19) and its
determinant is calculated. This matrix has decay constastunknown variable.

. Decay constantls and their corresponding eigenvectBrare calculated.

. The determinandf P matrix is calculated. Minima ¢P| which are possible
solutions of velocity are searched. The minimum with correct velocity has low

value of|P| and its velocity changes witti4 (or h in program).

10. Decay constants and their corresponding eigenvectBrare calculated for the

velocity found in step 9.
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1.8

1.6 s

1.4 .

1.2+ s

Det of P

0.6 s

0.4 s

0
1330 1335 1340 1345 1350 1355

Velocity, m/s

Fig. 9: lterative search for real velocity, where the search vel@ige is less tharsyv

The reason for searching complex velocity in the programgfgreater thangyis
as follows. If the velocity of plate wave in the substrate is greater thacityedd bulk
wave in the fluid, then a PAW propagating in the substrate will radiate a BAKe i
fluid. Due to this radiation, the plate wave will suffer attenuation. The atienwadtthe
wave is accounted for by the imaginary part of the complex velocity. The ditenua
coefficienta is a measure of radiation or conversion efficiency. In this case, the radiation
or conversion efficiency means the ability of plate wave to radiate a bulkiw#ve

fluid.

From Appendix B, the attenuation per unit acoustic wavelength can be written as

a = 54.58(v!/vR) dB/A (60)
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wherev® andv’ are the real and imaginary parts of the complex velocity. Thus the
velocity has to be complex for the attenuation to occur. Therefore it is necesBady
both the real and imaginary parts of the velocity which requires iteravehse
procedures for each case. First, the mininfigns found by searching for purely real part
of velocity as shown in Fig. 10. A particular case of 128 Y-X lithium niobate which is
contact with water on one of its surfaces With = 0.4 has been considered. The real part
of the velocity was found to be 2861 m/s. Now considering this real part, iteratiech sea
for imaginary part is done as shown in Fig. 11. The imaginary part of the velagty w
found out to be 64 m/s. So, the final veloaitis equal to (2861 + i64) m/s. From this, we
get that the attenuation per unit wavelength will be
a = 54.58(64/2861)
= 1.22dB/ A

With h/4 = 0.21, the iterative search (both real and imaginary parts of velocity)
for the above considered case was carried out as shown in Fig. 12 and 13. For the final
velocity obtained that ig = (1968 + i167) m/s, the attenuation per unit wavelength was
found to be 4.63 dB/ One can see that as thid ratio decreases, the real part of the
complex velocity decreases and the imaginary part increases, thus mgtaasi

attenuation or the efficiency of plate wave to generate a bulk wave in fluid.
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Fig. 10: lterative search for real part of the velocitytitr= 0.4.
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Fig. 12: Iterative search for real part of the velocityHtlr= 0.21.
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Fig. 13: Iterative search for imaginary part of the velocitynidr= 0.21.
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For a 128 Y-X lithium niobate plate, which is in contact with water on one of its
surfaces, pure real velocity search (for plate wave veloglgss than §) and complex
velocity search (for pgreater thang), for different values ofi/A was carried out. Fig.
14(a) shows the calculated results for the plate wave velocity versus pn§dulcereh
is the thickness of the plate ahid the acoustic frequency. One can see that the velocity
of the plate wave increasesltdsncreases, then it exhibits a jump at the point where the
sign of decay constabt changes, that is, bt~ 220 m/s. Dotted line in Fig. 14(a) shows
velocity in the absence of water loading that is, free space on both sides of the
piezoelectric plate. Fig. 14(b) shows the calculated results for gration versus
producthf. The velocity of bulk acoustic waves in watgris approximately 1500 m/s.
The velocity y of the plate wave becomes equal gavhf~ 220 m/s. Fohf less than
220 m/s, yis less thany, whereas fohf greater than 220 m/s, lsecomes greater than
vg. The plate wave will not radiate energy in the water, and hence not suffer any
attenuation, when its velocity is less than(vf < 220 m/s). On the other hand when v
becomes greater thag (hf > 220 m/s) then the plate wave will radiate bulk wave in the
water and therefore suffer attenuation. Fig. 14{tmws that attenuation coefficient
greater than 2 dB per wavelength can be obtained for vallds$yoig between 220 and
750 m/s. Such large values of attenuation coefficient indicate that thexanig sbupling

between the plate wave mode and bulk acoustic wave propagating in water.
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Fig. 14: Velocity (a) and attenuation per wavelength (b) for plate waves prioggigea
128 Y-X lithium niobate plate in the presence of water contacting one of the plate
surfaces.
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The water loading effect on two other widely used substrates, namely quartz and
lithium tantalate, has also been studied. Fig. 15(a) shows the calculatési oEpldte
wave velocity versus produbf for X-Y+10 quartz which is in contact with water on one
of its surfaces. Fig. 15(b) shows the plot for attenuation coefficient efrdasthis case,
the plate wave will not radiate a bulk wave in waterfior 291 m/s. Attenuation
coefficient as high as 12 dBivas obtained dif = 291 m/s. One can see that the
attenuation coefficient of minimum 2 dBtan be obtained for wide rangehfivalues
from hf =291 m/s to 1350 m/s.

Fig. 16(a) shows the calculated results of plate wave velocity versus phbfrct
Y-Z lithium tantalate which is in contact with water on one of its surfaces.drcése,
the plate wave will not radiate a bulk wave in watethfior 259 m/s. In this case, the
maximum attenuation coefficient obtained was 5.91.aBhf = 259 m/s as shown in
Fig. 16(b). Attenuation coefficient greater than 2 dB per wavelength candeezbfor
values ofhf lying between 259 and 505 m/s.

It has been stated in chapter 1 that one has a wider choice of substratdsmateria
by using plate waves. The reason for this is as follows. Suppose that the flurdyflowi
the pipe is water. Thensw 1500 m/s, and to obtain the optimum valu® ef4%, the
velocity of acoustic wave in the substrate should be 1500§co2120 m/s. But the
velocity of SAWSs in widely used substrate materials such as quartz, lithiumeyiobat
lithium tantalate, etc. is in the range of 3200 to 3900 m/s. But for plate waves, tleel desir

velocity can be obtained in these materials by using a suitable valueppbthethf.
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Fig. 15: Velocity (a) and attenuation per wavelength (b) for plate waves pringgiged
X-Y+10 quartz plate in the presence of water contacting one of the plaeesurf
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Fig. 16: Velocity (a) and attenuation per wavelength (b) for plate waves pringgiged
Y-Z lithium tantalate in the presence of water contacting one of the pliaees
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2.4 Fluid on both sides of a piezoelectric plate

In the previous sections we have considered the case where the fluid was in
contact with one surface of a piezoelectric plate. In this section we wildeorsscase
where the fluid is present on both sides of the plate. The geometry of the problem under

consideration is shown in Fig. 17. The fluid occupies the regipng andxz > h.

Fluid
> X1
0
Piezoelectric Pla
Fluid
v )@

Fig. 17: Geometry of the problem used to analyze propagation of plate acowstsciwa
contact with fluid medium on both sides of the plate.

To solve this problem, we use Egs. (6) through (40) and apply boundary condition
equation (42) at the planags= 0 andx; = h. The method used to solve this problem is as
follows. When the plate wave velocity ¥ less than bulk wave in the fluid thatjs<
v, wave should decay in the fluid, thereforexgx 0, brs with negative imaginary parts
are chosen and fog > h, bys with positive imaginary parts are chosen. Wer vg,
wave should grow exponentially and thereforexoer 0, brs with positive imaginary
parts and foxs > h, brs with negative imaginary parts are chosen.

As an example we analyzed the case where there is water on both sides of a 128
Y-X lithium niobate plate. The plots of velocity and attenuation of the plate wave on the
parametehf are shown in the Fig. 18. One can see that velocity of the plate wave
increases as thd increases, then exhibits a jump at point where sidmn ofianges. The

value ofhf where velocity of the plate wave becomes equal to the bulk wave in water is
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200 m/s. The dotted lines in Fig. 18(a and b) are the velocity and attenuation ogsults f
the case where the water was in contact with one of the plate surfacesntagdrion one
side and free space on the other side of a piezoelectric plate. As for thetiaitenua
dependence onf, one can see from the above figures that the attenuation is almost
double in this case compared to the case where the water was in contact watheooly
the plate surfaces. This is due to the fact that the plate wave is radiatingavelkrem

both surfaces, thus resulting in almost double attenuation.
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Fig. 18: Velocity (a) and attenuation per wavelength (b) for plate waves prioggigea
128 Y-X lithium niobate plate in the presence of water on both surfaces of the plate.
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2.5 Experimental measurements

The theoretical calculations done in this section show that, under suitable
conditions, a plate wave propagating in the piezoelectric plate can dfficggnerate a
bulk acoustic wave in water. This effect can be used to realize efficient transftuc
use in ultrasonic flow meters. This fact has been confirmed by prelimixpeyimental
measurements that were performed by Dr. Joshi and some of his other co-workers
namely Drs. Boris Zaitsev and Iren Kuznetsova. Their experimental wbrlefty
described below.

The use of the mode conversion transducer in a flow meter application is as
shown in Fig. 19. The basic operation of this flow meter is as follows. Transducer A
converts plate acoustic wave propagating in the plate to bulk acoustic wave in water,
while transducer B converts bulk acoustic wave in water into plate acoustic Teve
parameter L represents coupling length which is defined as the lengthlogkrplate

and bulk waves are coupled to, or interact with, each other.

7 g
Va 4
L, W ,
4 7’
’
4 7’
/, 4
. ,’
.
’ 7’
’ 7
. ’
d . ’
4 7’
4 4
e 7’
4 ’
’
P 7’
’
’ 7’
’ 4
’ 7’
Va 7’
4 7
4 4
’ W ’
4 7’
L-%-

Fig. 19: Block diagram of a flow meter using plate wave to bulk wave mode conversion
transducers.
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For the experiments performed in our laboratory, devices A and B were identical
plate wave delay lines fabricated on a 0.5 mm thick 128 Y- X lithium niobate substrate.
The IDTs consisted of 5 finger pairs having pefpod 1.82 mm. Foh/A = 0.5/1.82 =
0.275, the velocity of the plate wave jsv2332 m/s giving IDT resonant frequencyfof
= Vp/p = 1.28 MHz. Thus the device is operatindnt 640 m/s. The bulk acoustic wave
in water is radiated at anglegiven byd = cos'(1500/2332) = 50 Preliminary
experiments were carried out to measure the overall conversion efficiethey of
arrangement shown in Fig. &8 a function of coupling length L. The results of these
measurements are shown in Fig.i&ow. One can see that by proper choice of the
coupling length, total insertion loss as low as 12 dB can be obtained. Of this, slightly
more than 9 dB loss is due to the inter digital transducers. Thus the total modeioconvers

loss, PAW to BAW and back from BAW to PAW, is less than 3 dB [29].
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Fig. 20: Overall insertion loss in dB as a function of L, coupling length in mm.
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2.6 Radiation of bulk waves in air:

So far we have considered the case where the fluid was a liquid in contact with
the piezoelectric plate. In this section we will consider the case whelftaithis a gas
such as air, for example. By using the analysis method described previouslyrieg c
out theoretical calculations to study the effect of air loading on the plat wa
particular case of 128 Y-X lithium niobate plate of finite thickrfesgich is in contact
with air on the plang; = 0 and free space on the plage= h is considered. The

geometry of the problem is as shown in Fig. 21.

Air
» X1
0
Piezoelectric Plate
h
Vacuum
v )@

Fig. 21: Geometry of the problem used to analyze propagation of plate acowssciwma
contact with air.

To solve this problem, we use Egs. (6) through (41) and apply boundary condition
equations (42) and (43) in the planes 0 andx; = h. The problem was solved by using

the method described in section 2.3. The plots of velocity and attenuation of the wave
propagating in a 128 Y-X lithium niobate plate in contact with air on one of it surfaces on
hf are shown in Fig. 22. The velocity of the bulk wagervair is approximately 343 m/s.

In this case, the velocity of the wave propagating in a pjasbauld be greater than 343

m/s for the plate wave to radiate energy in the air. Fig 2b@)s the calculated results
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Fig. 22: Velocity (a) and attenuation per wavelength (b) for plate waves prioggigea
128 Y-X lithium niobate plate in the presence of air contacting one of the pléteesur
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Fig. 23: Velocity (a) and attenuation per wavelength (b) for plate waves prioggigea
128 Y-X lithium niobate plate in the presence of air on both surfaces of the plate.
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of the plate wave velocity versus the produiciThe velocity plot does not exhibit a
noticeable jump in this case due to the relatively weak coupling to bulk waves in air
However, as Fig. 22(Ishows the plate wave will radiate bulk wave in air for valudd of
greater than 10.3 m/s. The results obtained for the case of air on both sides of the
piezoelectric plate are shown in Fig. 23.

The data in Figs. 2@nd 23shows that plate acoustic waves will be able to radiate
bulk waves in air. The coupling in the case of air is much weaker than in the case o
water. Nevertheless, the fact that mode coupling principle can be used to geageste w
in air is encouraging. This can be understood from the discussion below.

It is well known that ultrasonic waves can be generated efficientlyiohssahd to
a certain extent in liquids, but it is very difficult to generate them efftty in air.
Because of this limitation, ultrasonic systems for medical imaging, rsirudave
evaluation (NDE), material characterization, surface metrology, ete,tbalace an
ultrasonic transducer in direct contact with the object under test. For nsay/afa
interest, however, the contact method is not acceptable [30].

Development of non-contact ultrasound (NCU) would allow many more useful
applications of ultrasonic test methods. The possibility of implementing NGU tes
systems has therefore attracted the imagination of scientists andessdor the past
many years. One of the essential requirements for successful degatagfCU
systems is the ability to efficiently generate and detect ultras@vesin air. Therefore
there is great impetus at present for development of efficient air-couplediticers. The
fundamental problem in air-coupled transducers arises due to the huge acoustic

impedance mismatch between solids and gases. For example, the acoustic ienpedanc
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typical piezoelectric ceramic is 35 MRayl, which is nearly five ordersagnitude

greater than that of air which is only 400 Rayl. Air-coupled piezoelectric tragsduc
therefore require the use of impedance matching layers to partially tenitfigggenormous
impedance mismatch between air and the piezoelectric element. Sevetahga
configurations have been proposed. These include single quarter-waveléhglhyers,
stacks of\/4 layers, half-wavelengthi/2) configurations, and a stack of very thin

matching layers whose total acoustic thickneg#dsin any of these configurations, a

key aspect for successful design of the transducer is the acoustic imgetittree outer

layer. This is seriously limited by the availability of consistent melsehaving the

required very low acoustic impedance, very low attenuation, and thickness for the
designed configuration and working frequency [31]. The best air-coupled piezoelectr
transducers reported to date have insertion losses that range from 24 dB at 0.#t6 MHz
50 dB at 2.2 MHz [31, 32]. The fabrication of these transducers is also very complicated.
The mode conversion principle discussed here may be able to overcome these problems

and allow us to realize efficient air-coupled transducers.
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Chapter 3

Development of Application-Specific Integrated Cirait Chip

The aim of this project is to design and fabricate an Application-Specific
Integrated Circuit (ASIC) chip containing an amplifier and a frequency eoauitable
for use with mode conversion transducers. An integrated circuit chip designed for a
specific application is known as an ASIC chip. The advantages of using an ASIC over
standard or “off the shelf” ICs can be understood by considering the blockrdiaf a

typical surface acoustic wave (SAW) sensor.

L

SAW Delay Line

L

I 1
1 1
i ‘ i
1 1
1 . 1
; Frequency L pecoder [ Driver .
i | counter i
| |
1 1
1 1
1 I
1 1

Display

Fig. 24: Block diagram of a typical surface acoustic wave (SAW) sensor.

The block diagram of a SAW sensor is shown in Fig. 24. It consists of a SAW
delay line fabricated on a suitable piezoelectric substrate. The outputd&idlydine is
fed back to its input through a suitable amplifier resulting in a delay line geabBAW
oscillator.The parameter that is to be sensed produces a change in the time delay of the

SAW delay line and thereby in the frequency of the oscillator. The changegueifrey
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can be accurately measured by using a frequency counter. The output of taedyequ
counter is fed to a decoder which converts the measured frequency to the value of the
measured parameter. The value of the sensed parameter is displayed usatiea suit
driver and display unit. Consider the case of building the circuit shown inside the dotted
box using off the shelf ICs. For this case four different chips, namely one for the
amplifier, one for the frequency counter, one for the decoder, and one for the driver will
be required. By using an ASIC, all the above functions can be implemented in just one
chip. This will reduce the number of chips. Also, it will eliminate the problem of
interconnections between chips, thus improving system reliability.

The ASIC design in this project is implemented using Metal-Oxide-
Semiconductor (MOS) technology. MOSFETs have become the primary switching
devices in high-density IC design because they are extremely smallyibe steuctures
are very simple, and the drain and source terminals are interchangeable. Adalyout
such as Tanner EDA'’s L-Edit (Layout Editor) is used to design the patternsholagaic
and accomplish the physical design of the chip. Each layer in this tool is distirbishe
a separate color on the computer monitor and the overall image can be interptieted as
top view of the circuit as shown in Fig. 26. To get a chip fabricated, geometriaah desi
rules setup by different processing lines have to be followed while desigairogii&in
L-Edit. These design rules are set of minimum linewidths, spacings, and layout
guidelines needed to fabricate a chip. There are two ways to specify thessidims
[33]:

e Specific Values:All dimensions are stated in standard unit of length, such as the

micron.
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e Scalable:Distances are specified as a multiple.dhat has dimensions of length.

The value oft is adjusted to correspond to the limitations of the process line.

For this project, we used a 1.50u Scalable CMOS N-well Analog (SCNA)
technology and Scalable Complimentary Metal-Oxide Semiconductor (SChMi@S)to
design the circuits on a 2.2mmx2.2mm pad frame. The valuésdd.8 microns. The
circuits laid out using L-Edit were fabricated with AMIS-ABN run at Unsiy of
Southern California (USC). The 40 pin chips designed follow the product definition,
protocols and design rules as setup by Tanner EDA Inc. and MOSIS facility in USC.

To design and fabricate an amplifier, we started our work by designingesimpl
channel and p-channel MOS transistors. Fig. 25 shows the schematic symbol for an
NMOS transistor, where D is the Drain, G is the Gate, S is the Source, and Baslthe
or Substrate. The top and cross-sectional view of an NMOS in a layout editor is shown in
Fig. 26. The empty grid in L-Edit stands for p-type substrate. The p-typgatedsas to
be set at the lowest potential used in the circuit so that the source-substrdtaia-
substrate junctions always remain reverse biased. Thus the substrate oftidkEXS$ors
in our chips, which is connected to pin numbers 10 and 40, must always be connected to

ground.

o —F— s

Fig. 25: Schematic symbol for an n-channel MOSFET.
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© . Substrate. . . . . Drain’ -

A e

p-type substrate

Fig. 26: Top and cross-sectional view of an n-channel MOSFET in a layout editor.

After finishing the design and before exporting the layout for fabrication, any
violations in the design rules were checked by running a DRC (Design Rule Cheek) in
Edit. After rectifying the design for any possible errors we conventhiyout file into
GDS II (Graphic Database System) and using SmartFTP-FTP (Fileférdrotocol)
Client software we exported the GDS |I file to the MOSIS organizatioohiqr
fabrication. Fig. 27 is a microphotograph of a NMOS transistor fabricated iof e
chips. One can clearly see that this picture looks same as the top view layout of an

NMOS transistor in a layout editor as shown in Fig. 26.
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Fig. 27:Microphotograph of an NMOS transistor inside a chip. The magnification factor
is 100.

3.1 Output characteristics of an NMOS transistor

The output characteristics of the MOSFET are a family of curves that Bleow t
drain currentg versus drain-to-source voltagedivith the gate-to-source voltage;yas
a parameter. To study the output characteristics of an NMOS transistactheveas
connected as shown in Fig. Z&r theoretical analysis OrCAD capture PSpice was used.
The spice parameters used in PSpice are given in Appendix C. The drain ¢uwvast |

measured by sweeping the drain-to-source voltaggrdm 0 to 5 volts in steps of 0.1
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volts, for Vss=0, 1, 2, 3, 4 and 5 volts respectively. By using LABVIEW setup in the
Nanotechnology laboratory at Marquette University, the output chasicemplot was
obtained on HP 4145A Semiconductor Parameter Analyzer. Fig. 29 shows the takoretic
and experimental results for an NMOS transistor having width-to-leagth(W/L ratio)

of 30.

+

: BN

- s Vs
VGS

Fig. 28: Output characteristics measurement for an NMOS transistor.
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Fig. 29: Output characteristics of an NMOS transistor having W/L = 30. Sols] line
theory; dotted lines: experiment.
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3.2 Transfer characteristics of an NMOS transistor

The transfer characteristics of the MOSFET refer to a graphvarsus \és
when the device is in saturation. To study the transfer characteristitsNdi@S the
circuit is connected as shown in Fig. 30. The gate and drain were tied together for
circuit to operate in the saturation region. From Pspice, by sweeping the-gatede
voltage \&sfrom O to 5 volts in steps of 0.1 volts, a plot giversus \és was obtained as
shown in Fig. 31. For experimental analysis, the circuit was built on the breadboard. By
using a HP E3631A Triple Output DC power supply as a voltage souts&as applied
to the appropriate pins on the chip. The drain curgefdrlVes = 0 to 5 volts was
measured using an Agilent 34401A Digital Multimeter. The dotted line in Fig. 31
indicates the experimental data obtained.

By following the design rules described above, NMOS transistors having W/L
values of 10 and 1 were also designed and fabricated. Fig. 32 anel tB& plots of
transfer characteristics of these devices. We see that experinesoiéd are in fair
agreement with theory for W/L values of 30 and 10. However, for reasons that are not
clear to us, we see large deviation between theory and experiment for deviggWAvin

=1.

MlJ — |

=
CMOSI\|—|

0

Fig. 30: Transfer characteristic measurement for an NMOS transistor.
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Fig. 31: Transfer characteristics of an NMOS transistor having W/L = 30.
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Fig. 32: Transfer characteristics of an NMOS transistor having W/L = 10.
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Fig. 33: Transfer characteristics of an NMOS transistor having W/L = 1.

3.3 Comparison between theory and experiment

It is useful at this point to compare the theoretical and experimentabrésuibhe
output and transfer characteristics shown in Figs. 29, 31, 32, and 33. First let us look at
the transfer characteristics shown in Figs. 31 through 33. According to the simfle MO
model, the drain curreng Varies as square ofe¥. However, this ignores the velocity
saturation effect that occurs in short channel devices [34]. Velocity saturdtots efet

in for values of \4s greater than Vssaiwhere \bssatiS given by

L
VDSmt = (‘u_> Vsat

n

HerelL = length of the channgl,, = mobility of electrons, and,; = saturation velocity
of electrons, which is approximately1€m/s. Now, for our devicek,= 1.6 um angl, =

550 cnf/Vs. So from the above equation, we Ygtsa= 2.9 V. Due to velocity
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saturation, the plot oblversus \s becomes linear. Now, for the plots in Figs. 31 — 33,
the gate and drain are tied together (Fig. 30). So heteWss We see that indeed the
experimental plots begin to deviate from theory for valuesgafgveater than about 2.5

V, and that the variation of versus \s becomes nearly linear. As regards the output
characteristics shown in Fig. 29, here also we note that experimental valtiés st
deviate appreciably from theory for values @fs\greater than about 2.5 V. Further, due
to velocity saturation, values qf are lower than those calculated from the simple model.
This is also observed in our experimental data. Fig. 33 shows that for the very narrow
device having W/L = 1, the experimental values of current are much lower than
theoretically calculated values. This is probably due to the high contatamesisn this
device. When the device width W is large, one can open multiple contact windows in the
active layer (as shown in Fig. 27) so as to reduce the effective contatdnesi But this

is not possible when channel width W is small.

3.4 Transfer characteristics of a PMOS transistor

The schematic symbol for a PMOS transistor is shown in Fig. 34. By following
the design rules explained above we designed a p-channel MOSFET in the layout editor
Fig. 35shows the top and cross-sectional view layout of a PMOS transistor in ah L-Edi
One can see the n-well formed in a p-type silicon substrate and the source agasmair
body incorporated in that n-well. The microphotograph of a p-channel MOSFET in a 40
pin chip is shown in Fig. 36. The reason for many active contacts that one can notice in
our NMOS and PMOS transistors (Fig. 36) is as follows. Let us say for exdnapleach
contact between active layer and metal has a resistance of 60 Ohms. One giecbt ne

such resistance, so to lower the resistance many active contacts are paddel, to
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get a lower total resistance. Multiple contacts were also made for ofbes ia a layout
editor which are in contact with each other. For simplicity, these contaatstaseown

in any of the figures listed in this chapter.

B

S
|
]

D

Fig. 34: Schematic symbol for a p-channel MOSFET.

Also, for the source-substrate and drain-substrate junctions of this transiséyr to s
reverse biased, the n-well of the p-channel transistor should be connected to tste highe
potential used in the circuit. Thus pin number 30 in our chip which is connected to the n-
well must always be connected to highest potential in the circuit. Theowaiatal
experimental plots of output characteristics and transfer charactefatia PMOS

transistor having W/L = 30 are shown in Figs. 37 and 38.

CSubstrate

————— =l
§ ~ /

p-type substrate n-well

Fig. 35: Top and cross-sectional view of a p-channel MOSFET in a layout editor.
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Active Contact

Fig. 36:Microphotograph of a PMOS transistor inside a chip. The magnification factor is
100.
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Fig. 37: Output characteristics of a PMOS transistor having W/L = 30.
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Fig. 38: Transfer characteristics of a PMOS transistor having W/L = 30.
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The discussion in section 3.3 also applies to Figs. 37 and 38 to explain the deviation of
experimental plots compared to theory.

3.5 CMOS circuit design

Complementary Metal-Oxide Semiconductor (CMOS) circuits are used ip man
applications from gate arrays to control logic. There are three maindiy@240S
processes, they are

e n-well CMOS: In this process a p-type substrate is used. NMOS transistors are
formed by diffusing n-type material into the substrate. For the PMOSdtarssi

a well of n-type is diffused in the substrate and the p-type diffusion then defines

the drain and source of the PMOS transistors.

e p-well CMOS: In this process an n-type substrate is used. PMOS transistors are
formed by diffusing p-type material into the substrate. For the NMOS dtarsi

a well of p-type is diffused followed by n-type diffusion within the well.

e Twin tub CMOS: This process uses both n-type and p-type wells in a lightly

doped substrate.

The 1.504 SCNA technology we used for designing our chips uses an n-well CMOS
process. By using the NMOS and PMOS transistor layouts described in previtusssec

a CMOS inverter was designed and fabricated. The schematic symbol of derirsve

Input 4|>% Output

Fig. 39: Schematic symbol of an Inverter.

shown in Fig. 39.
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3.5.1 Voltage transfer characteristics (VTC) of CMOS inverter

The voltage transfer characteristics of a circuit refers to a plot of thatout
voltage \bur versus the input voltageN/ For the CMOS inverter circuit shown in Fig.
40 below, one can see that the gate of the PMOS device (upper device) is connected to
the gate of the NMOS device (lower device). When the input ig@ttie NMOS device
is conducting while the PMOS device is cut off. Hence the drain current of theSN810
limited to the very small leakage current of the PMOS, even though a highly ceeducti
channel is present in the NMOS device. The result of the very small leakag# curre
flowing through the highly conductive channel is that,Vis approximately 0 V. When
the input is at ground, the NMOS device is cut off while the PMOS device is conducting.

Only the small leakage current of the NMOS can flow, §gr¥6 very close to Wp.

]

cMosF ]

LN SN

Vour 5Vv

Vin M3

Fig. 40: Voltage transfer characteristics measurement for a CMOS3enver
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For a CMOS inverter circuit with width-to-length ratios of PMOS and NMOS
devices of 30:1 and 10:1 respectively, SPICE analysis of voltage transfestehstias
was carried out by sweeping the input voltage from 0 to 5 volts in steps of 0.1 volts. The
resulting plot of \byr versus W was obtained as shown in Fig. 41. For experimental
analysis, the input was connected to a triple output DC power supply, and by sweeping
the input voltage from 0 to 5 volts in steps of 0.1 volts, the voltage across output was
measured using a Digital Multimeter. Similar measurements veened out for CMOS
inverters with width-to-length ratios of PMOS and NMOS devices of 10:1 and 10:1, and
10:1 and 30:1 respectively. The theoretical analysis of voltage transfertenatias of

these inverters has been compared with experimental values obtained as dhigwn in

42.
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Fig. 41: Voltage transfer characteristics of a CMOS inverter. W/L valuB810S and
NMOS devices are 30:1 and 10:1 respectively.
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Fig. 42: Voltage transfer characteristics of a CMOS inverter. W/L salt®MOS and
NMOS devices are (a) 10:1 and 10:1, and (b) 10:1 and 30:1.
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3.5.2 CMOS inverter as a small signal amplifier

In this section we will discuss the use of a CMOS inverter as a small sigazal or
amplifier. Fig. 41 is also the transfer function of a CMOS inverter whidésto the
rapid voltage change about the switching thresholds. For a perfectly syonmedrter,
the steep transition region is halfway between the power supplaM ground. This
region can be used to design an amplifier with a linear inverting transfeiofunct

Maximum gain can be obtained by operating the inverter amplifier in tisre

. -
CMO:'_ |M2 L

'_

N
i
\ R " é R2 hv
0.05Vac 100K 10k 4
J__
- V1 =

2.41V ’— |
.—-L CMOSI\I_‘

<|E‘—U- 8

Fig. 43: Setup for CMOS inverter as a small signal amplifier. The outpleis tcross a
parallel RC load.

To design a small signal linear amplifier the circuit was connecteubasisn
Fig. 43. For operation as a linear amplifier, the input was biased at 2.41 voltsdd@hthr

resistor R1. A sinusoidal signal of 50 mV amplitude was applied as input as shown in
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Fig. 43. The voltage gain of the amplifier is)/Vn and here Y is 50 mV. The output

was measured across a parallel RC load. For experimental analysis 3&BIFAH riple

Output DC Power supply, a HP 33120A Function generator, an Agilent 54641A
Oscilloscope and, HP 10071A 10:1 Oscilloscope probes were used. The oscilloscope
input and output waveforms at 100 kHz frequency are shown in Fig. 44. In FRM$&1,

(1) represents the RMS voltage applied at the input, which was connected to channel 1 of
the oscilloscope, where as RMS (2) represents the RMS voltage across outpirbése a

the load of 10 K resistor in parallel with a 47 pF capacitor), which was connected to

channel 2 of the oscilloscope.

-'++i,.+" - =
— s Agilent Technologies
i

RMS(]3: 49.6853mY RMSI( EI J: 313.61mY Freq(]J: 100kHz
& Spurce iy Select: Measure Clear Settings
1 Freq Freq Meas i

Fig. 44: Input and output voltage waveforms of a CMOS inverter as an amplifier
at 100 kHz frequency.



64

20

10+ ‘ :

Voltage Gain, dB

_5 L L |
10° 10° 10* 10° 10°

Frequency, Hz

Fig. 45: Plot of voltage gain in dB versus frequency of an Inverter amp8idid lines:
theory; dotted lines: experiment.
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Fig. 46: Plot of small signal voltage gain in dB as a function of the bias voltage V1.
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Fig. 45shows the plot of voltage gain in dB versus frequency for an inverter used
as a small signal amplifier. The dotted line represents the experirdatdalWe see that
at mid band frequencies the experimental value of gain is 16 dB compared to the
theoretical value of 11 dB. It can be seen from Fig. 41 that the transfer chstiaaté
the inverter in the transition region is very sharp. This means that the small\sfjage
gain dy/dv; is a sensitive function of the bias voltage. A plot of the small signal voltage
gain as a function of the bias voltage V1 is shown in Fig. 46. We see that alsangjé
in bias voltage from 2.41 volts to 2.38 volts can change the theoretical gain from 11 dB to
16 dB. Fig. 45 also shows that the experimentally measured bandwidth is less than the
theoretically calculated value. This can be due to parasitic capasitanbe circuit.

3.6 Differential amplifier

Differential amplifiers are utilized to amplify and produce an output sighaih
is a function of the difference between two input signals and to thereby enable the
detection of relatively weak signal levels while rejecting noise commoineon t
differential input lines. In recent years, there has been an increasivagddor a system-
on-chip configuration and reduction of power consumption, in response to which the
MOS differential amplifiers have been widely used.
Fig. 47 shows the basic MOS differential amplifier configuration. M1 and M2 hadtc
transistors, are biased by a constant current source. For initial discussione dkat the

current source is ideal. That is, its effective impedance is infinity.
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VDD

\ Ip2

M1 M2

Fig. 47:Basic Differential amplifier with resistive loads.

Consider a case where two gate terminals are joined together and cormected t
voltage &1 = Ve2 = Vew. Since M1 and M2 are matched we can write
Ip; =1y, =1/2, and
Vp1 =Vp2 =Vpp —IpRp
The differential outpu¥, = Vp, — Vp, will become zero. That is the differential pair
does not respond to the common mode input. Thus the common modk. gahould
be equal to zero. Next, If the input voltage applied ¢9 dhd Vs, are not same, in this
case the voltage applied tegMwill cause a current to flow through Bout because of the

circuit symmetry and balanced manner in which input is applied we observe that the
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signal at the joint source connection must be zero, so that fjdés upd; will go up

and b, will go down such that the current through current source remains constant. Since
the drain currents change, the outpygt ®nd \b, will not be equal. Therefore the

differential output \§ will not be equal to zero. From the above it is clear that differential
pair responds to difference mode or differential input signal between the two gates

3.6.1 Constant Current Source

In this section we study the design of a constant current source. Two NMOS
transistors of width-to-length ratio 30:1 were used to design the circuit shdwgn u8.
The gate and drain of M3 transistor are tied together, forcing it to operate in t
saturation region. When operating with common mode input voltage, to get 0.5 mA of
drain current in each transistor of a MOS differential pair, the resistaraR designed to

obtain drain currenipk = 1 mA as shown in the figure below.

| Ros
D3 § 3.3k

5V = —|| M3 II— I

Vi L_' | CMOSII\;_”_’

\Z

|¢
/
<
N
|¢

Fig. 48: Current mirror ciruit implementation using NMOS devices of widtetgth
ratios 30:1.

Assuming that transistor M4 is operating in saturation region, its draimtiyre
will be same aspk for V4> Vss The theoretical and experimental results for output

characteristics of a current mirror circuit are shown in Fig. 49. From#Bigne can see
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that, initially the drain current of transistor M4 is increasing with iasean \j, for V,
greater than or equal to 1.7 volts the plot of drain current is almost parallebtasvV
The internal resistance of a constant current sdRyeis defined as the slope of the line

I4 versus . From the data in Fig. 4& for our source was found out to be 0.k

1.4 ‘ ‘
theoretical

ffffff experimental
1.2+ .

|4, mA

0.6

0.4

02}/ |

!
0 0.5 1 1.5 2 2.5 3 35 4 4.5 5
Vg, Volts

Fig. 49 : Output characteristics of a current mirror circuit.

3.6.2 Operation with a Differential input voltage

To study the response of the amplifier to a differential input signal thetawrasi
connected as shown in Fig. 50. Fixed postive 5 volts was applied to the gate of M2
transistor, that is ¥, = 5 volts. By sweeping the gate voltage;¥¥om 4.5 volts to 5.5

volts in steps of 0.1 volts, the voltage across dramsavid \b, was measured. In Fig. 50
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transistor M3 and M4 form a circuit that act as a constant current source. taisisir

same as the one that has been explained in previous section.

10k 10k
M1 M2
I }— VDl _{

Va1 fixf cmosll\ﬁ_l_‘ L
2 CMOSN

VD2

;:VDD Ios § Rp1 Rp2 § l Io,
|
|

|m RD3 |n4
3.3k

V1
. M4
5V = M3 [

CMOSs
CMOSN

Fig. 50: MOS Differential amplifier implementation using NMOS devices 4f ¥W30:1.

Let the differential input voltageiy= (Ve1— Ve2). Then if \iq is positive, \&;1 will be
grater than ¥, and henceph will be greater thanph and difference output voltage gv
— Vpy) will be positive. On the other hand, whep i¥ negative, ¥; will be lower than

Va2, Ip1 Will be smaller thang,, and correspondingly difference output voltage.(V

Vp1) will be negative.
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The theoretical and experimental values of drain voltagesahM \b, versus
Ve, for Ve, fixed at 5 volts are shown in Fig. 51 and 52. It can be seen from these
figures, that when ¥; increases the drain curregt increases and thereforgV
decreases. On the other hand; Mcreases with the rise indy becausep, decreases.
Fig. 53shows the theoretical and experimental plots of difference output voltage (V
Vp1) versus \&1.
The differential gaim, of a differential amplifier can be defined as the ratio of the
change in output voltage to the change in input voltage. That is,

— (VDZ - VDl)
T (Vo1 — Vo)

From experimental measurements, the differential 4giwas found out to be 7.34.

10 T T
theoretical

- - —~- - - experimental

Vp1, Volts

4
4.5 4.6 4.7 4.8 4.9 5 51 5.2 5.3 5.4 5.5
VGl; Volts

Fig. 51: Drain voltage ¥: versus gate voltagegy for Vg,= 5 volts.
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9 ‘
theoretical

85K . experimental I

Vp,, Volts

4 ! ! ! ! ! ! ! ! !
4.5 4.6 4.7 4.8 4.9 5 51 5.2 5.3 54 55

V1, Volts

Fig. 52: Drain voltage ¥, versus gate voltagegy for Vg,= 5 volts.

6 \
theoretical
- - - - - experimental

Vpz - Vp1, Volts

-6 ! ! ! ! ! ! ! ! !
4.5 4.6 4.7 4.8 4.9 5 51 5.2 5.3 5.4 5.5

Vg1, Volts

Fig. 53: Difference output voltage, §¥— Vp1) versus gate voltagegyfor Vs, = 5 volts.
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3.6.3 Operation with a common-mode input voltage

To study the operation of a differential amplifier with a common-mode input

voltage \&w, the circuit was connected as shown in Fig. 54 below.

VI')I')
1 Ip1
12V __ 10K
;O \ Vi \ Vh>
| — M1 - | M2
| |
L
CMOSN CMOSN
Vem

Fig. 54: MOS differential using NMOS devices having W/L = 30 with a common-mode

input voltage.
For transistors M1 and M2 to operate in the saturation region, common-mode

input voltage ranging from 3.5 volts to 7 volts has been applied. The theoretical and

experimental results of drain currengs, llp2 and drain voltages pf, Vp, versus
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common-mode input voltagecy are shown in Figs 55 through 58. One can see that the
drain currentsg; and by increase slightly with increase in the common-mode input
voltage &y, thus, reducing the drain voltages:\and \bo.

The common-mode gaifi-), is defined as,

LAV AV,
M= A O DMen

From experimental data obtained, the common-mode4jajrwas found out to be -
0.13.

0.56 |
theoretical
- - - - - experimental

0.55

0.54 -

0.53

b1, MA

0.52 e f
0.51°F e .

0.5+ o .

0.49 ! ! ! ! ! !
3.5 4 4.5 5 5.5 6 6.5 7

Ve, Volts

Fig. 55 : Drain currentph versus common-mode input voltagew
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0.545
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0.535
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0.525

0.52

0.515

0.51

Vem, Volts

Fig. 56: Drain currentph versus common-mode input voltagew

7.3 ‘
theoretical
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7.1 _
7L T~ _
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Fig. 57: Drain voltage ¥; versus common-mode input voltagew
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7 ‘
theoretical
69 - experimental

69F .
6.85 \
6.8
6.75
6.7
6.65
6.6

6.55

6.5
3.5

Fig. 58: Drain voltage ¥, versus the common-mode input voltags,V

3.6.4 Hand calculations for Ay and Aqg

The equation to calculate common-mode gain is given by

Rp
Aey ~ —=——2—

whereR), is the drain resistance of a differential pair &gy is the internal resistance of
the current source.

Similarly, the equation to calculate differential gain is given by

Ag = gmRp

whereg,, is the transconductance of a NMOS device in a differential pair which can be

given asg,, = Al,/AV;s andRj, is the drain resistance.
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Substituting the values &= 10 KQ, R.;s= 50 KQ, andg,,= 1.17x10°A/V, we get
common-mode gaid = - 0.1 and differential gaid;= 11.7. As stated earlier the
experimental values were found out todg,=- 0.13 and4,; = 7.34.

3.7 AC analysis of a common-mode differential amplifier

In this section, we study AC analysis of a common-mode differentiaifeanpl
that has been explained in the section 3.5.3. The circuit was connected as shown in Fig.
59.To operate both devices of a differential pair in saturation region the common mode
input was biased to 5 volts DC through resistors R1 and R2. A sinusoidal signal of 50 mV
amplitude was applied as input as shown in Fig. 59 below. The output was measured
across a parallel RC load. For a 100 kHz voltage signal, the input and output waveforms
measured on an oscilloscope are shown in Fig. 60. In Fig. 60, the input signal was
measured by channel 1 of the oscilloscope where as the output signal by chanoes 2 ac
the 10 K2 resistor in parallel with 47 pF capacitor. Fig.gbibws the theoretical and
experimental plots of voltage gain in dB versus frequency of a common-modentiiffiere
amplifier. For mid band frequencies, the experimental gain is 7 dB compared to the
theoretical value of 9 dB. The experimentally measured bandwidth is lest¢han t
theoretically calculated value. Again, this could be due to parasitic capasitartbe

circuit.
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%% Agilent Technologies

Fig. 60: Input and output voltage waveforms of a common-mode differential amatifier
100 KHz frequency.

10

9

Voltage Gain, dB
N
T

|
10"
Frequency, Hz

Fig. 61: Plot of voltage gain (in dB) versus frequency of a common-mode dif&rent
amplifier. Solid lines: theory; dotted lines: experiment.
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3.8 CMOS Logic circuits

CMOS has been considered as an excellent technology for designing digital
integrated ciruits. The reason is quite simple, MOSFETSs are small, radidavi high-
density logic networks, and switching circuits are straightforward tigres this
section we will examine a few basic logic circuits. By using thede tiguits a

frequency counter was designed.

A —]
B —

A.B

Fig. 62: A schematic symbol of a 2-input NAND gate.

3.8.1 A 2-input NAND gate

To start with, we designed a 2-input NAND gate using NMOS and PMOS

transistors of width-to-length ratios 10. The schematic symbol of a 2-inpuDNyslte is

shown in Fig. 62. For a 2-input NAND gate, two NMOS devices were connectedes ser

and two PMOS devices were connected in parallel as shown in Fig. 63. The NMOS

devices provide a path from the output to ground if and only if A@thdB are equal to

1; otherwise, at least one of the NMOS device is OFF and the output has a conduction

path to the power supplyp, through one of the PMOS devices. For experimental

analysis, we have s&pp = 5 volts. By varying the inputs of a 2-input NAND gate, output

has been measured. The truth table of a 2-input NAND gate is shown in Table 1. From

Table 1one can see that the output of a NAND gate will become zero if and only if both

inputs are equal t@pp.
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Fig. 63: CMOS 2-input NAND logic gate.

A B A.B

0 0 1
0 1 1
1 0 1
1 1 0

Table 1: Truth table of a 2-input NAND gate.

3.8.2 The D flip-flop

By using 2-input NAND gates we designed a D flip-flop as shown in Fig. 64. A
latch can be defined as a one bit storage element, whereas a flip-flopcts @latrolled

by a clock CLK) input. In order for a logic circuit to store and retain its logic state even
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after the controlling input signal has been removed, it is first necessdhgfoircuit to
have some form of feedback, and secondly it should also have some additional input that
can be used to change the logic states if necessary. Because of this reasdh, one

choose either NAND gates or NOR gates over inverters to form a latch.
D }

CLK

|

}7
}7

o

The output of a D flip-flop will change its state only when the clock inpw fall

Fig. 64: A D flip-flop.

to O or else the output will hold the last state. Also the output always takes on the state
of the D input at the moment when the clock input falls from 1 to O.

3.8.3 T flip-flop and a 4 bit counter

Next, to convert a D flip-flop into a T flip-flop thé output of a D flip-flop was
connected to its D input so that the D input should always tell the flip-flop to charmge stat

at each clock pulse. A schematic symbol of a T flip-flop is shown in Fig. 65 below.

— T Q —

— CLK

Fig. 65: Schematic symbol of a T flip-flop.
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When the T input is at logic 0, change in clock CLK will have no effect on output Q so
that means the output Q remains same. However, when T is at logic 1 output toggles with
the clock input. Table. 2 shows the experiemental results obtained. The arresengpr

the change in output state when the clock input falls from 5 to 0 V. One can see that the
experimental results obtained are in agreement with theory. Also from teeotabtan

see that a T flip-flop can work as a 1 bit counter.

To design a 4 bit counter, four T flip-flops were connected in cascade as shown
in Fig. 66 below. The T inputs of all flip-flops are at logic 1 and the output of each
flip-flop will trigger the next flip-flop. The count held by this counter is reathie
reverse order from the order in which the flip-flops are triggered. Thus, duipuhe
high order of the count, while outpétis the low order. The binary count held by the
counter is theCBA, and runs from 0000 (decimal 0) to 1111 (decimal 15). The
counter circuit described above was designed and fabricated. Unforturtagediyctiit
did not work as calculated. It was found that only the first flip-flop was responding to
clock input, while the outputs of the other three flip-flops did not show any change in

response to the clock input. The reasons for this are not clear to us at this time.

A B C D

T QtT Q“I LT QILT Q [—
— CLK CLK CLK CLK

Fig. 66 : A 4 bit counter implementation using T flip-flops.




CLK

Table 2: Truth table of a T flip-flop.
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Chapter 4

Summary and Conclusions

This thesis has investigated the characteristics of acoustic wavesginogag a
thin piezoelectric plate that is in contact with a fluid medium. It is found analer
suitable conditions, acoustic wave propagating in a piezoelectric platéficemty
radiate a bulk acoustic wave in the surrounding fluid. This effect has potential
applications for use in ultrasonic flow meters and for development of air-coupled
ultrasonic transducers. Another part of the thesis is design and fabrication $f@Gn A
(Application Specific Integrated Circuit) chip containing an amplifred a frequency
counter suitable for use with acoustic wave transducers and sensors.

In chapter 1, general properties of acoustic waves that can propagate in solid
materials are discussed. The applications of acoustic wave devices gldh@fisensing
and signal processing are mentioned. The advantages of thin plate wave devices ove
other types of acoustic wave devices are described. The chapter conclixdebrat
discussion of the application of mode conversion principle to realize miniature, high
efficiency transducers for use in ultrasonic flow meters.

In chapter 2, propagation of acoustic waves in a piezoelectric plate which is in
contact with a fluid medium is investigated theoretically. After applyegioundary
conditions on the piezoelectric plate surfaces, the resultant 10x10 matrix feechodo
an 8x8 matrix to simplify the calculations. A new method is proposed to calculate the

velocity and attenuation of the plate waves. It consists of making the choaeehet
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increase or decrease in the amplitudes of mechanical variables in the bulkwfithe f
depending on whether the plate wave velocity is greater than or less than bulk wave
velocity in the fluid. For the case of acoustic wave propagating in a 128 Y-X lithium
niobate plate loaded with water on one side, it was found that conversion efficiency
greater than 2 dB per wavelength can be obtained for valleg bf= plate thickness, f

= acoustic wave frequency) lying between 220 and 750 m/s. Analysis of water loading
effect on other two widely used substrates, namely lithium tantalate and glsartz, a
shows strong coupling between plate and bulk acoustic waves. The analysis of wave
propagation for the case where the fluid is a gas such as air, for example,lstdivs t
plate wave can radiate bulk wave in the surrounding air. The coupling in this case is
weaker than in the case of a liquid contacting the plate surface. Nevesihbis effect
may find applications for generation and detection of ultrasonic waves in air.

Chapter 3 begins with a brief introduction to the subject of Application Specific
Integrated Circuits (ASICs). A number of NMOS and PMOS transistors have been
fabricated and their characteristics studied theoretically and exgealy. The next
topic studied is the voltage transfer characteristics of CMOS invert@arggfdMOS and
PMOS devices of various aspect ratios. The use of a CMOS inverter as aignal|
amplifier is investigated. Small signal voltage gain of 16 dB was obtaineftieafugncy
of 100 kHz. Using the NMOS and PMOS transistors fabricated in the chip a differentia
amplifier with externally connected resistive loads was set up. Theimegpeal values
of differential mode gain Aand common mode gainc/ were found to bed,; = 7.34
andA.y,= 0.13, compared to the calculated valueg gf 11.7 and4.),= 0.1,

respectively. Next, we studied use of this amplifier for amplifying a.natsgAt a signal
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frequency of 10 kHz, voltage gain of 7 dB was obtained compared to the theoretical value
of 9 dB. Next the implementation of a 2-input NAND gate is explained. By using3IM
transistors having W/L values of 10:1 a 2-input NAND gate was designed andtfadbric
The next topic deals with the design of a D flip-flop using NAND gates and@3M
inverter. It is shown that by small modification a D flip-flop can be congdaea T flip-
flop or a 1-bit counter. Finally, the implementation of a 4-bit counter by casciading-
bit counters is briefly explained.

The work described in this thesis has shown that an acoustic wave propagating in
a thin piezoelectric plate can be used to generate bulk acoustic waves in a lequid or
gaseous medium. One of the important applications of this effect can be itmatiealof
miniature, high efficiency transducers for use in ultrasonic flow meldore theoretical
and experimental work is required to develop these transducers. The generation of waves
in air should also be investigated in more detail to study the feasibility of tnssng t

approach for development of air-coupled transducers.
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APPENDICES

Appendix A: Matlab program to calculate plate waeéocity

% fluid on top and vacuum in the bottom

% Title: program for liq after bump velocity calc ulation for Y-X
Lithium niobate

clear % clearing all previous commands

clc %clearing Matlab command window

format long ¢ % floating-point format

count=1,;

pcompare=1; % max value of P for comparison

lambdal=1; % name representation of lambda for formulae

P=eye(8); % Unit matrix initialization

lambda=0;mu=218; theta=0; % Euler angles
lambda=lambda*pi/180;mu=mu*pi/180;theta=theta*pi/18 0; % changing degree
into radians

ep0=8.854187817*10"-12; % Absolute value of permittivity

ro=4628; % density of material kg/m3

cxy=(10711)*[ 1.9839 0.5472 0.6513 0.0788 0 0;
0.5472 1.9839 0.6513 -0.0788 0 0;
0.6513 0.6513 2.279 O 0 0;
0.0788 -0.0788 0O 0.5965 0 0;
0 0 0 0 0.5965 0.0788;
0 0 0 0 0.0788 0.71835;];

% The elasticity constant N/m2
exy=[0 0 O 0 3.69 -2.42;

-2.42 242 0 3.69 0 0;

90
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03 03 177 0 O 0;];
% piezoelectric constant in F/m

ep=(10°(-11)) 40.36 0  O;

0 40.36 O;

0 0 23.28;]; %(dielectric constant in C/m2
T=[165;6 24,54 3]; % local matrix
for k=1:3 % converting engineering notation to tensor notatio n

for 1=1:3
for i=1:3
for j=1:3
m=T(k,l); n=T(,)); %local variables

c(k,l,i,j)=cxy(m,n);

end
end
end
end
for k=1:3 % converting engineering notation to tensor notatio n
for i=1:3
for j=1:3
n=T(i.);

e(k,i,j)=exy(k,n);
end
end
end
al=[cos(lambda) sin(lambda) O ; -sin(lambda) cos(la mbda) 0; 0 0 1];
%1st euler rotation around z axis
a2=[1 0 0 ; 0 cos(mu) sin(mu); O -sin(mu) cos(mu)];
%2nd euler rotation around X' axis

a3=[cos(theta) sin(theta) O ;-sin(theta) cos(theta) 0;001];



%3rd euler rotation around z" axis
a=a3*a2*al; 9% composite euler rotation matrix

for i=1:3 % initialization of rotated elasticity constant mat

for j=1:3
for k=1:3
for 1=1:3
cc(i,j,k,1)=0;
end
end
end
end
for i=1:3 % initialization of rotated dielectric constant mat
for j=1:3
for k=1:3
ee(i,},k)=0;
end
end
end
for i=1:3 % initialization of rotated piezoelectricity consta
matrix
for j=1:3
epp(i.j)=0;
end
end
for i=1:3 % calculation of rotated elasticity constant matrix
for j=1:3
for k=1:3

for 1=1:3

for r=1:3
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for s=1:3
for t=1:3

for n=1:3

cc(i,j,k,N)=cc(i,j,k,D+a(i,n*a(,s)*ak,t)*a(l,n)
end
end
end
end
end
end
end
end
for k=1:3 % converting tensor notation to engineering notatio
for 1=1:3
for i=1:3.
for j=1:3
m=T(i.J);
n=T(k,l);
cf(m,n)=cc(i,j,k,l);
end
end
end
end
for i=1:3 % calculation of rotated dielectric constant matrix
for j=1:3
for k=1:3
for r=1:3

for s=1:3

*c(r,s,t,n);
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for t=1:3
ee(i,j,k)=ee(i,j,k)+a(i,n*a(,s)*a(k,t)*e(r,s,t
end
end
end
end
end
end
T=[165;624;543];

for k=1:3 % converting tensor notation to engineering notatio

for i=1:3
for j=1:3
n=T(i,j);

enew(k,n)=ee(k,i,j);
end
end
end
for i=1:3 % calculation of rotated piezoelectric constant mat
for j=1:3
for r=1:3
for s=1:3 % epp is epsilon
epp(i.j)=epp(i.j+a(i,r*a(,s)*ep(
end
end
end
end
cxy=cf; % rotated elastic constant
exy=enew; % rotated dielectric constant

ep=epp; % rotated piezoelectric constant
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for k=1.3 % converting engineering notation to tensor notatio

for 1=1:3
for i=1:3
for j=1:3
m=T(k,);
n=T(1.));
c(k,l,i,j)=cxy(m,n);
end
end
end

end

for k=1:3 % converting engineering notation to tensor notatio

for i=1:3
for j=1:3
n=T(,j);

e(k,i,j)=exy(k,n);
end
end

end

Ji=sart(-1);

itrn=24;vstep=1;vstart=2845+63.8%jj;v=vstart; % velocity loop

hstart=0.4;hstep=0.1;hfinal=0.4;
rhof=997.3;

c_lig=2.25*10"9;
v_lig=sqgrt(c_lig/rhof);
bf=-sqrt(((rhof*v*2)-c_lig)/(c_liq));
epf=80*ep0;

for h=hstart:hstep:hfinal

if real(vstart)>v_liq

%thickness of the plate, h/wavelength,?

% h/? loop starts here
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v=vstart; % re-initialization of velocity loop for each h loo p
bf=-bf;

end

for vloop=1:itrn % the velocity loop

b=tf( 's' ); % decay constants variable

for i=1:3 % lambda matrix declaration

for j=1:3

L(i,))=c(3,i,3.))*b"2+(c(1,i,3,j)+c(3,i,1,j))*b+c(1 4,10

end
L(i,4)=e(3.i,3)*b"2+(e(1,i,3)+e(3.i,1)) *b+e(1,i,1);
L(4,i)=L(i,4);
end
L(4,4)=-(ep(3,3)*b"2+(ep(1,3)+ep(3,1))*b+ep 1,1):
for i=1:4
for j=1:4
if ==
if i==
A(1L))=L(1.0D);
else
A(1L))=L(1.j)-ro*(v"2);
end
else
A(L)=L(1.));
end
end

end

% calculation of determinant of lambda matrix

inx=[234:;134;124;123];



DE=0; % initialization of determinant of lambda matrix
for i=1:4
j=inx(i,1); k=inx(i,2);
D=A(2,))*A(3,K)*A(4,m)+A(2,K)*A(3,m)*A(4,))+A(3,))*
A(2,m)*A(3,k)*A(4,))-A2,))*A(4,K)*A(3,m)-A(2,k)*A(
DE=DE+(-1)"(i+1)*D*A(L,i);
end
[rot]=zero(DE); % roots of lambda matrix
n=0;
for k=1:size(rot)

b=rot(k); % decay constants
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m=inx(i,3);
A(4,K)*A(2,m)-

3.))*A(4,m);

for i=1:3 % recalculation of lambda matrix with found b

for j=1:3
Lx(i,j)=c(3,1,3,j) "0 2+(c(L,i,3,)+C(3,i, 1,j)) *b+o(
end
Lx(i,4)=e(3,i,3)*b"2+(e(L,i,3)+e(3,
LX(4,)=Lx(i,4);
end

Lx(4,4)=-(ep(3,3)*b"2+(ep(1,3)+ep(3,1))

for i=1:4
for j=1:4
if =5
if ==
AX(i,j)=Lx(i,i);
else

AX(i,))=Lx(i,j)-ro*(v"2
end
else

AX(iJ)=Lx(i.));

11'111])1

i,1))*b+e(1,i,1);

*b+ep(1,1));



end
end
end

n=n+1,
ap=null(Ax); % eigenvectors B
B(:,n)=null(Ax);
clear AX Lx

end

m=1,

for k=1:size(rot)
b(m)=rot(k);
m=m-+1,
end %4
[wl w2]=size(b);
if w2==8

j=sart(-1);

for n=1:8 %calculation of boundary condition matrix P

for i=1:3
P(i,n)=(e(1,3,)+e(3,3,i)*

for k=1:3

P(i,n)=P(i,n)+(c(3,i,k,1)+c(3,i,k,3)*b(n))

end

P(7,n)=P(3,n)*exp(j*b(n)*2*pi*h/lambdal);
P(3,n)=P(3,n)-B(3,n)*((rhof*v"2

end

b(n))*B(4,n);

*B(k,n);

)/of);
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P(4.n)=-(ep(1,3)+ep(3,3)*b(n)+]

P(8,n)=-(ep(1,3)+ep(3,3)*b(n)-

j*ep0)*B(4,n)*exp(j*b(n)*2*pi*h/lambdal);

for k=1:3

P(4,n)=P(4,n)+(e(3,k,1)+e(3

P(8,n)=P(8,n)+(e(3,k,1)+e(3,k,3)*b(n))*B(k,n)*exp(j

);

%
%
%
%
%
%

%

end
end
end
for n=1:8
for i=5:6
P(i,n)=0;
s=i-4;

P(i,n)=P(s,n)*exp(j*b(n)*2*pi*h/lam
end
end

velocity(vloop)=v;

DP(vloop)=abs(det(P)); % determinant of P
v=v+vstep; % increment in velocity

end

countl=1;

for ve=1:itrn-2
if DP(vc)>DP(vc+1)&& DP(vc+1)<DP(vc+2) &
h1=round(h*100)
vlowest(h1,countl)=velocity(vc+1)
DDP(h1,countl)=DP(vc+1)

countl=countl+1;
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*epf)*B(4,n);

k,3)*b(n))*B(k,n);

*b(n)*2*pi*h/lambdal

bdal);

& DP(vc+l)<pcompare



% end

% end

for i=1:length(DP)

if (min(DP)==DP(i))
DP(i)

vlowest(vloop)=velocity(i);

viowest(vloop)

else

i=i+1;

end

end
figure(1)
plot(velocity(2:vloop-2),DP(2:vloop-2))
ylabel( P )

xlabel( V')

title( 'Plot of P versus velocity to search minima'

count=count+1;
hh(count)=h; % values of h

end
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Appendix B: Derivation of Equation for Attenuati@oefficienta

The relation between the attenuation coefficieahd imaginary part of the
propagation velocity can be derived as follows.
Letv = vR + jvl.

Then the propagation constanis given by

w
PH (k- jvh)

IACAEICD
vl v

(w® —jv")
= k|
vl
Thus the imaginary part @fis given by

1
k=~ k|G

vl
The propagation of the wave in the x direction is representedbyWe get
elkx — gi(kR+jE)x — —k'x 5 jkRx
Thusk!, the imaginary part df, gives rise to attenuation of the wave along the
propagation direction. l;andA, denote the wave amplitudes at pointsndx + Ax

respectively, we get

A1 _ prian

A,



Therefore wave attenuation in dB in distadaeis
= 20log,0(A,/4A,) dB = (20log,ee) (k' Ax) = 8.67(k! Ax)

If Ax = the wavelengthi, then
vl vl
— =21

|v| v

Therefore attenuation in dB per wavelength

KA= |kl

1 I

v v
= 8.67 X 21 — = 54.58 — dB/A
|v| vl

Sincev! « vk, we havdv| = v® and so we can write attenuati@mn dB per

wavelength ag = 54.58 (v! /vR).
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Appendix C: SPICE Level 3 parameters of NMOS and
PMOS transistors in our ASIC chip

* DATE: Mar 31/09

*LOT: T8CD WAF: 6102

* DIE: N_Area_Fring DEV: N3740/10

* Temp= 27

.MODEL CMOSN NMOS ( LEVEL

=3

+ TOX =3.12E-8 NSUB =9.774379E15 GAMMA
=0.773496

+PHI =1 VTO =0.6204887 DELTA
=0.6077766

+UO =551.3067103 ETA =8.822751E-4 THETA
=0.073779

+KP =7.212452E-5 VMAX =2.101886E5 KAPPA
=05

+ RSH =21.8240936 NFS =5.686446E11 TPG
=1

+XJ =3E-7 LD =7.881538E-15 WD

= 6.680894E-7

+ CGDO =2.13E-10 CGSO =2.13E-10 CGBO
= 1E-10

+CJ =2.855654E-4 PB =0.8852603 MJ

=05

+ CISW =1.077247E- 10 MJSW =0.05 )

*
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* DATE: Mar 31/09

*LOT: T8CD WAF: 6102

* DIE: P_Area_Fring DEV: P3740/10

* Temp= 27

.MODEL CMOSP PMOS ( LEVEL

=3

+TOX =3.12E-8 NSUB =1E17 GAMMA
= 0.4944052

+PHI =0.7 VTO =-0.9072807 DELTA
=0.3899087

+UO =102.2071731 ETA =1.471018E-4 THETA
=0.1284443

+KP =2.415694E-5 VMAX =1.439273E5 KAPPA
=50

+ RSH =0.2005287 NFS =5.309638E11 TPG
=-1

+XJ =2E-7 LD =1.000829E-14 WD

= 1E-6

+ CGDO =2.39E-10 CGSO =2.39E-10 CGBO
=1E-10

+CJ =293836E-4 PB =0.8 MJ
=0.448408

+ CISW =1.479762E- 10 MJSW =0.0817737 )

*
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