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ABSTRACT

~ Harmonic delay lines are necessary for building
SA{%oscillators in the 200 MHz - 1 GHz frequency range
us;;g conventional photolithographic techniques. The
various methods of generating and filtering higher
harmonic modes in Surface Acouftic Wave (SAW) delay
lines are presented in this thesis. A new design called
the "stepped-finger' design, for SAW transducers was
also developed in this thesis. A steppéd-finger harmonic
delay line was built, tested and compared with the only
other presently existing harmonic delay line structure,
the 3~ and 4-finger delay line. The experimental resulZS
obtained indicated that the stepped-finger delay line was

the more efficient of the two,
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CHAPTER I

INTRODUCTION -

1.1 Operating Principles of Surface Acoustic Waves

Any unbounded solid can propagate and support a mode
of elastic (mechanical) waves. These waves carry vibra-
tional energy parallel to the surface of the solid and ’
are called Surface Acoustic Waves (SAW's). Generallyt
the usable frequency range of these waves are in the mega-
to gigahertz range. |

The elastic waves of particular importance are called
Rayleigh waves. The velocity of these waves are constant
for a particular crystal and lie in the range of 1,000 to
6,000 m)sec. This slow velocity of the surface acoustic
wave relative to that of electromagnetic waves results in
a spatial compression of a signal by about 105 along the
propagation pd&h. For example a 3us long signal will
occupy 1 km as an eléptromagnetic wave, but only 1;¥Q as a
surface acoustic wave. SAW's propagate close to the surface

of the solid, so that the mechanical energy carried by these

waves is largest on the surface. If the solid is of piezo-
. H

electric material, the waves txavelling on its surface will

’
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induce local electric fields. These electric fields will
extend above the surface of the piezoelectric solid and
will propagate aiong with the mechanical surface waves.

The surface acoustic wave can be launched from an
electrical signal, processed and reconverted back to an
electrical signal, by using Interdigital Transducers (IDT's)
as shown in Figure 1.1, The IDT consists of thin conducting
strips (fingers) deposited onto the surface of the piezo-
electric substrate. Adjacent strips in eaeh transducer are
connected to alternate bus bars, so that the polarity of
each finger alternates in a sequential manner. The repeat
' distance (periodicity), 2L, is made equal to the wavelength,
A,» corresponding to the centre frequency, fo’ tﬂe frequency

3

at which maximum response occurs, i.e.:
(1.1)

where v is the velocity of the SAW.
The input transducer launches both a forward wave
(towards'the output transducer) and a backward wave. The
unwanted backward wave is" eliminated by an acoustic absorber
so that it will not be reflected from the end of the crystal
and‘interfere with the forward wave. By reciprocity, the
oﬁtput transducer is also bidirectional and some of the
incident acoustic wave passes under the transducer and must

be absorbed at the end of the crystal.

P
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In SAW devices there is a direct relationship between
the transducer geometry and its impulse response, h(t).
The impulse response is rélated to the frequency response
by the Fourier transform.

© vV
h(t) = [H(f) exp (j2nft) df (1.2)

Thus by controlling the finger positions and the extent
of overlap between adjacent fingers, the impulse response
and frequency response may be tailored to any desired speci-
fication. The most commonly used geometric structures in
SAW devices and the resulting impulse and frequency responses
are shown in Figure 1.2. Note the correspondence between
transducer structure and impulse response. Note also that
the frequency response in Figure 1.2(2) is not idealy rec-
tangular, but contains ripples in the pass band and stop band
due to the truncation of the sinc function in the transducer
geometry.

SAW devices generally consist of a transmitting (input)
IDT, with frequency response Hin(f), and a receiving (output)
ID%, with frequency response Hout<f)‘ So the overall fre-
quency response of the device will be the product of the

two responses modified by a delay factor, i.e.:

Hp(F) = H, (£) . H | (£) . exp(-j2nfT) (1.3)

n out
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In designing a SAW device consideration must also be
given to second order effects such as:
(1) Triple transit echoes.
(2) Wave reflection at finger edges.
(3) Nonplanar wavefronts.
(4) Diffraction and beam steering.
(5) Spurious acoustic modes (Bulk and plate waves).
(6) Electromagnetic feedthrough.
(7) Electrode resistivity.
(8) Electrode mass loading.

Methods of reducing these second order effects are

discussed in detail in [1].

1.2 Scope of This Thesis

Because of their advantages of small size, light weight,
ruggedness and planar structures which rely on a technology
similar to that employed in the fabrication of integrated
circuits, SAW devices are being used in increasing number
for military and commercial signal-processihg systems. How-
ever, there are still many problems encountered in the
fabrication of SAW devices. One of these problems is the
production of SAW devices that are capable of operating in
the 200 MHz - 1 GHz frequency range.

SAW devices can be made with fundamental frequencies
below 200 MHz using photolithographic techniques. On a

contract for CRC, Campbell [9] was able to successfully
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build a SAW delay line operating at a fundamental frequency
of 183 MHz, using the photolithographic equipment of the "
SAW device fabrication laboratory at McMaster University.
This upper frequency limit was set according to the
resolution of the existing photoreduction lens (200 line
pair/mm), and the resolution limitations in the photoresist
processes. ‘

Later Campbell and Seiler [29] built SAW delay lines
at fundamental frequencies of 1 GHz and 2 GHz using a
scanning electron microscope (SEM) modified for electron-
beam lithography. Here the lower frequency limit was set
according to the existing field of view of the SEM.

The solution to the problem of operating a SAW device
in the 200 MHz - 1 GHz range, ig to simply make the device
with a fundamental frequency below 200 MHz using normal
photolithographic techniques, and to operate the device at
a higher harmonic frequency which is in the 200 MHz - 1 GHz
frequency range. However, another problem arises, thaE of
efficiently generating the higher harmonic mode and the
filtering of this mode from the undesired other harmonics

which are inevitably simultaneously generated. The solution

‘to this problem is the ﬁrimary purpose for this thesis.

The most accurate circuit model available for describing
SAW transducers operating at higher harmonic modes is

identified and described in Chapter II.
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Chapter III deals with the problems encountered with
higher harmonic mode operation of SAW devices.

Solutions to these problems are outlined in Chapter
IV. In this chapter the only existing solution previous
to this thesis, which was developed by Kerbel [11] and
Engan [15] is outlined. The author's solution, which
makes use of a new transduce; design called the ''stepped-
finger'" transducer, is also stated.

Two delay lines, one using Kerbel's and Engan's

method and the other using the author's stepped-finger

method, were designed and fabricated as presented in Chapter

V.

The experiﬁental results obtained from the two delay
lines are presented in Chapter VI.

Finally in Chapter VII comparisons are made between

the two delay lines to ascertain which of the two methods

is the more efficient.



CHAPTER TI

HARMONIC-FREQUENCY CIRCUIT-MODELS

2.1 General

Representing SAW interdigital transducers by a simple
model is the most efficient way of determining the transfer
matrices of the input and output transducer. This then
allows the amplitude and phase response of the SAW device
to be determined as a function of frequency. Second order
effects such as reflections from input and output trans-
ducers, device mismatching, etc., can be included in the
model. '
| Since the advent of SAW devices numerous models have
been proposed. A summary of the most used models and their
capabilities is given in Figure 2.1 [2].

The delta function model was introduced by Tancrell
and Holland [3]. This model gives.a good description of

the bandshape near the fundamental frequency, but incurs

severe errors far from the fundamental frequency and thus

fails to predict the correct levels of the harmonic responses.

The spatial harmonic model was first derived for an

infinite periodic "single-electrode' transducer 'in the

~
.
& >
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important early work by Engan [4]. This was the first

time a model was derived to explain harmonic operations

in SAW devices. The model accurately predicts the relative
harmonic amplitudes, but makes the assumptions of small
piezoelectric coupling and a sufficiently long transducer
so that fend eIfects could be neglected.

Both the impulse model of Hartmann et. al., [5] and
the crossed field Mason circuit model [6] are rather
accurate f?r describing the IDT’operation in the funda-
mental pa!g band. The crossed field model has the added
advantage of describing transducers containing externally
matched circuits, electrode loading and tri?le transit
echoes. However, both models, like the delta function
model, are inaccurate when used to describe overtone oper-
ations.

The generalized circuit model developed by Smith et.
al., [7] of Hughes Aircraft Company is the most accurate
model develaped to date for the characterization of both
fundamental and higher harmonic operation. The model is
capable of describing transducers containing any number of
fingers, in any polarity sequence, and with arbitrary
metallization ratio. This model was adopted in thisoﬂhesis
for the generation of higher harmonic modes, and so it is

described in detail in the next section.

11
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2.2 The Generalized Circuit Model

A SAW transducer consists of two acoustic ports and
one electrical port. Thus a three port network, as shown
in Figure 2.2, would be sufficient for describing all the
transfer functions of the transducer. In Figure 2.2 ports
1 and 2 are Ehe acoustic ports. The "voltages" El’ and E,
and the "currents" I, and I, are representative'of the
acoustic wave forces and acoustic wave velocities respec-
tively. Port 3 is the electric port, with the voltage Eq
and current 13 representing the actual voltage and current
applied to the bus bars of ‘the transducer The currents
and voltages of the three port network are related by the

admittance matrix Yij' i.e.:

The generalized circuit model uses the Krimholtz
circuit [8] to represent an electrode and gap region, as
shown in Figure 2.3. N number of these circuits are then
connected together, as shown in Figure 2.4, to represent
a transducer consisting of N electrodes and gaps. Thus
by finding the Yij of alb electrodes, the admittance

matrix Yij of the entire transducer can be found.
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2.2.1 Calculation of Vi

To coméute the values of yij the elements of the
generalized circuit,model for each section (electrodé and
adjacent gap) shown in Figure 2.3 must first be evaluated.
The circuit elements are found by developing expressions
for the electric fields under any one elect;ode in any

local environment. The electric fields are found by solving

a set of electrostatic boundary value problems, and by

-making the assumptions that:

(1) the fields in the region of an elec¢trode depend
only on the dimensions and polarities of that

electrode and its nearest and next-nearest neigh-
bours.

- SQ
(ii) the electrode widths and spacings within the local

environment are either all identical or vary so
slowly from electrode to electrode that all
electrodes within the local environment may be
considered to have the‘same'metallization ratio, n

(iii) the electrodes are all infinitesimally thin perfect

>

conductors.

s

With these assumptions it can be proved, as shown in

Appendix I of [7], that the normalized electric field for

the ith electrode is:

~
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E,(x;,n;) |2=0 AL, g
(AV/L) 2 m=0

(n; - 0.5™ .

5 T (2x./n.L.)

Do (p) R i 17

n=l T 2 2%
[(niLi/2> "XiJ

3
t

Chebyshev polynomial of order n

=
i

metallization ratio of ith electrode

= dielectric constant ratio

2 2 %
2TT[-E:xx/gzznexz/Ezz]

15.71 for YZ -lithium niobate crystal

where, ﬂ%x’ €00 Eyxz = dielectric constants of crystal
anm(pi) is a set of coefficients for a corxgesponding local
polarity sequence, P; around electrode i:. These coefficients
\are listed in Appendix II of [7].

The element C; of Figure 2.3, is the capacitance
associated with the charge and voltage on the ith electrode.
Ci is found by integrating the charge density distribution
(the double summation in equation (2.2)) from xi=—niLi/2

to xg=n;L./2, giving,

15 m
(AV) 2 Zz[miogom(pi)(ni-%) ]

(2.2)

(2.3)

(2.4)



y The acoustic transit angle in the electrode region,

Y= wS/\)s : (2.5)
whére S = width of electrode
and Vg = acouétic velocity under the electrode

The acoustic transit angle in the gap region,

v = uG/vg | (2.6)
where G = width of gap
and Vg = acoustic velocity in the gap

The transformer ratio, T, is given by,

= 3 -
r; = jBY_-%F, (8) ‘ (2.7)
. where,
) 8 = wavenumber = 27nf/v (2.8)
YS = characteristic mechanical admittance in the
electrode region.
Fio(B) = the imaginary part of the spectral excitation function.

1.e. F;(8) = F; (B) + 3F; (B)

' 3
8 2 E_(x,,n:)|
14 "0 2 _ } 2n, Tz i i te=0
F.(B) "['T'T’ B fikoci 'ni“}é] . _— }

; A (AV/Li)
! 1
~ B 5
14 r0 2 ~ 2 m
. ._{E T fikOCi Iniv%l .om Li . Eo(ni-%) .
5 An.L,
. A1 11
b e (py) ()73 (2 ) .9

n=0

o me s

% oA m I e
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where,

BO = reference wavenumber

= ﬂ/Li (2.10)
Jn = cylindrical Bessel function of order n.
fi = half-wavelength frequency of the ith electrode
kad = .___v...._ (2'11)
2L,
i
2

kO = intrinsic substrate coupling constant
= 24v/v (2.12)
where Av/v is the fraction velocity change calculated by
Campbell and Jones [29] and :F:denotes the Fourier transform.
In the generalized equivalent circuit model J; acts as
a quarter wave transmission line at all frequencies, and

has the form:

%
J; = lFie(B)YSI (2.13)

where Fie(B) is the real part of the spectral excitation

function Fi(8>'

The shunt element jBil is given by:
2 ' .
Byp = ¥ H (18F,(8) %) ‘ (2.14)

where |}{.denotes the Hilbert transform.
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Now that all the circuit elements of Figure 2.3 are
stated, the admittance coefficients yij can easily be found

by circuit analysis, and are given as:

Vi1 = Yoy = —jYScotW (2.

Y19 = jYScch (2.

i
yyy = -3 - exp[-3(¥/2)] [(1-3 cot¥)F. ()
2

+3 cscWFi(B)] (2.
%
R . : *

Yoy = -3 = exp[-3C¥/2)] [3 cscWFi(B)] (2.

) i
- twC. + 3B +-§_2.[c‘*'1r2(e)+t WFZ(B)} (2
y33 = Jw i J il J 5 co '2~ io ’an 7' ie )
yij - yji ” o> (2.

2.2.2 Calculation of Yij

The three port matrix for the entire transducer is
found by connecting the N sections in cascade acoustically
and in parallel electrically, as shown in Figure 2.4,

Define'Yij(N) as the admittance coefficients of a

transducer consisting of N sections (electrodes), and Yij(n)

15)

16)

17)

18)

19)

20)

as the admittance coefficients of the Nth section in the transducer.



e T

R

e

[ylz(n)]z
Yll(N) = yll(n) - —'—'—D———‘
\
N ‘ylz (n)Y12<N"1)
T, (M) = "
Y,,(N-1)
_ 12
Y22(N) = Y22(N—l) - >
B ylz(f‘l)y’
le(N"l)y’
Y23 = YN - ————
Vyq(N) = ya(m) + ¥y (-1 - L0
where

For N =1

For N > 1, the recursion relations |10| give,

2,

D
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(2.

(2.

(2.

(2.

(2.

(2.

(2

(2.

(2.

2k

22)

23)

24)

25)

.26)

27)

28)

29)
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and
Y7 = yp4(n) + Yy (N-1)

For the.calculation of the transfer function, T15(H),
the transducer radiation admittance terﬁ, Yrad(f)’ must be

found. In terms of Yij’

YooY .Y
) . 2 o2 . Y12¥13Y23
Yrad(E) = (Y33-3uCp) -5 (Y] 4+¥) ) +—=522 2

1+Yll
where
CT = transducer total static capacitance
N
= I C.,
i=1 *

Now through the use of the formulas given above and
a digital computer, the frequency response of a transducer
with any metallization ratio and polarity sequences can be
accurately calculated at the fundamental and higher harmonic

frequencies.

22

(2.30)

(2.31)

(2.32)



CHAPTER III

HIGHER HARMONIC MODE GENERATION IN SAW TRANSDUCERS

3.1 General

This chapter will investigate the means of higher
harmonic mode generation using the three most commonly
used transducer geometries shown in Figure 3.1. The
relative amplitudes of several higher harmonics will be
illustrated as a function of metallization ratio for each
of the three different transducer geometries. Then the
problems associated with operating a SAW transducer at

higher harmonics will be discussed.

3.2 Harmonic Amplitude Levels in the 2-Finger Transducer

Engan [4] computed the various spatial harmonics in
a 2-finger transducer by finding the Fourier components of
the electric field distribution. The electric field~dis-

tribution was found using the assumptions of small piezo-

electric coupling, infinitely long transducer, and negligible

thickness of metal fingers. For the transducer structure
shown in Figure 3.2(a) and the boundary conditions of one

half-period shown in Figure 3.2(b) when a potential V_ is

23
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3.1 The three most commonly used finger geometries
for SAW transducers.

(a) 2-Finger geometry
(b) 3-Finger geometry
(c) 4-Finger geometry
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Fig. 3.2 (a) Two-finger transducer surface arrangement.

&) (b) Boundary conditions.
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applied to the transducer terminals, the electrical potential

must satisfy Poisson's equation:

2 2 2
AV IV . 3
— 2513 — €133

Sx% 8x18x3 X

!<1

€11 (3.1)

[US 8

subject to the boundary conditions
V = t%VO for Xq = 0 (3.2)
and X(L(1l-n) < Xy < XL

where (xl, Xy, x3) refers to the crystal coordinate system.

Since V and D3 are both continuous

CA “eqy (3.3)
Bxl 3x3

for Xy = 0 \
and )xl|<%L(l-n)

The potential on the surface (x3=0) must satisfy the

symmetry relation

The potential below the surface (x3<0) can be written

as the sum

4 e e mes -
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o0

L , b
ve- 5t —L A sin {(u+D) T
n=0 n(2n+1) 20tl { L

.
L (%, ;ig x3+6n)} exp {(2n+1)1 crxéz (3.4)
L

where
_ R 2,2 (%
€r = (e11/8337575/839)

A2n+l is the amplitude of the i2n+1)th harmonic

and Gn is a phase constant.

Thus the tangential component of the electric field

oo

E. = 5 A cos {(2n+1) L
\l n=0 2nt+l { ' L
€13 ﬂ
(xq- o Xq + Gn)} exp {(2n+1) . crx3} (3.5)

and the normal component of the electric displacement

€©

D, = I ¢ e _A sin (in+l) I
3 n=0 33 "r 2n+l { L

13 m
(Xl* E—;—; X3 + 61’1)} exp {(2n+l) Z erx3} (36)

TN
Since the electric field must be zero at the electrodes

from the boundary condition given in equation (3.2) ¢
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I A, ,,cos(2n+l) I (x, +6) =0 - (3.7)
n=0 2n+1 L 1 n

when 3L (l-n) < £ < XL

Since D3 is continuous across the surface (x3=0)

between the electrode gap (lxll<%L(1—n))

o}

I A sin(2n+l) L (x, + 8§ ) =0 (3.8)
oo 20+l ! n

Equations (3.7) and (3.8) are both satisfied when

S 7 0 7
%
and A2n+l = BPn(COSﬂ(l-n) . . (3.9
where B is a constant determined by VO
and Pn is the Legendre function of the first kind.
Equation (3.9) shows that the amplitude of any
harmonic depends on the metallization ratio, n, of the \
fingers in the transducer. fhus the choice of metallization
ratio is very important when operating at a‘hﬁgger harmonic
mode. For example the amplitude of the 3rd harmonic (n=1)
for a metallization ratio of 0.5 (n = 0.5) is found from
equation (3.9) to be
A2(l)+l = BPl(COSﬂ(l-O.S))
\
!
4 3
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A3‘= BP, (cosm(0.5) = BP;(0)
but Pl(x) = x
A3 = B.0 =0"*

Therefore the amplitude of the 3rd harmonic is zero for
a 2-finger transducer of metallization ratio 0.5.
A plot of A2n+1 versus metallization ratio is shown in

.

Figure 3.3 for the five lowest harmonics.

3.3 Harmonic Amplitude Levels in 3- and 4-Finger Transducer
Uéing the same éssumptiéﬁs and field theories outlined
in the preceding section Kerbel [11] computed the amplitude
of 15 lowest spatial, harmonics of the 3-finger transducer
as a function of metallization ratio, és shown in Figure 3.4.
Hunsinger et. al. [12] also recently computed a similar plot
using a generalized model for finite periodic transducers.t
Note that even harmonics are'possible for the 3-finger trans-
ducer unlike the cases for the 2- and\4-finger transducers.
The—amplitudé of the spatial harmonics as a function

of metallizatiod/;gﬁio for the 4+finger transducer,-as shown

29

in Figure 3.5, was first derived by Hartmann and Secrest [13]

" by solving the field equations using an iterative technique
\

on a digitél computer .and Fast Fourier Transform routines

for finding the corresponding Agtl-

[
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Smith and Pedler [7] used their generalized circuit
model to theoretically determine the insertion loss (output
signal amplitude divided by input signal amplitude) for
4-finger transducers with metallization ratios of 0.58 and
0.9.

The insertion loss [7] for an untuned transducer is

given as

2GLGa(f)

IL = -20 log,

(6, +G, (£)) 4 (2ncy)

where GL = source conductance

it

Ga(f) radiation conductance found from eq. (2.31)

CT total capacitance found from eq. (2.32)

Figures 3.6 and 3.7 show the theoretical and exper-
imental results obtained for uniform transducers with
metallization ratioé of 0.58 and 0.9 respectively. Both
transducers' aperture, W, was chosen so that the insertion
loss at the 9th harmonic was minimized at £he expense of
higher insertion loss at the other harmonics.

As predicted by the plots in Figure 3.5 the 5th and
7th harmonics have the lowest amplitudes for a metallization
ratio of 0.58; this is verified in Figure 3.6.

Figure 3.5 also predicts that the amplitude of all

the harmonics will be approximately equal at a metallization

33

(3.10)
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ratio of 0.9; this is verified in Figure 3.7.
Note also that the corresponding harmonic levels are
higher for a metallization ratio of 0.9. This also was

predicted by the plots in Figure 3.5.

3.4 Problems Associated with Higher Harmonic Mode Operation

- There are two major problems arising out of higher
harmonic mode operation. The first is changes in the coupling
factor, k2, from the intrinsic substrate coupling factor,

ké. The effective coupling factor for the Mth harmonic is

defined by
-1
2 nQr
keff =
2N
where
N = total number of electrodes
Qr = radiation Q
2nf C :
- M T ~ (3.12)
Ga(fM)

fM is the frequency of the Mth harmonic mode.

Cy and Ga(fM) can be accurately calculated from the gener-’

alized circuit model as outlined in Chapter II. Thus kz

f£ff
for any higher harmonic mode, metallization ratio and given
transducer geometry may be calculated. Figures 3.8 and 3.9

[7] show how kiff for the 11 lowest hafmonigs vary with

B A AT TSI T 0 N e o
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metallization ratio for the 2- aﬁd 4-finger transducer
geometrylrespectively. The curves coincide well with
experimental points given in [14]. The large dot on
Figure 3.8 and 3.9 shows kiff for the fundamental mode
at a metallization ratio of 0.5 when a short traﬁsducer
of only 5 electrodes is used.

The second and more difficult problem arising from
the use of transducers operating at a higher harmonic mode
is that of intexrference from other harmonic modes. Inspec-
tion of the plots given in Figures 3.3, 3.4 and 3.5 will
;hown that at any given metallization ratio more than one
harmonic mode will be éenerated. This fact is experimentally
verified by Figures 3.6 and 3.7.

The‘fBllowing chapters contain detailed discussions on
the solutions for isolating the desired harmonic mode from

the remaining modes.
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CHAPTER IV

SOLUTIONS TO HIGHER HARMONIC MODE SELECTION

4.1 General

In the last chapter it was shown how higher harmonic
modes may be generated in SAW transﬁucers by é}oper selection
of metallization ratio. It was also seen that more than one
harmonic mode will be generated for any given metallization
ratio, Before 1974 narrow band filters-excerna} to the SAW
device were used to select the desired harmonic mode from
the remaining harmonic modes. The external filtering devices
however added the problems of frequency alignment, phase
sensitivity and increased size and weight. In 1974 Kerbel
[11] and Engan [15] simultaneously disclosed a technique for
harmonic mode selection without the use of external filter-
ing devices. They did so by utilizing the harmonic responses #
of different finger geometries, For example, the input trans-
ducer w&s of a 4-finger geometry and the output transducer
a 3-finger geometry. This method of internal filtering works
well, but at high frequencies the lithographic problems arise
again since this method must use the 3- or 4-finger geometries

or both.
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The ultimate goal for higher harmonic frequency
operation with internal mode selection would Be for the
utilization of the 2-finger geometry in both input and out-
put transducers, since this structure gives the maximum
linewidth for any given fundamental frequency. This was the
major purpose for the studies reported in this thesis.

One of ‘the solutions the author came up with was the
use of 2-finger input and output transducers, separated by
a multistrip coubler [16] - [19], which was specially de-
signed to hage its pass band coincide with the pass band of
the desired harmonic mode. A degailed account of this method
is given in Appendix I.

A more efficient methqd was later found by the author,
This method also employs the 2-finger geometry for both in-
put and output transducers, but does not require the use of
a multistrip coupler. But the fingers of the 2-finger trans-
ducer are now stepped rather than simply straight.

The theories of Kerbel's and Engan's 3- and 4-finger
solution and the author's stepped-finger solution are out-

lined in detail in the %ollowing sections of this chapter.

4.2 Kerbel's and Engan's Solution

This solution depends on the different haxmonic responses
of different finger geometries. The technique works because
it staggers the harmonic responses of the two transducers

so that they only overlap in one }r@quency band. For example
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.

a 4-finger geometry may be used for the input trénsducer
and a 3-finger geometry for the output transducer as shown
in Figure 4.1. If both transducers have a metallization
ratio of 0.5, reference to Figures 3.4 and 3.5 will show
that the 4-finger input transducer will generate its lst,
3rd, 9th and 11l1th harmonics, while the 3-finger output
transducer will detect its lst, 2nd, 7th, 8th, 13th and 1l4th
harmonics. If the llth harmonic frequency of the 4-finger
transducer is chosen to equal the 8th harmonic frequency of
the 3-finger transducer, then none of the remaining harmonic
“frequencies of the two transducers will coincide, as shown
in Figure 4.2(a). As a result the overall response will be
that of the desired frequency band only and all the other
harmonic frequencies will be suppressed, as shown in
Figure 4.2(b).
| Using this method Kerbel [l11] was able to build a 1 GHz
harmonic SAW oscillator. The suppression obtained for un-
desired harmonics in this oscillator is summarized in
Figure 4.3. Later Temmyo and Yoshikawa [20] successfully
built a 2 GHz harmonic SAW oscillator using the same tech-
nique.

( To measure the resolution improvement obtained fro;
operating a multieiectrode transducer at a higher harmonic
‘mode, Kerbel [11].defined the fmprovémént Ratio (IR). IR
is the ratio of the finger width of the multielectrgde 1DT,

operating at the Mth harmonic mode and with a metallization
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Fig 4 2 (a) Indmvidual Responses of the two transducers.
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ratio n, to the finger width of a 2-finger transdqcer
of metallization ratio 0.5 -and a fundamental frequency
equal to the Mth harmonic frequency of the multielectrode

transducer, i.e.:

(AO/NF)n
ALY

- 4Mn for n ¢ 0.5

NF

(A, /NF) (1-n) J

%2 /)

or IR =

#

4_1\!_(.1_.—_’]_)- for n > 0.5
NF “ . :
where

. NF = number of fingers per wavelength of the
multielectrode transducer.

A = fundamental wavelength of the multielectrode
transducer.

and n = metallization ratio of the multielectrode

transducer.

4.3 , The Stepped-Finger Sélution
Unlike. the classical 2-finger transducer, which has

each section along its length at the same phase angle as

_shown in Figure 4.4(a), the stepped-finger prané¢ucer has

‘each of its fingers divided into a particular number of

* f
AY

(4.1

(4.2)
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Fig. 4.4_(a)

(8

(b)

The classical finger structure with each section
along its length at the same phase angle.

The stepped-fingex structure with each segment,
along its length displaced from each other by —.
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segments (S) and each segment is displaced from each other
; ) A
by a chosen fraction of the fundamental wavelength, 2, as
shown in Figure 4.4(b). Thus the phase difference between
2m™

adjacent segments on a finger will be —— at any harmonic
D

mode M, where M is assigned the value of 1 for the funda-

mental harmonic mode, 2 for the second harmonic mode, etec.
Md is the number of the desired harmonic mode.
Let the phase angle of the wave from the lst stepped
segment (so) at a summing point P be arbitrarily Oydegrees.
Therefore at summing point P the resulﬁant waﬁe, R(fM),
at any harmonic mode M, will be the phasor sum of the waves

generated by each segment:

S-1
R(fM) = ZO A(fM) |s(2mM/D)
. N S=

wvhere S = total number of segments in each finger,

and A(fM) = amplifude of wave generated by each segment
: at frequency fM‘

Now if each segment is displaced from each other by

-~ (i.e. D = My) and each finger is divided equally into
d , .

M, segments (i.e. S = Mé), then from equation (4.3) the

resultant wave at the desired harmonic mode:

(4.3)
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}
o1

R(fM ) = A(fM) s(Zde/Md)

it
I Mol

A(fM) |s(2m)

= MA(fy) , M =M (4.4)

And the resultant wave at the undesired harmonic modes:

Md-l

I, Al [s@my

- R(£

il

]

0, (M # My (4.5)

Equations (4.4) and (4.5) indicate that if each
finger is divided into Md number of equal segments and

*

displaced by -2 from each other, then the waves from each
Md' , ‘
finger will add constructively to the value MdA(fM) at the

desired harhonic frequency f,, , but at the other undesired
d

modes the waves will add to zero. Thus, the stepped-fingeY

‘transducer eXhlbltS internal ‘suppression of all undesired

harmonics and passes only the desired mode.
1f the‘unlform receiving transducer of the delay line
contains a small number of finger as compared to the stepped-

input transducer to be sufficiently broad band, then the -

A ]
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overall response of the delay line will be goyermned by
the stepped-input transducer alone. Tancrell [21] con-
sidered a uniform transducer to be analogous to an end-
fire antenna a;ray, but with the stepped-finger transducer
each finger can be considered as an end-fire antenna. So
the transfer function of the stepped-finger transducer,
H(f), is the product of the transfer function of the
classical uniform transducer, Hl(f), and the transfer
function of the stepped-finger, Hz(f)‘

In the vicinity of a Harmonic resonance frequency, fM’
it can be shown [22] that:

sin[(ZWN(f—fM)]/fM
[2nN(f—fM)]/fM

H (D) = Ay

where

it

N

and AM

by the given metallization ratio and other frequency-

number of fingers in the transducer

the amplitude of the Mth harmonic as determined

dependent loss terms.
Considering each stepped-finger as an end-fire antenna

array consisting of My elements with each element displaced
A .

2 from its neighbour, the transfer function of this array
M .

d . :
using the one-sided Z-transform can be expressed as:
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Hy(z) = a0+alz_l+a2a‘2 ..... +ay _1z-(Md'l)_
d
Md—l "
= I anz
n=0
where z = e_je
and
f-£f
M
9 = 2 d
£
My

since each s

equal. Thus

I

Hz(Z)

where K is a

Thus :

W

HZ(Z)

qeg”

Substituting

egment is of the same length, the an's,are

equation (4.6) becomes:

Md-l

K 2. z o
n=0

constant, For convenience K is set to 1.

1-z7 Mg
1

for z into equation (4.8)

~a o, o AN a e e pre s ST Sed 8
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(4.6)

(4.7)

(4.8)
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s M6
Hz(e Je) = -l__e___.(.l._

l-eje

1-co§ﬁd8—jsinMd6

]

Hz(e) —
1LQ?se~jsine
{‘\,,\\
. 2 '
sin (Md6/2)\

sinZ(6/2) \\\\

N

. 2
S [Hy ()]

sin(Mde/Z)

i

e IH2<9)'
sin(6/2)

Substituting '‘for 6 into equation (4.9) we get:

- sin n(f-fMdy]/fo ,

sin[ﬂ(f-fMd)l/fMd

1, (£) | =

Thus the magnitude of the overall transfer function for the
stepped-finger transducer in the vicinity of any harmonic

resonance frequency f

is given as:
M g

KD | = [1,(5) |+ |B,(D)]

- Aﬁ sin[2mN(E-E) /5y | sin[1(£-£, )] /£,

[2nNCE-£) ] /2y sin[n(féfMd)}/fM;

52

(4.9)

(4.10)

(4.11)
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Figure 4.5 shows |H1(f)|; |H2(f)| and |H(E)].

Note that the second term in equation (4.11) will have

a value of Md at the desired harmonic resonance (f=fM‘),

and a value of zero at all other harmonic resonanceS'(f#fM ).
' d
Note also for Md=1 (which is necessary to make the stepped-

finger transducer the same as the classical uniform trans-

ducer) the second term in equation (4.11) becomes unity for

all values of f.

o Pa
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Fig. 4.5 The various transfer functions of the stepped-
finger transducer.
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CHAPTER V

DESIGN AND FABRICATION OF HARMONIC SAW DELAY LINES

5.1 General

The primary design consideration for SAW delay lines
is the choice of the substrate. Other design considerations
such as finger width, frequency stability and amplitude

levels all depend on the choice of the substrate. Figure 5.1

. [23] shows the\ most commonly used piezoelectric substrate

materials and their general properties. Examination of
these properties show that lithium niobate (LiNb03) has

the higﬁesc coupling coeﬁficient, k2, which is a measure of
the efficiency with which electrical energy is converted into
mechanical energy on a piezoelectric substrate. The delay
lines reported in this thesis used LiNb03 substrates, though
delay lines were made using quartz substrates as well, The
results obtained frog the delay lines built on quartz were
similar to the results obtained from the Eelay lines built
on LiNb03, except that the delay lines built on quartz had
higher insertion losses as predictediby the lower k2 value

of quartz.
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The delay lines reborted in this thesis were all
made with a metallization.ratio, n, of 0.9. This value
5 of n was chosen for tﬁo reasons: \

(1) ‘at n = 0.9 the highest number of harmonics are

> present, so that the delay llnes would not -have
< the 1nherent harmonlc filtering whlch is possxble
at ptber,meéellization ratio values. In this way

the internal harmonic filtering apility of each

delay line will be due solely to the geometric

design; and
(2) atn-= Q.b all the harmonics are approximately of
the same amplitude level for the 2-, 3-, aﬁd 4-finger
, geomefries. This cond%tion is ﬁeEessary for a fair,
comparison of Kerbel's apd-Engan;s filtering method
and the stepped;finger.filteriAg method. - -
* In this chapter the design procedures for'building a .
Idelay line‘operating at a higher harmonic ﬁode aqd exhibit- \\\

ing internal filtering of qnwanted'ﬁodes will be outlined

_for Kerbel's and Engan's m%thod and the stepped finger

ethod The steps necessary for the fabrication of these

d ay llnes lel also be stated.
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transducer was chosen to have its 5th harmonicrfrequeﬁcy
coincide with the opératiné frequency of 114.4 MHz.
Therefore for the 3-finger tranéducer,'its fundamental

frgquénc&:*

£ = W44 _ 99 88 Mz

and its fundamental wavelength:

3488
22.88%10° .

]

ES szx1o‘4

¢
]

,0.006 inches.

For the 3- finger geometry, the sum of the flnger width X,
and the gap'width Y

‘ . - : . I

58
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’ - 3
3
or X = 9Y. ‘ . ‘ (5.3) :
. i : , . * ’ ]
From equations (5.2) and (5.3), we get: i
kA
3
' !
: ) . ?
\ Y= = : (5.4) %
, 30 * ' :
1 = 2.0X10" "~ inches é
4 ] g
and
¢ A ! ' ‘ i
: X=9-2=0.3) , (5.5)
| 30 ;
: . 3
; - = 1.8X107> inches ,
3 From [24] and [25] for a-3-finger transducer at n = 0.9,. ;
the capacitance per’ meter per finger pair: - - 1
) L N R ;
) . CFF 1‘007.71 pF/m
;
F:. \ For minimum untuned. insexrtion loss [26] and 171,
the 1nput transducer capacltlve susceptance must be made
‘ . equal to ,th_e admittance of the source. For a 50Q source:
4 . . - .
pRT S P S . (5.6)
: SURSTTL G4 ' : - : :
R T | 50 - | |
R \ . . ., ) R
. Where C 1 is the tQtal capacit nce for ‘the input transducer
:;;‘ ': , 3;","' Thus frpm équation (5 6) o < o
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1

Cpy =

21(50) (114.4X10%)
= 27.82 pF

The total number of fimgers in the input transducer

was chosen:to be 30, thus the aperture width:

Cpply

5.68X10"2 inches

' The specifications for the &esign of the.3-finger in-
put transducer is néw-éqmplete.

Thé 4-fiﬁger oﬁﬁput transducer Qas chosen té have its
11th harﬁonic frequency coincideé witg the operating freduepcy
of l14:4'MHz. Thus the fundamentgl frgquency for the 4-finger

transducer:

f.: -]-'}ﬁ.:-é—= 10.4M}IZ -

° 11

.and - the fnndamenéal'wavelength from equation (5.1):

G = o388l T L

S N 6 L . : . R :
- 10.4%10% - S U R
N 1 e .

(5.7)
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1
S S MR

= 1.32X10"2 inches

For the 4-finger geometry, the sum of the finger width,

TR

X, and fhg gap wfdth, Y:

i

1
. Ao - ’ :
X+Y=-— , (5.8) %
4 :
§
3
and %
1
» X=9Y forn=20.9 (5.9) 3§
; From equations (5.8) and. (5.9), we get:
I A, , BN f
3 ‘ Yy =2 - : \ (5.10)
: ' 40 §
} 3
5 = 3‘.35{1'0'4 inches ' ‘ . . 3
3 »
and
X = 0.225%0 .' . ‘ (5 “11.) 17

]

.2.97}{10.3 inches

From [24] and [25] for a 4-finger transducer at n = 0.9, ]
S " . the papaci#ancé per meter per finger pair:
G = 19838
. . The output transducer conSLsted of 12 fingers and had . -
’;\ i the same aperture Width as the input transducer therefore'
B the output transducer capacitgnce o
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- 3
= 12.89 pF -for N2 = 12
A picture of the completed 3- and 4-finger delay line
is shown in Figﬁre 5.2.
1
5.3 Stepped-Finger Harfmonic Delay Line Design :
For comparison purposes this delay line was also chosen
to operate at a harmonic frequency of 114.4 MHz. The S5th
harmonic frequency was chosen to be the desired harmonic
. R

mode (i.e. My = 5). Therefore the fundamental‘frequency:

-

1144
° M

MHz
d

22.88 MHz

.

’

and the fundamental wavelength from equation (5.15:

) - . 3488 | .
0 . 6 ’ .
22.88X10 : B \
-1 sagio-b o ' S . :
= 1.52X10 - m . .
. =.0.006 inches R
" --‘,»'v . - i . " r‘"‘ v ’ ', ’ ' N r
? 2
W o ,,‘4 . . ‘ ..\:,':,
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Picture of the 3- ang 4-finger delay
line operating at 114.4 MHz. ’
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Since the transducers of this delay line are of the

2-finger geometry, the sum of the finger width, X, and the

gap width, Y:

»

A ( '
X+Y= 52 (5.13)

s &

For a metallization ratio of 0.9:

N o N et e A bl A W Mgl A e Tt T i - -

-

s

X+Y

X

9y ‘ - N CR TS

From equations (5;13) and (5.14) ;

_ | y=2 | (5.15)
S 20 .

‘ = 3.0X10"% inches

§ . and

5
]

0451, . o . (5.16)

2.7%10°% inches .

A - -+ From [24] and [25] for a 2-finger transducer at n = 0.9,

the capacitance per meter.per finger pair:

~

| o 2R
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The input transducer capacitive susceptance for a 508
source from equation (5.6):

CTl = 27.82 pF

Making the total ﬁumber of fingers in this input trans-
ducer also equal to 30, from equation (5.7) the aperture
width:

= 0.079 inches for N, = 30 g

Since the desired harmonic mode is the 5th, from the
theory of the stepped-finger transducer outlined in Chapter
IV, each finger must be divided ihto 5 equal segments,
making the width of each segmené: ‘

‘ W = H—-

M
d
='0-.016 inches P
and each segment. must be displaced from its neighbour by;
. AO' ‘ . -3 . .
Y == = 1.2X10. " inches
¢ Md ‘ R
. ',,‘ ' thing the total number of flngers in the output trans—

ducer equal 12 gives the output capacitance from equation

(5&{%12) R /

. ‘.g . . . ] " . B s Dy
/m.‘ té L . B Y , R B S e .
: H . IR SN . R O

e ; N Lo ) , .
R L Y . A A
. STy G e R ' o J

P R T o T Lo o F T N

(5.17)
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= 11.13 pF for N, = 12

C 2

T2

A picture of .the completed stepped-finger delay line

~

is shown in Figure 5.3.

5.4 (Fabrication of Delay Lines

The techniques and equipment used for making SAW
devices are Qeri much similar to those of electronic semi-
conductor devices. The most common fabrication techniques
[27] are photolithography, image projection and electron
beam'lithography.g”

The phot9lithography method uses a contact mask for
the formation of the photoresist circuit pattern onto the

substrate. The mask may be of the non-conformable or con-

formable kind. The ordinary non-conformable contact mask

is only capable of reproducing patterns with minimum line

66

widths of 4 microns. The conformable contact masks are made

of very thin glass plates, so that very close contact is
achieved when the spaée between the substrate and mask is
evacuated.

Contact masks are not msed in the electron beam and

iﬁagg projection techniques. These two methods are used to
obtain line widths in the submicron region. The problem: .

: TN : ,
with these techniques is that the field of view over which

accurate resolution can be obtained is limited, so ﬁexy
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Fig. 5.3 Picture of .the Stepped-Finger Delay

: Line Operating at its 5th Harmonic Mode.
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precise step-and-repeat mechanism is required if tbe
pattern exceeds the field of view which is usually the
case for SAW devices.

After the photoresist pattern is formed 6H'the éub-
strate, the final metallic pattern can be ostained by
chemical etching or lift-off techniques. Chemical etching
is used for producing line widths greater than 4 micronms,
aﬁd the lift-off technique for producing line widths ‘in the
submicrbg regioﬁ.

The delay-lines made for this study had a minimum line
width of 5 microns, so the photolithographic technique using
non-conformable masks and chemical etching was employed.
Each delay line was made using the following four steps:

5.4.1 Artwork and Mask Genéra;ion.

5.4.2 Substrate Preparation and Metal Deposition,

5.4.3 Circuit Pattern Transfer to Substrate.

5.4.4 Wiring and Mounting' of Device.

5.4.1 Artwork and Mask Generation

The delay line circuit dimensions, as specified in
sections 5.2 and 5.3, were first scaled upwards by a factor

of 100, These dimensions were then used to cut an enlarged

-

positive pattern of the delay line on red rubyi%ih (Ulano ~
131

#Q7261), using a Haag Streit AG 1200X1200 mm cutting table.

-

A'pictufe,of the table and.enlarged rubylith patterns are
shown in -Figure '5.4. '
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Fig. 5.4 ‘Picrure of rubylith delay 1iﬁe

¢ - ’ pattern on cutting table.
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A

. The rubylith patterns were photoreduced by a factor
of 5 us%ng a Schneider Repro-Claron camera. The resultipg
nagatives on. 5" X 7" Kodak high resolution film were
further reduced gy a factor éf 20 on a Microkon 1700 camera,
which produced the final positive masks on 2" X 2" X 0.06"

high resolution Kodak plates.

5.4.2 Substrate Preparation and Metal Deposition r

Dust and any other contamination of the substrate

.surface, onto Wthh the thln metallic fllm is to be de-

ﬁ&sited, could result in serious degradation of. performance
as well as poor adherence of the thin'film to “the surface.
So,‘before déiﬁsiting the metallic film, thé. surface of
‘the substrate”has to be thoroughly cleaned.

The substrate is first cleanedzin sodium hydrogide
_sdlution to remove residuél alumjfium from any prev1oﬁs
deposition. The substrate‘waé /ﬁen scrgbbed—W1th tri-

. S \ :
chloxoethylene using cotton swabs for two minutes to re-

move y oil and grease Any residual photoresist was

\\fi\\\\g . then Te oved by scrubblng with acetone ‘for two mlnutes

- The subs ate Was then rlnsed in dlstilled water and meth~

;anol and\placed«%o dry in an oven, at. 85°C for 15 minutes.
. After drying the sdbstraté was inspected under a micro-

DU scope fox Surfacgicontammnation‘ If the substrate was

ﬁheﬁ it'was placed in an Bdwards Model-

o
"u

and ionic cleaned

O
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using argon gas for 15 minutes.

The vacuum chamber was then evacuated to a pressure
of approximately 10~ -3 torr (mm Hg), and 1000 A to 2000 A
of .99.99% pure aluminum was evaporated onto the substrate.
The deposition rate was not critical since aluminum adheres
well to lithium niobate. The substrate was left to cool in
the cha@bei for 4 hours before being removed for circuit'
pattern trausfer. A picture of the coaging unit is shown

in Figure 5.5.

5.4:3 Circuit Pattern Trausfer to Substrate

The metallized substfa;e was placed on the vacuum chuck
of the Headway spinner,-aﬁd rineed with methanol, then spun
dry at 6000 rpm for two minutes.

The metallized surface was then covered with filtered ~*

Shipley .AZ-1350B positive photo resist, and spun at 6000 rpm

for two minutes. The substrate was then pre-baked for 15
minutes at 80°C. B .
. . After pre-baking, the substrate was mounted on the: wafer

. vacuum chuck of the Kasper Model 2001 Alignment machlne oo

The gléss mask contalnlng the positive image of the delay

. llne c1rcu1t was mounted on the mask holder,. The mask was

then carefully alléned w1th the substrate using the "Row "

and Column" "Low PoWer Split Fleld" and the "High Power

Spllt Fleld“ posmtions of the aligner The mask and substrate,

b .
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Fig. 5.5 Picture of Edwards High Vacuum

Coating Unit.
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-

were then exposed for five seconds to ultraviolet light

of intensity & mW/cmz. A picture of the alignment machine

iy

in shown in Figure 5.6.

- ~ The exposed substrate was.developed in AZ-1350 Shipley )

R N R

developer until all the exposed photoresist had been dis-

EY

] ' solved. The substrate Wae then rinsed with distilled

e SRR

water and placed in an acid etch composed of phosphoric,
acetic and nitric acids in volumetric ratlo*QS 5:1. To
prevent excessive undercutting the etching process was ob-
served under a microscope. After all the exposed aluminum

1 . had dissolved, the substrate was removed from the etchant

.“

o N ARl K f AR N, e b ahef i w Bpl ke D

% and rinsed with distilled water. Unexposed photoresist was
" then removed with acetone. The substrate was how ready for

packaglng and wiring if the etched pattern was acceptable*”‘

o R WA ISR PR PL LT LS

"5.4.4 Wiring'and Mounting of Device

' " The substrate was glued to a 2%" X 2%" X %" aluminum

box using Apiezon sealing wax. Apiezon vacuum grease was

Gl L S L

placed at the edges of the substrate to prevent refLection

of the acoustic waves from the.edges The bus bars[of the
|

transducers were connected to the OSM type connectors used

FIAEY
YR L.
v

for 1nput and output ports on the alumlnum box, v1a|0 ooL"
' dlameter 99, 99% gold eres. The connections were made

usxng GC Silver Conductlve Palnt Plctures of the two. delay

i llnes mounted and wired to aluminum boxes are shown |in S
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Fig. 5.8 Picture of Stepped-Finger Delay
| , q Line.Mounted and Wirgd in an ‘
‘ b' Aluminum Case.
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CHAPTER VI

EXPERIMENTAL RESULTS

6.1 General

The two delay lines specified and fabricated as out-
lined in Chapter V were individually tested and compared.
Particular emphasis was placed on the amplitude response
of both delay lines. The ability of the delay lines to
efficiently generate the desired harmonic mode and attenuate
the undesired modes was measured by noting the insertion

losses at those harmonic frequencies. -

6.2 Instrumentation

The amplitude responses of the delay lines were measured
using a Singer Alfred Sweep Oscillator 6600 and a Singer
Alfred Sweep Network Analyser 8000/7051. A Systron Donner
Frequency Counter 6243A was used along with the internal
markers of the Singer Alfred Sweep Osci}lator to make pre-
cise frequéncy measurements. A connection diagrgm of the

entire testing instrumentation is shown in Figure 6.1.

8
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All measurements were done with the frequenEy range
switch of the frequency generator in the 0.01 - 1 GHz
position. The RF output of the generator was split twice
using two Merrimac Coﬁplers CRM-15-500. One portionrg

. / -
the splitted RF signélswas applied to the Reference Channel

of the network analyser, another portion to the frequency

S

counter and another portion to the input port of the delay

line under test. The resulting signal coming out of the

output port of the delay line was applied to Channel A of

the network analyser via an Alfred Model 1403 crystal

detector:\ All connections were made using 500 coaxial cable.

A photograph of the instrumentation is shown in Figure 6.2.
The input and output capacitance of the delay lines

were also measured using a General Radio Capacitance Bridge 1615-A.

6.3 Results

Figure 6.3 shows the experimental frequency response
obtained from both delay lines when frequency swept from
approximately 17 MHz to 147 MHz. From Figure 6.3(a) it can

be seen that the desired harmonic of Kerbel's and Engan's

. delay line peaks at approximatély -23 dB; but from Figure

6.3(b) the desired harmonic 6f the stepped-finger delay line
peaks at approximately -17 dB. These results indicate that

the desired harmonic of the steppedrdelay line has a gain

of about 6 dB over the desired harmonic of Kerbel's and

Eng;L’s delay line.

AT R e OGS s 7
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Fig. 6.2 Photograph. of the Instruments
Used for Measuring the Amplitude

Responses of the Delay Lines.
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- 20 dB

(a) Kerbel and Engan delay line response
Vertical Scale: 5 dB/div.
Horizontal Scale: Lq MHz/div.

t

oo - 15 dB

—— !
"‘:ﬂ;‘x‘d
i ]
—_

?m’ﬂ::m
N
n

I I
AWM e
AT T
el Y=

r
4]
T

(b) Stepped-finger delay line response
Vertical Scale: 5 dB/div.
Horizontal Scale: 13 Miz/div.

Fig. 6.3 Frequency response of the two delay lines from
17 MHz - 147 MHz.
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Figure 6.4 shows the frequency response obtained from
the delay lines when frequency swept from approximately
17 MHz to 272 MHz.

Figures 6.3 and 6.4 show the frequency response of all
the undesired harmonics below and abgve the desired harmonic
in frequency obtained from the two delay lines. These
Figures show that the highest amplitude level of an unde-
sired harmonic is 18 dB below the peak of the desired har-
monic for the stepped-finger delay line, and only 9 dB for
the Kerbel and Engan delay line. This indicates that the
stepped-finger delay line was more successful than the .
Kerbel and Engan delay line in suppressing the undesired
harmonic modes. A summary of the amplitude levels of the
desired and undesired harmonic modes is given in Figure 6.5
for both delay lines.

Figure 6.6 gives an expanded view of the frequency
response of the two delay lines at the desired harmonic
frequency. Note the shift in the actual centre frequency
to 112.5 MHz from the calculated value of 1l14.4 Miz. This
represents an exror of 1.67% in the centre frequency of the
desired harmonic. This error is due to two reasons. First
the velocity of the surface wave is reduced from its free
sgpface value (the value used in Sections 5.2 and 5.3 for
calculating the finger spacings), because the transducer
fingers act as shorts to the piezoelectric fields. Secondly

the mass of the metal fingers cause a mass loading effect

[N
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- 20 dB

&

(a) Kerbel and Engan delay line frequency response
Vertical Scale: 5 dB/div.
Horizontal Scale: 25.5 MHz/div.

™
. L
'
I

- 15 dB

(b) Stepped-finger delay line frequency response
Vertical Scale: 5 db/div.

[

Horizontal Scale: 25.5 Miz/div.

Fig. 6.4 Frequency response of the two delay lines from
17 MHz - 272 MHz.
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Finger "Harmonic Suppression
Geometry Mode

Stepped Desired 17
3,4 Desired 23
Stepped Fundamental 43
3 Fundamental 46
4 Fundamental 46

| Stepped 3rd 37
3 2nd 42

b4 3xd 43

| £,

| 3

, Stepped 7th 35
3 4th 32
4 9th 36
Stepped 9th 36
3 8th 37
4 15th 40

Fig. 6.5 Summary of the amplitude levels of the
desired and undesired harmonic modes

for the two delay lines.
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(a) Kerbel and Engan delay line response
Vertical Scale: 5 dB/div.
Horizontal Scale: 3 MHz/div.
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(b) Stepped-finger delay line response
Vertical Scale: 5 dB/div.
Horizontal Scale: 3 MHz/div.

Fig. 6.6 Frequency response of the two delay lines at
the desired harmonic mode.
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on the surface of the substrate which tends to reduce the
surféce wave velocity also.
éigure 6.6 also shows the presence of ripples in the
' pass band of the desired harmonic mode. These ripples are
due to Triple Transit Echo (TTE). Methods of reducing TTE
effects is bepond the scope of this thesis but can be found
in [32].

-
The input and output capacitance, as measured on the

-

capacitance bridge, for the Kerbel and Engan delay line

were: . o
{
Cpp = 29.3 pF
?TZ = 13.6 pF -
[ w“‘

'and for the stepped-finger delay line:

L]

CTl 28.4 pF

C

]

T2 .12'2 pF

£ These values were all within 10% of their calculated
value. This implies that the aperture widths of both delay
lines were of the optimum length for minimum untuned insertion

loss.
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CHAPTER VII

CONCLUSIONS

7.1 General Conclusions \

Two surface acoustiq’wave delay lines have been de-
signed and buflt to operate at -a higher harmonic mode with-
out any external filtering devices. One of these harmonic
delay lines was built using a 3-finger geometry for the
input transducer and a 4-finger geometry for the output
transducer, a design originally developed’by Kerbel [11] and
Engan [15]. Although this design works’welg, its major _
disadvantage is its reliance on multielectrode transducers
which are very difficult to build at high frequencies. The
second harmonic delay line, however, can be built using the
2-finger geometry transducer with each fi?ger modified to
a step-like shape. This new design was called the stepped-
finger delay line. o

The experimental results obtained ffom the two harmonic
delay lines clearly show that thelstepped;finger delay line’
is more efficient in generating the desired harmonic mode,
since its amplitude level was 6 dB higher than that of the

Kerbel and Engan delay line. The results also show that the

P
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stepped-finger delay line is more successful in suppressing
all unwanted harmonics.

Using Kerbel's own definition for the Improvement Ratio
(IR) of a transducer operating at a higher harmonic mode,
as,stated in equations «(4.1) and (4.2), it can be shown that
the IR of a stepped-finger delay line will be 50% greater
than the IR of a 3-finger transducer, and 100% greater than
the IR of a 4-finger transducer, for the same Earmonic num-
ber and metallization ratio.

The one disadvantage of the stepped-finger delay line
1s due to the fact that its stepped-finger desigp is slightly
more complex than the usual straight finger design. As a
result, to produce the stepped-finger Qelay line rubylith
pattern took five times the amount of time needed for pro-

ducing the Kerbel and Engan delay line rubylith pattern.

7.2 Further Considerations
The stepped-finger transducer makes possible a method

of phase weighting different sections along a finger hitherto

<{unthought of. With this added flexibility in designing SAW

transducers a number of other applications for stepped-
finger transducers should be considered.

One such consideration should be for the use of the
stepped-finger transducer to produce rectangular band pass

filters operating at a higher harmonic mode. The principles

H w

b ottty v 4%




B

P

would be the same for the harmonac delay line, except

that ﬁow the output transducer would be stepped and the

input trapsduéer apodized according to the sinc function.
Further work would be needed to determine the number of
fingers necessary in the input and output transducers, so

as not to distort the required rectangular frequency fesponse

after it is multiplied in frequency by the stepped-output

transducer.

’

Another important, consideration would be for using the .
k]
stepped-finger transducers to produce unidirectional harmonic
delay lines. The author has found’that by making the follow-

ing changes in the stepped-finger design:

©A

1. let the displacement be —>— instead ofl—g -

2. let the number of segments in a finger be Md+l instead
of Md - ‘ .

3. let the first and the last segment lengths be equal to

M instead of "~ .
2Md . Md -

and by making both the input and output transduéefs stepﬁed
according to the above mentioned changes and as illustrated.
in Figure 7.1, the resulting wave at any summing point R
behind efther of the two transducers will be zero at the
harmonic mode Ma, while in the forward direction thé waves

add to MdA(fM ). This can be theoretically verified from
’ d

equation (4.3).

oA der b AEe
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To experimentally verify this fact a stepped-finger

,éelay line wgs built similar to the one specified in

section 5.3, but with both 1nput and Qtput transducers
A
stepped by -2 and with 6 segments per finger. Uniform

- IS

broadband xéceiving t®¥nsducers were placed behind each
. N IN
stepped-transducer to ascertain how the waves in the reverse

directions were adding. The frequency responses of this.

delay line in the forward and reverse dlrections dre shown

" in Figure 7.2. From Flgure 7. 2(a) it can be seen that at

the 5th harmeonic mode the waves travelllng in the reverse

s . &, ' . . ’

direction add to zero, as is evident from the sharp null at
) A

f Figure 7.2(b) verifies that in the forward direction

5" FoT '/

-the Qaves‘add‘éonstructiVely at £g.
. By.dividing a transducer ihto reflecting and sendihg
Efoups with a 90 degrees,pﬁhsevshift betwéen the groups,
Yamehduchi_et. al. [33] were able to make the waves travell-
ing in'the‘reverse direction add to zero and the waves in '

the forward direction addﬂconstructively,‘at a given funda-

3

mental‘frequepcy: These g;bup-type delay lines also exHibited

uhidirectionality ". R o . .

It is the author s opinlon that by comblnlng the group-

-

type structure\w1th the*stepped~f1nger structure a unidirec~

‘ﬁ?'ﬁplonal delay line could be built that wmll not only operate

' at a higher harmonic modeﬂ but would not require the use of

I

‘an external 90 degrees phase shlfter Further work has to

be done to realize this design
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(b)

©
-15 dB
{
fo f3 fs ) f7 f9 . fll ‘\{ N
, ¥
(a) Vertical Scale: 5 dB/div..
fmdlorizental Scale: 25 MHz/div.
é;} ~
o
(b) ‘Vertical Scale: 5 dB/div.
Horizontal Scale: <25 MHz/div.
Fig. 7.2 (a) Summation results of waves travelling

in the reverse direction.

Summation results of waves travelling
in the forward direction. :

>
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APPENDIX A ¢

<

DESIGN AND FABRICATION OF A MULTISTRIP
COUPLER FOR USE IN A DELAY LINE OPERATING

AT A HARMONIC FREQUENCY

A.1 General ' ) !

This appendix odtlines ghe'theory involved in the .
design'and.fabrication of a multistrip coupler used for a
twofold purpose. Qné, for the reductian of undesirable bulk
waves and two, for the isola;ion of a selected harmonic mode.

Two delay lines of metallization ratios of 0.9 were
fabricated. The two delay lines were exactly alike except
that one of them contained the multistrip coupler between
the‘input and output transducér.> Both delay hines were op- -
timized for minimum untuned‘inseition 1osslét_their 3xd
harmonic. The multistrip coupler was designed to givé'lOG
per cent energy transfer at the‘3rd_harmonic, and tﬂ behave
as an attenuator at'the'other harmonic frequencies. '

f Experimental results are given for Eoth delay lines and
‘4 comparison of the gesulté is-médé. h |

¢
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A.2 Input and Qutput Transducer Design

The crystal chosen for Suilding these delay lines was
lithium niobate (LiNbO3). The general properties of this
material are shown in Figure 5.1.

bThe fundamental ffequenpy (fo) for the SAW delay lines”
was chosen to be'22.887 Miz and the metallization ratio 0.9.

The resulting wavelength (%9) is thus:

y o= 2= 3888 4 06"
22.887x10°

For a metallization radio of 0.9:

B

X+Y *

P

Then for a 2-finger transducer design:

Ao '
X+Y=—
2
From (A.2) and (A.3), X = 0.0027"
and Y = 0.0003"
The third harmonic frequncy, f3, was chosen 3s the 4
harmonic mode to be optimized. Since the reactive impedance
of the input transducer should equal 502 at resonance for

a minimum untuned insertion loss [7}:

F

)
. ‘ y
. . . ,’
JUG . K

94
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v -
— L <50 (A.4)
j2nf3CTl
. 2
~ C
- ‘ ;
wheTre CT1 = static capacitance of input transducer .
/N A \
Cp = ——— = 46.36 pF o
V ZTfBSQ\
}
ForcLiNbO3 with a metallization ratio of 0.9, the
capacitance per meter [24], [25]:
Cpp = 920 pF/m
the apérture width:
N
2¢C
W= —LL =g 132"

Crr1
where N1 =~E0%a{/gzggét,of fingers of input transducer

= 30
Since the output transducer would have the saﬁé’ZSQEEhre
width, the static capacitance of the output transducer:

* Cpy = CppWN, = 18.54 pF (A.5)

.

12

It

where N2

Ik b e em

*
a




96

®

The transducer design is now complete.

A.3 Multistrip Theory and Design

The Multistrip Coupler (MSC) is an array structure of
metal strips deposited on the surface of a piezoelectric sub-
strate as shown in Figure A.l. A s ce acoustic wave

launched by transducer No. 1 into track Ay, sets up a poten-

 tial difference between adjacent i%giRié This potential

. . - . .
difference in turn sets up a surface acdustic wave in track A,.

Modes

A uniform wave generated by transducer No. 1 can be re-
solved into two modes, the symmetric and antisymmytric modes
as shown in Figure A.2. As ‘these two modes‘travel along
the MSC their velocit§ will be different. This differeqégax“\

. . . @,
in velocity between the two modesywill introduce a phase

difference:,

??U

= _ 2
0p = bg - 0, = Ky

where: @S phase-of symmetric mode
Y

phase of antisymmetric mode

it

<
I

ing factor ’

*'JU

coupling constant

wave number

I

- Sl ndl? Syl

LA Ly KA s

S o N A &
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Transducer No.l . ) 7 ’ :
A B C\/ ' M
1 1 :
a
_ AZ \ BZ .’ *
' . : Transducer No,.2. ’
L L
\ ’ » ' ‘ ': B
Fig. A.1 Two transducers coupled with a Multistrip- ' '
Coupler. - R
- ;,___(’f\
—1 - - L - -
Tazuc -
: ) ) %
s a Output ‘ .
== s ! gt B
Fig. A.2 The symmetric (s) and the antisymmetric mode (a)
of the input and output waveforms.
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and Ly = length of MSC

*

- ~

Choosing the Numher of Strips, NT"'

1f Al and A2

represent complex amplitudes of the input
wave ory tracks 1 and 2 respece&véi;jzggé B1 and B2 represent

the output amplitudes, it can be s?Pwn [30] that the matrix
\

relation between them is:

. J 3
B1 _ cos(¢D/2) .‘\—j sin(¢D/2) Al

=~ - commal

B, |3 sin(ep/2)  cos(op/2) LA,
- s N
From (A.7) it can be shown that for a IOOivtransfer of
energy from A, to B2, Ehe phase difference (¢D) must be equal
to 180%. This bhase diggerenée is di}ectly porpoptionalﬁto'
* the number of strips of the MSC. From (A.6) for a p@ase

»

difference of w:

‘RKk 4
Therefore for a minimum value of Ly, the value of the

f}lling factqf Ry must be a maximum since K2 and A are fixed.

Values of‘RK are plotted in Figure A.3(a) vs. the reciprocol

S

2

98

(A7)

(A.8)

.
RPN

»
r e %o atelw ofenn M L WA B [T
Wit

{

_ !

O L

e e

e s e avn o R o

— s < w.




Pt

~~

ENERGY

TRANSFERRED (dD)

1.0

0.8

" =0.0 or 0.9

»

< =05 sToP

BAND 5
f//o/,'

4

o
|

L
|

®)

l ‘ t

Fig. A.3 (a)

(b)

™S 05Ty 13Ty

e

Coupling Factor Ry as a function of the
number of periods per wavelength, vy.-

Theotretical frequency response of a track

changer designed for complete energy transfer
at y = 0.375.
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100
2 ~
of the number of strips per wavelength, y. It can be
seen that for a metallization ratio of 0.5, RK is maximum.- -

~

From Figure A.3(b) it can be seen that for y = 0.375 any

signal at frequency fM is transferred without loss, and

-

a stop band is introduca? at fs = 1.3 fM‘

For this design Y was chosen at 0.375 and the metall-
ization ratio at 0.5. The corresponding value of Ry from
Figure A.3(a) is 0.58. Substituting this value of RK into

(A.8) with k% = 0.045 (for LiNBO,) :

LMTT:38>\ . <~\

Therefore the total number of strips in the MSC: -

N, = EME = 102 strips
Y

Calculating fM and the Strip Width

Since the 3rd harmonic was to be isolated and completely

transferred:

N fM‘= 3fo = 68.66 MHz (A.10)

1

Hénce the synchronocus frequency of ¢he MSC:

£, = 1.3 X £, = 89.26 Miz —~

r————— - tw
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= 39, 1um

m‘c

. For a metallization ratio of n = 0.5:

(\-&:he strip width = 2 = 9.77um = 0.0004"
4

and the width of the MSC itself:

Wy = 2 X width of transducer = 2 X,U = 0.1534"

“

This Eompletes the @ééig? of the MSC. Both delay lines,
one with and one without the MSC, were fabricated using the
same procedures as outlined in section 5.4.

Figure A.4 shows a picture of the transducers and the
MSC rubylith patterns.

A picture of the completed ‘delay line with the MSC is

shown in Figure A.5. ‘ \\\\

A.4 Experimental Results

Measurements of the amplitude response of the two delay
lines were done on a Singer Alfred Sweep Oscillator 6600
and a Singer Alfred Sweep Network Analyzer 8090/705 set on
the 0.01 - 1.0 GHz frequency range.
' For this discussion the delay line without the multi-
strip“coﬁpler will Ye referred to as delay ling #1, and the
delay line with the mitistrip coupler will be referred to

as delay line {2.
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Fig. A.4 Picture of the rubylitR patterns

of the input and output transducers

separated by the multistrip coupler.
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Fig. A.5 Picture of the completed delay line
with the MSC mounted in an aluminum

case.
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Figﬁre A.6(a) shows the frequency response of deiay
iine #1 from 0 - 350 MHz, As expected for n = 0.9 all
the higher brdgr, odd numbered harmonics are excited up to
the .15th (flS) mode. Note also the amount of spurious sig-
nals present, ana bulk waves response between fo and f3
and_between f5 gnd f7. Figure A.6(b) shows the‘frequency
response of delay line #2 from O --350 MHz. As theoretically
predicted the multistrip coupler was able to give 100%
energy transfer at the 3rd harmonic, and almost completely
suppress the bulk waves and spurious signals. Note also
the total suppression of the 9th, 13th and 15th harmonic
modes. The fundamental, 5th and 7th harmonic modes are
also suppressed but not completely since they lie within
the pass banh of the multistrip coupler.

Figure A.7 gives a more detailed picture of the bulk
waves and spuribus suppfession.

Figure A.8 gives a detailed picture of the 3rd harmonic
response. Note the reduction of the sidelobes level from .
-32 dB to.-56 dB attained through the use of the multistrip

coupler.

I

Fipally:Figure A.9(a) shows the presence of ripples
in the pass b;nd due to triple transit reflections at the
3rd'harmonip qué. These ripples are almost- completely ab-
sent iﬂ Figure A.§(b)ﬂ~ Thfshtends to inﬁicace that the

use of a MSC albng with absorbing wax acting as reflectionless
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I | | I
o) f3_ fs £, fq £fi1 £
(a) Vertical Scale: 10 dB/div.
Horizontal Scale: 34 MHz/div.
;D
\ .
¢ -10 aB
&
b l I
fo £3 - fs £y
' 2 (b) Vertical Scale: 10 dB/div.
. Horizontal Scale: 34 MHz/div.
Fig. A.6 (a) Frequency Response of delay line #1

(b)

from 0 - 350 MHz.

Frequency Response of delay line #2
from 0 - 350 MHz.
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Flg A.7 (a) Frequency resp;;;;/éé delay line #1 in the
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(b) Vertical Scale: 10 dB/div.
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* Fig. A.8(a) Frequency response of delay éﬁne #1 at f,.

(b) Frequency responsa.of‘delay ine #2 at f;.
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" Fig. A.9 (a) Pass band of delay liﬁe #1 at f3,.

(b) Pass band of delay line #2 at f,.
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transducers at the unused ports (2 and 3) of the MSC, can

reduce triple transit reflection.

.
[

A.5 Conclusion

The results obtained verified the theory for the
excitation of spatial harmonic modes and the isolation of
one or more of these modes through the use of the specially
designed MSC. The results also show that use of the MSC gives
the added benefits of bulk waves, spurious signals and triple
transit reflection sﬁppression.

A total isolation of the desired mode was not possible
since the other modes were too close (in frequency) to the
desired mode, and because the MSC had an inherent wide pass
band. -Another.disadvantage to this method is that for very

high frequencies the MSC strip width becomes too small for

accurate fabrication. .
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