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PURPOSE OF THE COMTRACT

The purpose of this contract is the synthesis and development of new

filters and multiplexers utilizing two new microstrip filter structures--

the hairpin line and the meander line. A second purpose of this contract

V is the development of a new surface-acoustic-wave grating trans ucer at

Utti' frequencies.

SPreceding pc'ge blank



"° 1

ACKNOZEDGMENTS

The authors would like to acknowledge the excellent work of Messrs.

H. Moessner and J. Hunt of Stanford Research Institute, who constructed

the surface-acoustic-wave devices. Also, Dr. U. Gysel lent his able

assistance during the construction and testing of the trial stripline

multiplexer.

P> p

, Preceding page blank
%Vi 1



CONTENTS

ABSTRACT . iii

PURPOSE OF CONTRACT ...................... ....................... v

ACKNOW1VLEDGMAENTS. .. ........................ .............................. vii

LIST OF ILLUSTRATIONS .......... ...................... .... xi

LIST OF TABLES............................................. . xv

I INTRODUCTION......................... 1

A. Grating Transducers .................. ................. 1

B. Multiplexers ............. ....................... 1

II GRATING TANSDUCERS ................... .................... 3

A. General........................ 3

B. Review of Surface-Acoustic-Wave-Transducer Models. . 5

C. A Circuit Model for the Grating Transducer ..... ..... 10

D. Predictions of the Model ............... . 21

"E. Experimental Measurements on Surface-Wave

Transducers ..... ...... ....... . .......... ...-.. 27

1. Experimental Approach .... .............. ... 27

2. Test-Fixture and Transducer Design and
Fabrication .......... ................... 29

3. Experimental Results .... ............... .... 38

a a. Input Impedance of Interdigital

STransducers ..... ................. ..... 40
b. Input Impedance of Grating Transducers . . 42

c. Insertion Loss and Pulse Response of

Grating Transducers .................... 46

d. Measurements on Multi-Section or "Hybrid"

Grating Transducers ...... ............. 53

e. Spurious Signals in Grating rransducers. 62

1'



III M•uTIPLEXERS ........................ 69

A. General ........... ........................ .... 69

B. Folded-Line Bandstop-Filter Design ........ .......... 71

C. Definition of Parameters Used in Design Tables . . .. 77

D. Experimental Results ..... ................. ... 78

IV CONCLUSIONS .............. ...................... ... 85

A. Grating Transducers ...... .................. .... 85

B. Multip3exers ........ ..................... ... 87

Appendix RAPID-DESIGN CHARTS FOR COUPLED MICROSTRIP LINES . . . 89

REFERENCES .......... ........................ . . . . 97

DISTRIBUTION LIST

DD FORM 1473

7x



ILLUSTRATIONS

Figure 1 Basic Grating Surface-Acoustic-Wave
Transducer . . . . . . . . . . . . . . . . . . . . . . 4

Figure 2 Equivalent Circuit for a Thickness-Mode Bulk-

Acoustic-Wave Transducer .... .................. 6

Figure 3 Equivalent Circuit for One Period of an Interdigital

Transducer (After Smith)7.) ................ I .. 8

Figure 4 Equivalent Circuit (Crossed-Field Model) for One

Period of an Interdigital Transducer ....... ......... 9

Figure 5 Equivalent Circuit for One Period of a Grating

Transducer (Crossed-Field Model) ........... . 12
Figure 6 Illustration of the Cascading of Equivalent Circuits

for One Periodic Section to Model an N-Section (a)
Interdigital Transducer and (b) Grating

Transducer . . . . . . . . . . . . . . . . . . . . . . 14

Figure 7 Definition of the Transmission Matrix for an

N-Port Network . .................... 15

0 ?Figure 8 Input Resistance as a Function of Frequency for Two
o Different Values of Capacitance to Ground--A

Comparison of Interdigital and Grating Transducers , . 22

o Figure 9 Magnitude of Input Reactance as a Function of
Frequency for Two Different Values of Capacitance

to Ground--A Comparison of Interdigital and
Grating Transducers . .. .. .. .. .4. .. .. ... 23

Figure 10 Return Loss at an Acoustic Port as a Function of
Frequency for Different Load Conditions on the

Electrical Port--A Comparison of Interdigital and

Grating Transducers .... ........... . . . . . . . . 25

Figure 11 Input Resistance as a Function of Frequency and
"Jump-Over" Capacitance for a Grating Transducer . . . 26

Figure 12 Effective Radiation Q as a Function of N, the

Number of Transducer Periods ... ......... . . . . . 28

Figure 13 Multiport Test Fixture for the Evaluation of

Grating and Interdiital Transducers . . . . . . . . . 30

xi



Figure 14 (a) Transformer Equivalent Circuit and Measured
Characteristics

(b) Measured Transforrer Characteristics-
Admittance Chart (150-250 Mz) . . . . . . . . .. 33

Figure 15 Polar Plot of the Reflection Coefficient of a 470-
Ohm Load Measured with Transformer Frequency
Variations Calibrated Out (110 to 310 Ufz) . . . . . . 34

Figure 16 Experimental Configuration Used for Measuring the
Characteristics of a Grating Transducer at 190 MHz . 35

Figure 17 Photographs of Aluminum Transducer Patterns on
Y-Cut Z-Propagating LiNbO3 . . . .. .. .. .. .. .. .. .. .. .. .. 36

Figure 18 Equivalent Series Circuit Representation for Either
Grating or Interdigital Surface-Wave Transducers . . . 39

Figure 19 Comparison of (a) Measured and (b) Calculated Input
Resistance of a Four-Period Interdigital
Transducer ....... ............... . . . . . . 41

Figure 20 Comparison of (a) Measured and (b) Calculated Input
Reactance of a Four-Period Interdigital
Transducer .................. ....... ... . . 43

Figure 21 Comparison of Calculated and Measured Input Impedance
o. a Five-Period Grating Transducer. ............ .. 45

Figure 22 Comparison oi Calculated and Measured Input
Impedance of a Three-Period Grating Transducer . . . . 47

Figure 23 Schematic Diagram of Test Set-up Used to Measure
Insertion L, ss and Pulse Response of Surface-Wave
Devices .............. ....................... .... 49

Figure 24 Relative Untuned Surtace-Wave Insertion Loss
(Response) Between Two Five-Period Grating
Transducers ............ ................... ... 50

Figure 25 Relative Untuned Surface-Wave Insertion Loss
(Response) Between Two Three-Period Glating
Transducers ............ ......................... 51

Figure 26 Photographs of Aluminvm-Transducer Patterns on YZ
LiNbO3 (Transducer Period = 12 Lim) ............ .. 54

Figure 27 Schematic Diagram of the Electric-Field Profile in a
Multisection Grating Transducer Illustrating the
Grating Electric Field E and Juinp-Over Fiela E . . 55

g J

xii



I!

Figure 28 Relative Untuned Insertion Loss for Surface Waves
Generated and Detected by Three-Section
Transducers Having Four Periods per Section
(i.e., N = 13) ............. .................. . . . 57

Figure 29 Comparison of Measured and Calculated Transducer
Response Between a Four-Period Interdigital
Transducer and a Thirteen-Period Grating
Transducer ............ ........................ . 59

Figure 30 D'ietected Surface Acoustic Wave Outputs Between

(a) Two Interdigital Transducers and (L) Two

Grating Transducers .... .............. ....... 61

Figure 31 Pulse Response of a Five-Period Grating
Transducer .......... ...................... ... 64

Figure 32 Pulse Response of a Thirteen-Period Grating
Transducer............................ 65

Figure 33 Strip-Line Channel-Dropping Filter Utilizing Halfwave

Parallel-Coupled-Line Bandpass Filter and Quarter-
Wa.,elength-Line Bandstop Filter ............... ... 70

Figure 34 Compact Strip-Line Channel-Dropping Filter Utilizing
Hairpin Bandpass Filter and Folded-Line Bandstop
Filter . . . . . . . . . . . . . . . . . . . . . . . . 71

Figure 35 Folded-Line Bandstop Filter .... ........... . . . . 72

Figure 36 Folded-Line-Bandstop-Filter Equivalent Circuit . . . . 73

Figure 37 Computed and Theoretical Input Conductance for
Trial Bandstop Filter ...... ................ ... 75

Figure 38 Schematic Cross-Sectional Representation for
Coupled Transmission Lines .... .............. ... 77

Figure 39 Photograph of Trial Channel-Dropping Filter .... ...... 79

Figure 40 Theoretical and Experimental Normalized Input
Conductance of Trial Folded-Line Bandstop Filter . . . 80

Figure 41 Return Loss and Attenuation of Initial Channel-
Dropping Filter ....... ................... 82

Figur, 42 Return Loss and Attenuation of Final Channel-

Dropping Filter. ...... ................... .... 83

Figure A-1 Coupled-Line Design Curves .... ............. ... 92

Figure A-2 Coupled-Line Design Curves .... ........... .... 93

xiii



Table 1 initial Par2_meter V21ues for Trial Ch el-

Dropping Filter ......... .................... ... 76

Preceding page b'ank
x;V



A. Gratiý- Tig sucr

en •ction I7 the preSent state of kaonrledge ccncereing tbe recently

proposed grating trans&ucer is pres-enated. A nodel for this tan-zs-

ducer is propcsed and cal uc'ations based on this made! are presenated.

The exnerisenta1 resumalts that hav'e been obtained for th-s tran2sducer

during ,he reporting period are also presented and are cc'n2paed %rith the

predictions of the node!. The result is an inproved understanding of

nor the g'-ting transducer operates. Changes in design_ that should

lead to an inprovenent in the perfornance of such traansducers are

daiscussed.

B. Maltiolexers

On previous contracts iM this series, design methods and tables

rere developed for very conpect filters and transforners--i.e.. the

hairpin filter and reander-line transformer. The meander-line geonAetry

can easily be converted to a bandstop filter by the addition of shunt

stubs. This filter geozetry will be referred to as a folded-line band-

stop filter. In Section III of this report, details of design and

experire-ntal results are presented for co=bining the hairpin filter and

folded-line bandstop filter into a crcapac t channel-dropping filter for

use as constant-inpedance filters in nultiplexers.

Refereaces arc- listed at the end of the text.



A. General

In =-7a respects, it is the develomnenet of the interdigital t---
3

ducer that has been largely responsible for the current flurry of

activity in the developnent of surace-acotItc-v-ve devices. For A

frequencies above a•bot 30 Zftz. the interdigit2l transducer is really the

ony practical sur_--ace-acoustic-wave transducer that has been available.

T- subject of this report is a new surface-acoustic-wave transducer--the

gmr-ing array.

Thc basic configuration for the grating transducer, depicted

schenaticaly in Figure 1. is cornposed of a planar array of thin =etal

electrcZdes situated on thý surface of a piezoelectric nedit_. A voltage

applied betaeen the two terninals produces an electric field across each

gap by virtue of the ca•acitance that exists between adjacent fingers.

At anv instant of ti-e the fields in all the gaps are in phase, since

the array is much snaller than an electromagnetic wavelength. Thus, if

the gaps are spaced by a surface acoustic wavelength, ., or an odd

multiple thereof, cumulative surface-wave generation will take place.
4

This transducer differs fron other "single-phase" grating transducers

in that, for those transducers the potential on each finter is the same,

whereas in this case the potential on each finger is different.

Acoustically, this transducer operates much like an interdigital

transducer except that the minimum spacing between coupling-gap centers

is one wavelength instead of one-half wavelen,th. Electrically, houever,

the coupling gaps are in series, whereas for the interdigital array they

Preceding page blank 3
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are~~~~ in paalel Thsi scerthttfiptipeacjhudbmuc hihertha fo an incri it array.c

aresine paralel.sehu inpu ismpedarnthe, the gainputripeansdcer shoulds be

offer the following advantages when compared to an interdigital

transducer:

(1) The grating array can be made in a single planar

process with electrodes and gaps one-half acoustic
wavelength wide, thus easing photolithographic

tolerances for high-f requency-transducei- fabrication.-

(2) A short between adjacent fingers does not completely

prevent a grating transducer from oper.ating. Also,



s_2al1 breaks in 2.ny nimber of the fingers (except

the first and last) will not significantly affect

the operation of the transducer.

(3) Since the voltage applied to the grating transducer

is divided between all cf the gaps, the power-handling

capabilities with respect to voltage breakdown should

be greater for this transducer.

An equivalent circuit model for a grating transducer will be

developed in the following sections. The results of calculations based

on this model will be presented and then compared with the results of

_easurements =ade on several different grating transducers. Based on

this comparison, the validity of the model anC the general characteristics

of a grating transducer will be discussed. In particular, the effects of

parasitic capacity to ground and nonadjacent interelectrode, or "jump-over"

field components between various fingers of the grating will be examined.

B. Review of Surface-Acoustic-Wave-Transducer Models

3quivalent c-rcuit models for bulk-acoustic-wave transducers were

5
developed by Mason many years ago and have been proven to provide

accurate descriptions of the behavior of such transducers. These models

are derived from exact solutions of the one-dimensional wave equations

for piezoelectric materials. A typical equivalent circuit is shown in

Figure 2. The T-network in this figure represents a section of acoustic

transmission line, This acoustic transmission line is coupled to the

electrical port by means of the piezoelectric effect; this coupling is

represented by the transformer in the shunt arm of the network.

The excitation of surface acoustic waves cannot be precisely

represented as a one-dimensional problem. However, it was proposed and

6
demonstrated by Krairojananan and Redwood that an interdigital surface-

acoustic-wave transducer could be accurately represented by a cascade of

5
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SA 1679-1

FIGURE 2 EQUIVALENT CIRCUIT FOR A THICKNESS-MODE BULK-ACOUSTIC-WAVE
TRANSDUCER
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circuits like that shown in Figure 2. About the same tire Smith and

coworkers at Stanford University independently proposed using the sane

kind of equivalent circuit for interdigital surface-wave transducers,

and they subsequently published a comprehensive treatent of this type of

7
model. Smith's equivalent circuit for one period of an interdigital

transducer is shown in Figure 3. in this circuit the quantity C is the
s

capacitance per period. The circuit as shown in Figure 3 is designated

by Smith as the "in-line" model. If the negative capacitances in

Figure 3 are short-circuited, the circuit becomes the "crossed-field"

model. Smith shows experimentally that the "crossed-field" model should

be used for surface waves propagating in the Z-direction on Y-cut lithium

niobate. On the other hand, the "in-line" model seems to be more

8,9
appropriate when the substrate is a piezoelectric ceramic.

As the variety of surface-wave devices increased, it soon became

apparent that certain second-order effects were not modeled by the Smith

circuit of Figure 3. In particular, acoustic reflections between metal

electrodes are caused by the shorting of the tangential electric fields

under the metal electrodes and the mass loading of the electrodes. Jones

10
et al. modeled this effect by breaking up the t7ansducer into metalized

and unmetalized portions. Their equivalent circuit is shown in Figure 4.

In this circuit only the sections under the metal fingers are assumed to

be coupled to the electrical port. If the radiation conductance computed

using the circuit given in Figure 3 is assumed to be correct, the
/

transformer ratio :: for the circuit of Figure 4 must be adjusted if

calculations using that circuit are to give the same value of radiation

conductance. Anaiysis of the two circuits shows that one must have

=f~. .(1)

7
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For materials with fairly strong coupling and for frequencies below

a few hundred !Sz zhe shorting of the tangential electric fields is the

dominant cause of the impedance discontinuity between the metalized and

unmetalized porkions of the transducer. Under this assumption the

acoustic impedance of the metalized portion is approximately given by

z0 = Z0/(l + k2 /2) (2)

where k2 is the square of the electromechanical coupling coefficient for

surface acoustic waves.

11
Smith has used a similar circuit for modeling the effect of the

impedance discontinuity due to metalization, but he includes coupling

transformers in both the metalized and unmetalized portions of his

circuit. By doing this he obtains the correct radiation conductance

without having to make the transformer ratio different from the ratio

he used in his original model (see Figure 3).

Although the circuits that include the effects of impedance dis-

continuities due to electrodes give the same value of radiation conduc-

tance as Smith's original model, they give different values of radiation

susceptance at the acoustic synchronism frequency f0 . Smith's original

model gives a zero value for the radiation susceptance at synchronism,

while the more detailed models give non-zero, negative values for this

quantity. However, this synchronous negative susceptance is of the

2
order k . and thus this small discrepancy between the models is generally

neglected.

C. A Circuit Model for the Grating Transducer

The equivalent circuit for an interdigital transducer is based on

the assumption that all electric fields emanating from one electrode

terminate only on adjacent electrodes--i.e., that no electric fields

10



"jump over," or extend to nonpdjacent electrodes so as to terminate on an

electrode of opposite polarity that is farther away. One would guess that

this is a good assumption for the interdigital transducer because the charges

on adjacent electrodes are always opposite and equal.

In the grating transducer, next-nearest-neighbor electrodes (and others

farther away) are not as well shielded by the nearest-neighbor electrodes as

they are in the interdigital transducer. This is bertause in an interdigital

transducer, if a charge Q is imposed on a given electrode, a charge -Q is

imposed on adjacent electrodes. This is not true in a grating transducer.

Thus., in general, there might exist significant field components spanning

every pair of electrodes in the grating structure. If this is the case,

the equivalent circuit must be quite complicated in order to account for

coupling to every field component. In addition, the signilicant field com-

ponents and their corresponding coupling factors are difficult to determine.

Thus, to begin the development of an equivalent circuit model for

the grating transducer one must make some rather bold assumptions. In

what follows it will be assumed initially that the strongest electric-

field component occurs between adjacent electrodes. The model will allow

for some electric field occurring between next-nearest-neighbor elec-

trodes, but it will assume that this field component does not couple to

the surface acoustic wave. By comparing experimental results with those

obtained from the model, one can hopefully modify the model until theory

and experiment agree.

The proposed equivalent circuit for one period of the grating

transducer is shown in Figure 5. Since the absolute value of acoustic

impedance for surface acoustic waves is not known, the acoustic impedances

in the circuit have been normalized to the acoustic impedance of an

unmetalized section. Thus,

Z =1 (3a)
0

11
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S~and
dZ =1 /(l + k2 /2) . (3b)

Ini addition, the transformer ratio, p, has been normalized to eliminate

acoustic impedance. With this normalization it is still possible to

cornute absolute values for te electrical input impedance, reflection

-• - coefficient at an acoustic port, and power transfer between the electri-

cal and accustic ports.

Other quantities to be noted in the equivalent cir',uit of Figure 5

are e , the transit angle of the metalized section, and C the "jump-

over" capacitance between next-nearesz-neighbor electrodes. By allowing

different transit angles in the metalized and unmetalized sections one

can mcdel different electrode width-to-gap ratios. Note that the

inclusion of C results in the addition of an extra pair of electrical

ports in the circuit.

• •The electrode and gap widths were initially chosen to be one-half

acoustic wavelength. This decision was based on a consideration of the7.• 12
impulse model for surface-acoustic-wave transducers. In this model it

is assumed tnat the surface wave is driven by delta functions placed at

the corners of each electrode. Adjacent delta functions separated by a

gap have opposite polarities. Thus, since the polarity of the electric

field is the same in each gap in the grating, it follows that the elec-

- trodes and the gaps in the grating should bL one-half wavelength wide.

Finally, it should be noted in Figure 5 that coupling between acoustic

and electric quantities exists only in the unmetalized sections o0 the

transducer. The choice of whether the coupling is placed in the

metalized or unmetalized sections is arbitrary, but both sections cannot

be coupled at the same time. If they were, the circuit for a transducer

having more than one period would either result in no coupling at

"13



~- -synchronism or give the same coupling as an interdigital transducer,

depending on how the electrical ports were interconnected.

To compute the transducer model the circuits for each periodic

section of the transducer must be cascaded to form a complete transducer.

The easiest way to do this is to do it numerically, using the transmission

matrix for each section. Figure 6 illustrates the way in which indlvidual

sections are cascaded. Note that in the interdigital transducer the

individual sections are connecteu electrically in parallel, while for the

grating transducer they are connected in series. For simplicity, the

jump-over capacitance has not been shown in Figure 6(b).

INTER.IGITAL
MODEL

(1) (N)

0 zo00 . . Z 0 0

(a) INTERDIGITAL

z

-0 0- : -

GRATING
MODEL

a (N)

S• Zo Zo

0- 
0

(b) GRATING

Aa 
0 FL .. J

in

SA -1679-5

FIGURE 6 ILLUSTRATION OF THE CASCADING OF EQUIVALENT CIRCUITS FOR ONE

PERIODIC SECTION TO MODEL AN N-SECTION INTERDiGITAL TRANSDUCER
AND GRATING TRANSDUCER

"14



The definitioni of the tr-_smission m•itriz for x-- ,•rt metwo-- is

given in -Figur•e 7. The def inition is swc rP-t t-m- tr~ issficr_ =trix

for a network- tha~t is ceawosed of _V 2mi-port. networks in casczde as o;_aiL:ned

sir.ly by imult.plyilig the transmissionx aintrices for the indit:ridn

netv)r.ks together. The muitiplic.tion- is ea-ried o•t from right to left-

i ' {

71 •I E.

1 0 - --- - .

2 - c2

I

[iiE1 E'

E 2 2 r

:2

En En

In n

SA -16)9-6

FIGURE 7 DEFINITION OF THE TRANSMISSION MATRIX FOR AN N-PORT NETWORK

For the network sho.,n in Figure 5 it Is simplest to define sub-

matrices for the metalized and unmetaliznd portions of the circuit and

obtain the matrix fo- the periodic section by multiplying the sbb-matrices

together--viz.,

15
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2rZrix for a t---aissitom1 ifi is zell r~v-- b

COS -7 S S Si

2 n 2

0i- 0 0 0I z 2 2

0 0 0 01 o

0_ 0 0 0 0

Analys-is of the umzetalized portion of the,- transducer is sornixit nore

con-plicated. After considerable algebra one obtains



22 25

0 0 0 0 1O

t . s O s = . ( 6 )

F

r-z = n-/ - 025 1.5 ,s Os

"1 2

2

t = -f C -- sine/2 M)c)

0

Once the trmnsrnission natri-x for an N-period transducer is obtained,

it is P-ssible to c2aalaatt Varzous t.r-aial quantities fron the natrix

elments. For exzanple, the electrical input u-pedance, Z i is foundin

by solving the nratrix equation subject to the following terminal

condi tions:

Z =E " I
in 2 2

-Z -E 'I zE I
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' = 0
2S

2 =I. 
= 0

zbpre~e Z is tb-e 1=6 Ge o~~C~t off a- zmar-i i port - in the ztre

expesios~ tb-e syzmb1s; E -5 1 ---e =s- o rew-resert both elect-zie.-i
•~ z,•,. ns'' i. c ite. 'V s!• ip og is w•,:'c:-i ree. a

mcm-st-i --- ýO2t 7f"3m to r~steiret-r-ic- ports.. Te ~riimen

~iisrefer to tb-e firnpmt 90-ris of Secti5cm 1 im F:igmre 6(b) z*e

pr-imw-- q--ttie~s refer to tbe ompt por-ts off Scetzic X -."-t ir-

31 L 32 34 21 35 31

in =r =Z Z 7 -: (ITl__)-? (E
UN 42 4-4 2 _ 45

=bere

E I /I IT Z 4 -T (1 / 1Wr/ (92)
3 1. 611 L 62 6-5 2 1'65

2nd

Z (T T -:7 T )+Z (T T +~TT -T T -T T )+-T T -T T
L 25 01 21 65 L 25 62 15 6-1 11 65 22 65 15 62 12 65is/! = .(9b)

21z T -7T )4- -T T- T
L 24-65 25 64 12 65 15 64

In these expressions the T-- are the natrix elenents for the overall

transmission •atrix of the grating transducer, and

cos - jZ sin

Z =Z n (10)
L m Z cos + ÷j sin- 1

Note that the indices of the rmatrix elements will take on the integer

values 1 to 2n in general. In this case n = 3.
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ES t rm .ze aft i.c i•tiee 1C 6 t-- acctic purrs of the

"if thed -pp of 1 t -

I!
aZ-= El-;(11)

Sin+La to f-I -_.ized ao st5c input ie Z at

! a
2aa acfmgc port am-- rses the follor-img temwi-Al csmd-it-icams:

Z-z = E/IT

I

2 I

1 ='- =0
3 3

fnere Z- is the electrical i•pedance loading the electrical port. One

obtains

-1Z + (' T1(I'l1) - T(Eý'/I')

= 11lL 12 14 21 15 3 112
A T Z T T (1'Ii7 ) T (E'/I') (2

21 L 22 24 2 1 25 3 1

where E /-/ is again given by Eq. (9a) and
3 1

ZZ(T T -T T )+Z(T T -T T )+Z (T T -T T )+T T -T T
E L 4165 4561 E 4265 45 62 L 31 65 35 61 32 65 35 62

2 1 F. (T4-15 64 44 65 35 64- 34 65
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As =emtiocaed before, thew- c aplem-ity of thee eqmtions recmi-res that

c~iclations be dmae m~ a divital Ccacmaterr. it is higbly afes-i-rble to

hzT- saper q-=-J--ssothat or--- =y a-rri-Te at - 2pproxzimzrte edesiga

q=Jcly nd 2 JI- I em zss~es that therre is no jtmup-ower canaci

tý!-- t.,- th 2astc mmewces -i2 the metal'-ized 2nd =ietalized

setionMs ar-e the ~e ~tha-t the fi2er a gaps a-re all onme-h-alf

~awl~gh wide, the follow,-g approxizte eqttc~m-Gcs for the- izput

R i at the synmcbxranissm f-requte-ncy, f .ca- be dednced:I

2
a1 2 k I

N (14b)

Note th2at these equations include the effect of a capaci-tance to ground,,

C 9, at the input. The corresponding equations for an interdigital trans-

ducer are

2
1k (152)

1 1 1
x (15b)a rkci N x 0CS
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It is interestir to mote -from tbese equations tfha-t for the grating

transdmeer the effect of C becemes greater as X increases, while for the

interdi,,gital_- transducer the effect of C decreases as idcreiases. In

what fol.lods it will be assmed tha-t k e -is the same for both transducers.

In gedesral, h= ewerC .the capacita.ce per period, gill be different for
s

the t h transducers .

D. Predictioms of the 3Wdele

This sectiho will presnput some sanple cal••lunations made using the

equiv~alent circui~t nodel forl a grating t-ransducer that was described in

the last section ang sinilar node! for the dinterdigitalr transducer.

The tr.aTsducer paranetrers for these saamle calcul1 at ions vere chosen to

co-rresDo to sone extent to the paraneters of the experiarental devices

trge esribedt tht later sections. The capacitance per period of the

grating transducer oas assumed to be one-half that of an interdigeictal

transducer having the sane aperture. Howrever, 'U_- val idity of t&his

asysthticnp redains to be deter.dmed.

Figure 8 showds the input resistance as a function of frequency for

corresponding grating and interdigital transducers. Note the relativnely

large effect that. a Small a2ount of capacitance to ground has on the

input resistance of a grating transducer. This effect is also predicted

by the simplified expressions given in Eqs. (14a) and (15a). The

corr'.spondiiig input reactance magnitudes are shown in Figure 9. If one

computes the el~ectrical Q for the cases shown in these figures he finds

that the Q of the interdigital transducer only varies between 4.4 and 5,

while the Q of the grating transducer varies between 18 and 92. Thus

the introduction of a small amount of capacitance to ground has two

large effects on the grating transducer: It reduces the input resistance

and increases the Q. The experimental results to be discussed later will

verify that capacitance to gr'rund constitutes a major problem that must

21
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be soled before the grating transducer in its most sinple foin can be

used successfully in devices.

Figure 10 compares grating and interdigital transducers with regard

to the effect of an electrical load on the acoustic reflection at an

acoustic port. There seems to be less acoustic reflection from a grating

transducer than from an interdigital transducer, except for the case

Vnere the interdigital transducer is short-circuited. Ideally, in this

case the interdigital transducer should give no reflection. It should

be noted that the acoustic reflection considered here is assr=ed to be

due entirely to electrical back-reaction and not to mass loading on the

surface. The addition of capacitance to ground has very little effect

on the curves shown in Figure 10 except as noted for the open-circuited

grating transducer. It is interesting to note that a short-circuited

grating transducer does not give zero back-reaction reflection over the

whole transducer band as does a short-circuited interdLgital transducer.

This can be explained by noting that only the net voltage across a short-

circuited grating transducer must be zero, and so individual gap voltages

can be finite as long as their phases are such that they add up to zero.

In a short-circuited interdigital tranbducer all the gap voltages must

be zero.

In Figure 11 the effect of the postulated jump-over capacitance on

the input resistance of a grating transducer is shown. Since it has

been assumed in the model that the electric fields in this capacitor

do not interact with the surface wave, the effect of this capacitor is
I

simply to reduce the input resistance and to increase the electrical Q.

Thus, under this assumption, its effect on transducer behavior is much

like that of capacitance to ground.

As mentioned previously, Eqs. (14) and (15) can be used to predict

the general effects of capacitance to ground. For example, the effective
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radiation Q can be obtained by dividing the reactance by the resistance

as given in those equations. A plot of this effective radiation Q as a

function of N and of capacitance to ground is shown in Figure 12. This

figure again illustrates the drastic effect that capacitance to ground

has on the grating transducer.

E. Experimental Measurements on Surface-Wave Transducers

1. Experimental Approach

In order to evaluate the proposed model of the grating transducer

and determine the grating array's performance as a surface-acoustic-wave

(SAVO transducer, detailed measurements were conducted on several different

surface-wave devices. The behavior of the grating transducer was studied

by two different techniques: (1) measurement of the elpctrical input

impedance of grating and interdigital transducers (fabricated on high-

electromezhanical-coupling material, LiNbO ) using a Hewlett Packard (HP)
3

automatic network analyzer, and (2) measurement of the insertion loss

between pairs of grating transducers, between pairs of interdigital

transducers, and between one transducer of each kind over a wide frequency

range. Both methods yield important information that is valuable in

characterizing the grating transducer. It should be notea that both the

grating and interdigital transducers were fabricated on each surface-wave

device tested so that a direct comparison of the two kinds of transducers

could be made. Since both kinds, of transducer were fabricated simultane-

ously on the same substrate, this assured that both transducer types

experienced the same processing conditions (e.g.. metalization thickness,

etch factors, etc.).

The measured input-admittance characteristics of interdigital
14,15

transducers typically show quite close agreement with the values ol

conductance and susceptance predicted by the equivalent-circuit models
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6 7

of Erairojananan and Smith. Ast tens of megahertz, brifte weseets

can be used to detenuae the transducer equi-alent-circmit ejenomts.

-However, at VWF frequencies and higher,, sopBisticted microwai¢e mn~

techniques can be employed to characterize a surface-uive trans•uer.

In the present study an EP automatic network analyzer ims used to peform

such neasurenents on the surface-imve transducers being tested becanse

of its speed and high degree of accuracy. Also the network analyzer has

the ability to "calibrate out" certain kinds of parasitic elements

associated with (but not part of) surface-wave tasducers so that only

the real transducer performance is measured.

As a check on the inpedance neasurements and to ascertain otber

information not available fron the CW network-analyzer ts,

pulse-transmission measurements were made on SAW devices cosisting of

groups of grating and interdigital transducers. These measurements were

used to determine the frequency-dependent transmission characteristics

of the grating transducer over a very vide frequency range and to give

information on any spurions acoustic signal produced by this tranasducer.

The surface waves and spurious modes could be separated both by resolving

them in time and selectively attenuating the surface waves.

2. Test-Fixture and Transducer Design and F-zbrication

Use of the HP automatic network analyzer to make input-inpedance

measurements on surface-wave transducers necessitates that the SAW device

be embedded in an electrical test fixture for which the reference plane

corresponding to the transducer terminals can be accurately determined.

The test fixture designed to accomplish this task is shown in Figure 13.

Here a multiport microstrip circuit board has been cut out to accommodate

a rectangular lithium niobate crystal on which an array of grating and

interdigital transducers is situated. The thin metallic grating and
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the ~sCOE 4"Sff= t zrQý - limms. AS sac= I in ! e 33ft) tA-

f~tCt9=5x3 bxr&ý E zoneted~ &rtzo. tol itM±ipt ~ 3

AI W"-Cix-e ft t&&-P'P=eq is a t"M IWIC: cc beac G M tibe

C=W~~d-S ~ tBMt SS WMIzed to it==Tte tkhe acmstic W~e am&

zm-Wer are M~xmai-W r-efer-ra to a ~-50Cae Ss5temL. VO tibe mi

to be Me-M=f Is bff';lq ImZet-fte 2-&C~t tR-- 3 few rhnm cams,

the wmt ==MrC;.W e~ec:Zll for the Meal 7=-t or t~e lqpre .'

beu! Po- 7Bhe zMVratrzý- ;Vesets this type O. oad1

IEn aSitCMt!CM it is FMSiblc to improm trie Me-Me~'

2~ccwc_ byq 2nse~rtzin a tranSfOner betwem the metwbrt 2alz2_wr 2m the

bh2X-I=~Ped=Ce 102d. TI'ms effectx-.vIly a12ow the measwremxemts to be

Ferformed in a higber-impe2-ce s_;sten.

ldeally, one waaud like to use a transfTo~er witb transfor-

imatioma prcperties ha~t are frazw-needn so that on~e can =2ak

measurements of the umJnozm load -imyedl-ce orer 2 W'iCe freqUency hand..

In practice 2ll transformers xChibit som frqmcy-ependleat bebavijor.

Forttmately, because of the tremendous power of the automatic network

analyzer, it is possible to calibrate out this freq-uency-dependent

behavior so that tkh- transfoxner becomes effectively very nearly idieal.-

To do this, one sipply calibrates the systen by placing a good load,

short, and open on the high-inpedance side of the transforner. The value

for the load would be equal to the inpedance level of the high-impedance-

side. The neasulrements of the load, short, and open used to calibrate
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=th im-ams ==a ty m e fm sb e~udca1strl -re okker est

taxeMML-Scea b122tr orid the It 1fzer.. It sin1 eTl heCt mto otbt Sytem

a~~~1~~zerM isMA bet cz=ac& BT proidi a dfct re...t~for fy i m a

of M~M-idea.1 h tIMi t)e tWff~O~mer-. Ihe armse the bealzor of thbe

For t23e =Srxpt of the xrat!w 9= a SM211t~s

former =~S hEilt b~lm a 9--l rsdc-t-f-rtn tio.. The desilga

of Itbe tr~fo=L--e WMs oCtazind BT t34-l1 2m erlor.. lhe ~i1

circuit for the !S sfoMer !sso M Figur~e 14 (2). - 7e =2jOr a-Sig=

zlec-Irea~t for the rnso! is thalt tbe =mter of tunis be adjusted

So tbat the 5-2Zmt capzcIty am tuehi~i~de saide proffces re...ma-eI

at tbe desired f m yof cperaticu. Ira order to, bee? the fm nformer

Sifal It WMs W~ cM a tino-boe ferritle core using No.. 35 gange copper

sire (se Figure 13.It w~s fem thatt tue1ve turns in the secomdaryI

2nd four turas In tbe iprinar-y -rodmced resomanece at 2avat 1.80 30z. Tbe

exjperluental transfoxrer caaracteristics are ilustrated in Figurae 14(b).

Thlis figure is a Smith-chart. plot of 2dnittam-ce, shoring. the character-

istics for an open-circuit,, shbort-circuit. 2n-d 470-ohi load on the high-

inpedance side of the transformer. The frequency range is 150 to 250 J
MEHz. it can be seen that the tr~aslormer provides a good natch between

50 2nd 470 olms at resonance. Also Iron the =easurement with an open11

M1anufactured by Sieneus,, Type U145 U60.
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FIGUE 14 TRISFORMER EDMFAN CIRCUIT AnD UESURED CHAACERSTCS

circuit on the bih-inpe cne s-ide it c•n be seen that losses in the

transfor-ner are negligible.

The transformer exhibits considerable frequency variation (it

i a parallel r•esonant circuit). Figure 15 illustrates the effectiv'eness

of the 2utomatic net-zork analyzer in calibrating out this frequency

var~iation. -i figure is a polar plot of the reflection coefficient

of a 470-ohm load (1/8-watt carbon resistor) meaured with the calibrated

Ssystem. Tihe outer circle corresponds to a reflection-coefficient
S•nagnitude of 0.05- (-1he Snith-chart coordinates should be disregarded

:33



FI(LJ3E 15 POLAR PLOT OF 1NIE REFLECTP OIW W E3E T O1Ff0 A 47-O-CaN LOAD
MEASURED VMrFH TRA3SFOMR FREMENCY VARMM[11S CA!J3RAIED
OUT (110 io 31aIMW

f in this figmre.) The fr e- Cy n-e is 110 to 310 3az. The clustering

of the points Mes that the 1oad is effectitvle constat orer the zbole

lr~easureuent f--enc range. This fact would be dr~miaticalWy Illustrated

if these points were to be plotted in Figure 14(b), since tae outer

circle in that figure corresponds to a reflection-coefficient wagnitude

Of 1.0. Thus.I all the points in Figure 15 would lie at the center of

the chart in Figure 14,b) and the transfonrer would appear to be ideal.

Figure 16 shors schenatically the eperimental configuration

of grating and interdigital transducers used to charccterize the

groting transducer. The substrate utilized in this e-xperisent 2a b

lithium niobate Y-cut, Z-propagating (OZ) crystal with the top surface
optically polished free of scratches and pits. The substrate wa 25 mm by

3 un by 2 mm in the X, Y, Z directions and accommodated 16 individual

transducers on its surface. The cask used to produce the patterns had

rows of five-period grating, four-period interdigital, and three-period

grating transducers, all aligned to within 1 minute of arc. This
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FIGURE 16 EXPERIYLL'TiAL CONFIGURATION USED FOR MEASURING THE
CHARACTERISTICS OF A GRATING TRALlSDUCER AT 190 &!Hz

pernitted a pair of identxnl transducer patterns to be fabricated at

either end of the LiLO3 with one column of each of the other two patterns
3

in the niddle. For example, .. = 5 gratings appear at the edge of the

substrate illustrated schematically in Figure 16. Thus, moving the mask

by one pattern allowed either N = 5 or N = 3 grating transducers to be

placed at the crystal edge.

Photographs of the thin (1500-A-thick) aluminum grating and

interdigital surface-wave-transducer patterns are shown in Figure 17.
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FIGURE 17 PHOTOGRAPHS OF ALUMINUM TRANSDUCER PATTERNS ON Y-CUT,
Z-PROPAGATING LUNbO 3
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These patters d to the os sh fm in P1gue 16 for the t-hee

diffeemt transdcers. The fi~e-Peried a.6b tbree-Perlod grating tramns-

docers have fre and thrm co=plC 92Ps, Vespecil]y, with owe-=TelCegth

spc3lE betwen the ceters of adjacemt gaps. O•s the other hand, the

four-priod iterdigital cer s eight cplIng gaps,, bt these

are spced ome-hzU =acstic uwelengtk apart at the s---r. us fre-

q~ecyX. rThe Period or an 0 afrasducers used is 18 ;&=.v which corresponds

to a tbeoretical sjnchromoas operating frequecyj of 190 Mf on TZ L ['iX 0.

The transducer-pad arma is kept w=37ll (0.01, 2m nodrtord htr•-• •F• is • (o01 ) in order to reduce the

capacitance to gmmd of the connections, but not so small that it does

not leave adequate area to allow the bonding of wire leads. The transducer

patterns were very wide, being 5 mm (or 280 wavelengths) transverse to

the propagation direction. This was done to Increase the capacitance

per period Cs of the grating structure, since C is linearly proportional j
to the finger length. However, this long finger length caused all of the

transducer structures to exhibit appreciable ohmic loss, and this bad to

be taken tnto account in the interpretation of the measurements.

The transducers were fabricated using standard surface-wave

transducer photolitbographic techniques. Shipley AZ-1350 positive

photoresist and chenical etching were used to produce the transducers,

and both gold and aluminum patterns were tested to deternine any dif-

ferances that night occur due to (1) mass loading or, (2) slightly

different filu conductivities. In the final surface-wave devices tested

on the network analyzer the transducer patterns appeared to be of

excellent quality, being free of any shorts or opens. In fact all sixteen

aluminum transducer patterns (covering almost one square inch) were of

uniformly high quality. This demonstrates that the photolithographic

techniques used were adequate for producing the thinnest lines required

for the interdigital transducer (4.5 .im) and thus that the measurements

were probably free from constructional artifacts.
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3. EhPirinetal Results4

The first way chosem to investigate the characteristics of the

" -e transducers was to lake electrical-input-impedance

msuremets cc each transducer type over a range of frequencies centered

about its synchronous frequwmcy. The measured impedance values can thus

be compared to those obtained fro. the equivalent-circuit models for

int-rdigital and grating tr -Sducers (see Sections Il-B and Il-C). The

input-impedance tsurements were imade using an HP autonatic network

analyzer in its autcmatic mode. The test fixture used for this measure-

ment, sbown in Figure 13, pernits a very accurate deternination of

reference-plane position. The test fixture is constructed so that the

three required calibration terminations (load, short, and open) nay be

inle e •;rig-t at the point of atta•cheet of the tra--•ucer bond wre.

For the case of the grating transducer, the calibrations are carried out

on the side of the transformer nearest the transducer. As was explained

above, these calibration data are retained by the computer and subtracted

out of subsequent neasurenents that are nade when the grating transducer

is attached to this port. The interdigital transducers (being of lower

inpedance than the grating) are connected directly to the 50-ohm micro-

strip transmission line.

In order to aid the interpretation of the results to be presented,

a one-port series equivalent circuit for a surface-wave transducer is

presented in Figure 18. The appropriate circuit elements are defined

in that figure. Measurements made of the input impedance Z- will be
in

compared to predicted values of R (w) and X (w) that have been suitably
a a

modified to take into account the effects of capacitance to ground C
g

and series inductance L
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LS PARASITIC ELEMENTS' R I SURFACE WAVE
TRANSDUCER
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WHERE Ls = Series inductance of the bond wires

C = Capacitance to ground of the transducer and pad

Rc = Ohmic resistance of the thin transducer electrodes

,CT = Transducer static capacitance

Ra (wo) = Acoustic radiation resistan,.e of the transducer
(i.e., the quantity given in Eqs. (14) and (15) WthCg = 01

X(wo) = Acoustic radiation reactance of the transducer,
and equals zero at synchronism

SA-1679-39

FIGURE 18 EQUIVALENT SERIES CIRCUIT REPRESENTATION FOR EITHER GRATING
OR INTERDIGITAL SURFACE-WAVE TRANSDUCERS
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a. -Input, -impedance 'of Initerdigital Transducers,

Figure 19 presents the measured and calculated real part

-of -the input impedance for one 5-mm-wide, four-period interdigital trans-

ducer [shown in Figure 17(c)]. The measurements of the real part of Z
,in

are plotted in Figure 19(a) as taken from- a direct X-Y display of this

quantity on the netWork analyzer. The actual measurement interval

extended from -110 MHz to 310 A1z, W-ith measurements being taken in 2-MHz

steps. This provides adequate resolution to show the resistance peak

and the first sidelobes in detail. A. Smith-chart presentation of the

input impedance of the N = 4 interdigital transducer over the same fre-

quency range is shown in the insert of Figure 19, where the center of

the chart corresponds to an impedance of 50 ohms. Both the characteristic

main acoustic loop at the synchronous frequency and the broadband back-

ground resistance (of 100 ohms) due to the finite finger resistivity is

evident in this picture. The circuit is tending to resonance due to the

two long (1.1 mm), thin (0.7 mil diameter) bond wires used to attach this

transducer to the microstrip circuit.

7Computer calculations (using Smith's model) of the real

part of the input impedance are displayed in Figure 19(b) over the same

ll0-to-310-li•z frequency range. The resistance plot is shown for two

cases: (1) no series inductance and capacitance to ground, and (2) for

L = 20 nH and C = 0.88 pF. The value of C = 0.88 pF was determiAned
s g g

from an independent measurement -of the stray transducer capacitance to

ground. This measurement was made on a dummy transducer pattern whose

ground pad was left open-circuited. The series-inductance value of 20 nH

was obtained from a measurement of the frequency at which the lead induc-

tance resonates with the transducer capacitance and the capacitance to

ground. It should be noted that for comparison purposes the constant

background resistance of approximately 100 ohms has been subtracted from
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OF A FOUR-PERIOD INTERDIGITAL TRANSDUCER
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4the measured data. Figures -2O(a)' nhd (b) show -a comparison of the

measured and, calculated input reactance of the transducer for the case of

no ýstiay parasitic elemehts and for he case using the measured values of

C =0'.88WpF' and L --,•20.nH

In making the comparison between measurements -and compu- I

tations it is seen that the inclusion of 0.88 pF for the capacitance to

ground reduces the. computed input resistance- below the measured value.

On the other hand, the inclusion of this amount of capacitance to ground

seems to be necessary to make, the computed and measured input reactances

agree. -However, it should be noted that the equivalent-circuit calcula-

tion assumed a capacitance per period C of 1.53 pF for the 5-mm-long
s

fingers. This capacitance is an empirical value for interdigital trans-

ducers on Y-cut, Z-propagating lithium niobate that was obtained from
16

Gerard et al. If the value assumed for C was incorrect it could
s

possibly account for the observed discrepancy.

The relatively good agreement over a wide frequency range

between the calculated and measured input impedance (see Figures 19 and

20) of this interdigital transducer promotes confidence in the measure-

ment technique and illustrates the validity of this approach in charac-

terizing surface-wave transducers in general. By using measured values

for the stray parasitic elements and measuring the input resistance and

reactance, a verification of the assumed transducer model can be obtained.

b. Input Impedance of Grating Transducers

Input-impedance measurements similar to the ones made on

the interdigital transducer were carried out on both the five-period and

three-period grating transducers, the only difference between the two

measurement techniques being that the grating transducer was attached to

the network analyzer through a 9:1 impedance transformer. The measured
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and calculated inPat resista~ce and reactance of the N = 5 gatizc frans-jdcer arre displayed in Fiwures 21(a) and (b), respectiey, over the

freque!ncY ranze 140 Miz to 240 Xmz.. The impedamce mse rt were m

at 2-3ffz intervals over the im icated i100-wJz range. Jheeuv1t

circuit model that was used to calculate the dchracteristics of the

grating transducer is the ome developed in Section II-D. In h model

the capacitamce per period of the grating is as•"med to be 0.765 pF,

which is one-bhal that of the interdigital transducer. Als_0 the

measured capacitance to ground of the grating, C = 0.780 pF, is usedg

and the Dfductance is assuned to be negligible (due to the very short

bond-wire lengths used). The model accounts for both the acoustic-

impedance discontinuity due to the metallic film (approxiately l500-i•.-

thick gold) and the unequal finger and gap widths that existed in the

N = 5 grating transducer. In this case, however, the model did not

include any jump-oter capacitance or acoustic-wave coupling due to jump-

over fields. In the plot of input resistance, the background resistance

of 126 ohms has been subtracted out of the measured data so that the

calculated and measured values can be compared more easily. It is seen

from Figure 21(a) that the overall shape of the measured input resistance

matches that of the calculated curve, with the central peaks occurring at

nearly the same frequency and the lower-sidelobe frequencies and the

frequencies at which resistance minima occur agreeing. However, the

measured value of the input resistance appears to be too large. This

fact could be explained if some of the measured input resistance repre-

sented coupling to bulk waves or to surface waves generated by jump-over

fields. Either one of these effects would tend to raise the input-

resistance curve above the computed value. On the other hand, the

computed input reactance [see Figure 21(b)] of the N = 5 grating agrees

quite closely with the measured values. This fact lends credibility to

the overall grating-transducer model. The results of the input-impedance
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resistamce = Mct=_ce are iiplydnE 71ee 22(m) =: (b),'

zespetirey. 31m tris imstance, the it %anicrs; vvre 23=f =mmi

apMroiimtel~ 15" i -thick.. 7be capcitce= PM=1rCd =35 tkxe caacitarCeX

to gred Wme assmie to be the s~for this frJrsd~ce= as for the

X = 5 grating trznsftcer.. A shift or the imput resisttoce ?eMk to

frireque=3 lower than the expected! valltz is obserwed. As with tbe N = 5

grating transducer, the =232-n r`eSist2ance, Me2_sU-d (,with the alam

electrode resistan-ce of 170 cams suatracted Out) iLs higber tn- tha-t

calculated fromn the mtodel. The agreement between imeasured and Calculated

transducer reactan-ce is less for the N, = 3 case thait it was for _X = 5.

TMI reactances could be made to match more closely by adding some series

inductance in the model; however, it is more likely that the calculated

capacitance per period of the transducer shmojld be nade larger (thus

lowering the reactance) to take account of end effects and junp-over

effects. In fact, both of the discrepancies between measured and calcti-

lated input impedance for this case are probably due in part to the

neglect of the capacitance and coupling of the jump-over field along with

the end effects that occur in this short N = 3 transducer structure.

The pulsed-transmission measurements made on the N = 3 grating that are

described below will be seen to generally correspond to the observed

behavior of the measured input resistance.

C. Insertion Loss and Pulse Response of Grating Transducers

To obtain further information on the grating transducer

and determine the reasons for the discrepancy between the measured and

calculated input impedance, insertion-loss measurements were carried out
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is set b the rI2!le att0 ztor., passes throl the sdzcel ve device

Stest =nd the camtpat refezemce 2evel, Is reconrded.. 720 nPr cOE121a

switch Is tiul used to discommct the test delice t substitute a

teri emmmectiom. rne variable atten2tor is adjusted to protce the

sam e o -tp reference level ad the differenoce in atternator settibes

gives the iosertion loss of the devic uihnte est. At --du-ers- s abdre

100 Mt, a. betezrodyre detection scbeme (with an IF frequermcy of 60 M1fz)

is used, while below 100 3hz the pulses are tisplAyed directly On a

widebAd oscilloscope after appropriate anPlifiictiLOn.

Mae results of the broaedansd utuned-insertion-toss

asbroad t are sboru in Figures 24- and 25 for the cases of traesnission

between two rn = 5 grating transducers and between two N = 3 grating

transducers, respectively. The nagnitude of the insertion los3 has been o

noruelized to 40 dBe since the absolute value is of little significance

because of the high resistive losses within the transducers and the

transformer coupling to the transducers. What is apparent in these

figures is the unexpected surface-wave transduction that takes place over

abroadt band of frequencies centered about a number of discrete frequency

points. During the measurements great care was taken to ensure that the

observed delayed pulse was due to surface-wave transduction and not to

bulk modes. This was verified by (1) checking the time delay T of the

received pulse to make sure it agreed with the expected delay

S = m U6)
v
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were is the separation between sending and r-ceiving transducers and

v is the surface-acoustic-wave velocity, and (2) selectively attenuatingS

the surface wave by placing moisture (hunan breath) on the crystal's

surface.j

The unusual surface-wave response below the, synchronous

frequency of both the N = 5 and N = 3 grating transducers night be

explained if one assuned there is a component of electric field that

extends fron the two end (driven) elect-Lodes through the crystal-i.e.,

a component that "junps over" a11 the floating electrodes (see Figure 1). A

Under this assumption there is now a second component of spatially

varying electric field that has a period equal to twice the center-to-

center spacing of the driven electrodes of the grating transducer. The -

frequencies at which surface-wave coupling might exist for this jump- o -

over field are indicated in Figures 24 and 25 as arrows on the frequency

s6ale. The periodicity of this field for the N = 5 grating is 180 Pm. -•

This corresponds to a fundamental frequency of 19.33 11Hz, with the third,

fifth., seventh, and ninth harmonics occurring at 53 MHz, 96.65 M1Hzj

135.3 MHz., and 173.4 MHz, respectively. These frequencies are indicated

as arrows in Figure 24. For most of these harmonics substantial

transmission responses are noted, thus indicating that coupling does

exist between surface waves and the fields that span the end electrodes.

The N = 3 grating should behave in a similar manner, with the exception

that end effects from a transducer having so few periods may be more I

prominent. The period of the jump-over electric field for the three-

period grating is 108 1m, which corresponds to 32.2 AHfz, 96.6 MHz,

161 MHz, and 255 MHz for the first, third, fifth, and seventh harmonics,

indicated as arrows in Figure 25. Again the correlation that exists

between the multiple frequency responses and the proposed surface-

acoustic-wave coupling due to jump-over fields appears to be quite

strong. In view of this argument, the observed magnitude of the peak 7
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in -radiation resistance for the N = 3 grating transducer at 165 MHz

(Figure 22)_ is probably due to surfacem-wave excitation by both the jump-
o0

over fields• and the grating fields .between the floating- electrodes.

The relative untuned surface-wave insertion loss was also

measured between a five- or three-period grating transducer and a four-

period interdigital transducer. The frequency responses should corres-

pond to the responses for N = 5-and N = 3 grating transducers that have

been filtered by the transmission characteristic of an interdigital '

transducer. The measured and theoretical zeros of transmission were

found to agree quite well, and-the large surface-wave signal level that

was observed in the sidelobes is-consistent with the postulation of

surface-wave excitation by-jump-over fields between the end electrodes.

d. Measurements on Multi-Section or "Hybrid" Grating ,

Transducers I
The excitation and detection of surface acoustic waves by

grating transducers have been further investigated by fabricating

transducers having several grating sections connected electrically in

parallel, but acoustically in series. A photograph of a portion of the

multi-section grating (or "hybrid") transducer pattern is shown in

Figure 26(a). In this instance every fourth electrode is connected to

an alternate pad while the three floating fingers between these driven

electrodes establish the grating pattern. It shiould be observed that

interconnecting grating transducers in this fashion requires the central

driven electrodes to be twice the width of the one-half-acoustic-wave-

length-wide floating electrodes. This can be deduced from the delta-
12 .

function model for the transducer with the requirement that the phase of

the excitation delta functions match that of the generated surface wave. R

The transducer illustrated has a fundamental grating period of 12 pmm,
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(a) Three-section four-period grating-transducer pattern.

Middle electrodes are onefull period In width.

(b) Four-period interdigital transducer.
SA-1679-31

FIGURE 26 PHOTOGRAPHS OF ALUMINUM-TRANSDUCER PATTERNS ON YZ LiNbO3

(transducer period 12 pjm) 3
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which corresponds to -a synchronous frequency of 290 MHz on -a Y-cut,-

Z-prcpagating LiNbO crystal. The interdigital transducer (and b6nd-wire
3

connection)-shown in Figure- 26(b) has 3-tim-wide electrodes and-gaps and

thus should also have k synchronous frequency of 290-MHz.

The possibility o' coupling to surface waves through the

jump-over field between drivr., electrodes was discussed above for the

exanple of a single-sect---zi grating transducer. For a multi-section

array this effect, if present, should be magnified because there would

be several periods of jump-over field that could couple to the surface

waves. A scheiatic diagram of the electric-field configuration for two

sections of a multi-section grating transducer is shown in Figure 27.

/F

PJ

SSA -1679-35

FIGURE 27 SCHEMATIC DIAGRAM OF THE ELECTRIC-FIELD PROFILE IN A MULTI-
SECTION GRATING TRANSDUCER ILLUSTRATING THE GRATING
ELECTRIC FIELD gAND JUMP-OVER FIELD EF

_I The electric field E that extends between adjacent electrodes establishesEg

a spatially varying field of periodicity P • This field corresponds tog
the fundamental grating mode of the transducer and should cr'uple most

strongly to surface waves when driven at a frequency equal to the surface-

wave velocity divided by the periodicity P . However, coupling to otherg

field components may occur. If one neglects for the moment the shielding

S~ effect of the floating electrodes of the array, it is apparent there

will be a component of electric field (labeled E ) between the driven
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plus and minus electrodes. This field may also couple to surface waves

and, as seen from the, diagram, has a periodicity P Thus both G and J
J

'field components may couple -to surface waves. The driven electrodes

can be thought of as forming an interdigital transducer of period P
J

having electrodes whose widths are much smaller than the corresponding

17
gaps. Milson has shown that the-narrow-electrode, wide-gap configuration

leads to stronger coupling at the harmonics of the fundamental synchronous

frequency than for interdigital transducers having equal electrode and

gap -widths. Thus one would expect to see surface-wave responses that A

correspond to the jump-over field periodicity Pj, as well as to the

grating-electrode periodicity P . The four-section grating transducer,
G

shown in Figure 26, has a grating period P of 12 pm, corresponding to a
G

center frequency of 290 Miz (on YZ LiNbO ). The period of the inter-
3

connecting electrodes P1 is approximately 102 1m, which indicates that
J

the fundamental and first few odd harmonics would occur at 34 MHz,

102 MHz, 170 MHz, 238 MHz, and 306 MHz on YZ LiNbO . In Figure 28, the

3
untuned insertion loss between two three-section grating transducers

is shown. The peaks in the insertion-loss characteristic correlate

very closely to the frequencies given above (indicated by arrows).

The peaks occurring at 102 MHz, 170 MHz, and 238 MHz correspond to the

third, fifth) and seventh harmonics for the driven alternate-phase

electrodes. The peak at 260 MHz is attributed to the first sidelobe of

the thirteen-period grating transducer. Two facts are evident from the

insertion-loss data for the multi-section transducer: (1) It exhibits

approximately 10 dB less loss at the grating frequency of 285 to 290 MHz

than at other frequencies, indicating relatively strong coupling to the

grating mode, and (2) the periodically spaced lower-frequency components

clearly match the expected harmonic response due to the jump-over fields.

Thus it is evident from this measurement that the grating transducer can

couple to both the fields between adjacent electrodes (grating mode) and

to the fields that extend between the driven electrodes (jump-over mode).
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The close-in sidelobe structure of the grating transducer

has been investigated. The results of insertion-loss measurements made

between a thirteen-period grating transducer and a four-period inter-

digital transducer are shown in Figure 29. The transmission loss measured

on a large-dynamic-range spectrum analyzer shows that the minimum loss

occurs at the center frequency of the grating and interdigital transducers

(285 MHz). The close-in lower-frequency sidelobes have relative maximum

responses at 260 and 240 BMz which agree well with the expected behavior

of a thirteen-period grating transducer. The theoretical frequency

responses of a four-period interdigital and a thirteen-period grating

transducer (assuming a sin x/x type characteristic, where x = NO(w - w /W0),
0 0

N is the number of periods within the transducer structure, and w0 is

the synchronous radian frequency) are shown in Figure 29(b). The measured

bandwidth of the grating transducer is 20 MHz and is quite close to the

theoretically predicted value of 22.3 Mz. Above 200 MHz the measured

frequency response correlates to a high degree with the expected sidelobe

structure of the combined interdigital and grating responses. As seen in

Figure 29 the frequency response of the wideband four-period interdigital

transducer covers a sufficient range to encompass the first three sidelobes

of the grating transducer within its main lobe, and can also detect the

surface acoustic waves that are generated by the jump-over field at lower

frequencies within its two lower-order sidelobes. In fact, the sidelobe

structure of the lower-frequency responses occurring at 160 MHz and

115 Miz (observed in Figure 28) has the same frequency extent f /N = 22 MHz
0

as the main sidelobes. The high-frequency response roll-off observed in

Figure 29 is due to two reasons: (1) The large capacitance to ground of

2
the grating transducer structure (pad area - 0.75 mm ), and (2) the

decreased output power available from the test-oscillator source above

300 MHz. The sidelobe level observed at 260 MHz is substantially larger

(- 12 dB above) than the -16.9 dB level relative to the main lobe that
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is predicted by theory. This indicates that either extra surface-wave

coupling is occurring at this frequency or that the sidelobe level is not

following the expected sin x/x type behavior.

In order to determine how efficiently the grating transducer

operates at its center frequency, and relate this to measurements made

on interdigital transducers that operate at the same frequency, pulsed

transmission-loss data were taken between pairs of thirteen-period

grating transducers and between two four-period interdigital transducers,

both of which were fabricated on the same piece of YZ LiNbO3. The
3

untuned insertion loss between the two grating arrays (spaced 5 mm apart)

was 12 dB larger at the synchronous frequency that the insertion loss

between the two interdigital arrays having the same separation. Measure-

ments made of the input reflection coefficient of the two types of

transducers showed that the 12-dB-higher loss of the grating-transducer

pair could be attributed mostly to a difference in mismatch loss for the

grating and interdigital transducers owing to the relatively large impe-

dance of the grating transducer at 290 MHz. Figure 30 displays the

detected delayed signal obtained when either (1) two interdigital trans-

ducers were used or (2) two grating transducers were used. The initial

pulse observed is due to direct RF feedthrough of the input signal in

both cases.

In order to verify that the conversion efficiency of the

two transducer types is indeed comparable, tuned-insertion-loss measure-

ments were carried out for both types. The measurements revealed that

the tuned insertion loss between the two grating transducers on the

average was within 1 dB of being the same as that measured between the

two interdigital transducers at the center frequency. This is believed

to be reasonable agreement, considering the slight imperfections observed

in the several pairs of transducers tested and the differences in
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resistive less for the different transducers. The photographs of

Figure 30 show the delayed pulse for-the grating transducers to -be

essentially identical to that for the interdigital transducers, with the

spurious-bulk-wave level more than 25 dB below the direct surface-wave

level at the synchronous frequency. The above experimental results give

evidence that with suitable matching, the grating transducer is an

efficient means for transducing surface acoustic waves (comparable to

interdigital transducers).

e. Spurious Signals in Grating Transducers

The question of how much bulk-wave generation occurs from

any surface-wave-transducer scheme has not as yet been resolved. Recent
18

laser-probe measurements carried out on twenty-period interdigital

transducers on Y-cut, Z-propagating lithium niobate indicate that 10 per-

cent of the input electrical power is radiated as shear waves when the

transducer is driven at its synchronous frequency. Similar laser-probe

measurements on the grating transducer have not been carried out; however,

measurement of the input impedance of the grating transducer suggest that

bulk-wave radiation may make a contribution to the transducer's radiation

resistance both at frequencies near the grating-mode synchronous frequency
19

and at lower frequencies. It is well known that any spatially-periodic-

varying electric field, when applied to a piezoelectric material, is

capable of exciting bulk waves. When the operation frequency f obeys

the formula

v
BULK

where vBULK is the velocity of the bulk mode of interest and P is the

periodicity of the electric excitation field, coherent generation of

bulk waves may take place and strong coupling is possible. Thus, inter-

digital transducers are normally operated at a center frequency f = v /P
S
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that is below the frequency of naziznm bulk-wave response. This is true

also for the fundamental node of the grating transducer. However, the

junp-over electric-field conponent associated with the end electrodes

of the grating transducer has a period that is much larger than the

fundamental grating period. Thus bulk waves should couple to this field

component at frequencies that are below the synchronous frequency for

the grating array.

The tendency of grating arrays to generate bulk waves was

investigated experimentally over a wide range of frequencies by making 4

pulsed-insertion-loss measurements between pairs of N = 5 single-section

gratings and N = 13 three-section gratings (approximately four periods

per section). The observed bulk waves were distinguished from surface

waves by time resolution and by selectively attenuating the surface waves.

Figures 31 and 32 display the pulse responses between pairs of grating

transducers operated at their synchronous frequency and at lower fre- 4
quencies that correspond to other minima of insertion loss. For the case

of the N = 5 grating transducers, the bulk modes are more than 14 dB down

from the main delayed surface-wave signal at the synchronous frequency.

Measurements over a 40-M1z frequency range centered about 180 Miz show

the bulk modes to be at least 13 dB below the main delayed signal over

this range. Outside this range, rapid fluctuation in bulk-wave level is

noted. Measurements on the thirteen-period grating transducer (Figure 32)

shows better suppression of bulk waves than for the single-section

transducers, with spurious level s 25 dB below the main surface-wave j
pulse at synchronism and remaining more than 23 dB below the referenced

level throughout the frequency range above 135 Mz. It should be noted

that no extra precautions were taken to reduce the level of bulk waves

transmitted and received (e.g., roughening or tilting the crystal's back

surface). Hence, these measurements should be viewed only as indicative

of the bulk-mode transduction capabilities of the different grating-
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FIGURE 32 PULSE RESPONSE OF A THIRTEEN-PERIOD GRATING TRANSDUCER
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transducer structures. It. is believed the spurious bulk-wave level -could-

be substantially reduced by either altering the distance -between trans-

ducers or altering the crystal geometry. However, this would not reduce,

the coupling (and subsequent energy loss) to bulk waves from a grating

transducer. Fortunately the measurements appear to indicate-that bulk

waves are not strongly coupled at frequencies -near the grating mode and

that multi-section many-period transducers tend to discriminate against

them.

17 .Milsom has observed that surface-wave transducer arrays

having a large number of periods discriminate against bulk-wave trans-

duction. He argues that acoustic waves generated by fields having a

periodicity equal to the surface-wave wavelength will add coherently from

the N transducer periods so that the generated surface-wave power will be

2
proportional to N . The bulk-wave power, on the other hand, adds inco-

herently and thus is proportional to N. These predictions agree well

with the experimental results obtained on interdigital transducers 1 8 and

with measurements carried out on several types of grating arrays. For

example, the three-period grating transducer gave the largest bulk-wave

response, the five-period grating transducer somewhat less, and the

thirteen-period multi-section grating transducer produced very little.

Further indication of this effect is obtained from the measurements of 4
tuned insertion loss discussed previously that reveal nearly comparable 4

efficiencies (within 0.5 dB per transducer) for interdigital and grating

transducers tested at synchronism. Thus the amount of energy lost by

the N = 3 grating to bulk modes must not be more than 10 percent greater

than that lost by the N = 4 interdigital array. -

In general, the amount of energy lost to bulk waves from -

any surface-wave transducer cannot be estimated without resorting to a

detailed analysis that takes into account the piezoelectric coupling

strength, crystal orientation, electric-field configuration. and I
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transducer size. An anaiysis, of this problem for, the grating has not -"

yet been attemp~ted.

Initial tests -have been carried out to investigate the

triple-ýtransit signal level for-the surface waves reflected between

grating transducers. .The triple-transit signal was more tha- 24 dB below

the direct-surface-wave signal- for the N = 5 transducer and 22 dB below I

the direct signal for the N = 13 transducer. In both of these cases the '

transducers were effectively terminated in 50 ohms. - -
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III MULTIPLEXERS,

A. General

Multiplexers are utilized to separate frequencies, in certain ranges

from a spectrum of signals -covering a ldrger range of frequencies,.or to

combine a number of frequency bands into a single spectrum. This can be

accomplished using hybrids, circulators, and/or filters. A common tech-

nique is to cascade channel-dropping filters, each of which separates or

combines a particular band of frequencies. Each channel-dropping filter

consists of a bandpass and bandstop filter suitably designed and inter-

connected to produce a constant-resistance input impedance.

The theory for constant-resistance channel-dropping filters has

been described by several authors, and no new theory is presented in this

report.20)21 What we are concerned with here is the feasibility of a new

channe!-dropping-filter geometry that is particularly compact and that

utilizes the stripline or MIC surface area in a highly efficient manner.

In the past, channel-dropping filters have often consisted of inter-

digital, combline, or halfwave-parallel-coupled-line bandpass filters

combined with bandstop filters consisting of quarter-wavelength stubs

separated by quarter-wavelength lines--i.e., unit elements, hereafter

abbreviated UE. In stripline a channel-dropping filter consisting of a

halfwave parallel-coupled-line bandpass filter and quarter-wavelength-

line bandstop filter might take the form shown in Figure 33. Note the

inefficient utilization of substrate surface area revealed in this

photograph.

The channel-dropping-filter geometry investigated in this report

utilizes hairpin bandpass filters and folded-line bandstop filters. Both
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BANDSTOP

FIGURiE 33 STfRIP-LINE CHANNEL-DROPPING FILTER UTILIZING HALFWAVE
PARALLEL-COUPLED-LINE BANDPASS FILTER AND QUARTER-
WAVELENGTH-LINE '4ANDSTOP FILTER
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filters are considerably more compact than their linear counterparts,

and thus utilize the surface area of the substrate very effectively. A

channel-dropping-filter configuration analogous to that shown in Figure

33, but utilizing the latter filters, is shown in Figure 34.

BANDSTOP
OUTPUT

COMMON BANDPASS
INPUT OUTPUT

SA-1679-12

FIGURE 34 COMPACT STRIP-LINE CHANNEL-DROPPING FILTER UTILIZING HAIRPIN
BANDPASS FILTER AND FOLDED-LINE BANDSTOP FILTER

In earlier reports on this contract the hairpin filter and meander-

22,23,24
line transformer were eveloped. The meander-line transformer

can be converted inL, a bandstop filter by adding open-circuited stubs at

meander-line turns, as shown in Figure 35. This yields a compact band-

stop filter ruited for stripline or MIC media.

B. Folded-Line Bandstop-Filter Design

One theory for the design of channel-dropping filters calls for

designing the filters from singly-terminated prototypes using approximate
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SA -1679-13

FIGURE 35 FOLDED-LINE BANDSTOP FILTER

methods, or from transfer functions for singly-terminated filters using

exact methods. Here, however, because of the circuit complexity of Zhe

folded-line bandstop filter, a numerical optimization method has been

used rather than conventional exact or approximate methods. A numerical

optimization method has additional advantages over conventional synthesis

in that the coupling between folded lines, as well as stub impedances,

can be restricted to reasonable values prior to the start of the filter

design. Consequently, physical realizability is guaranteed from the

outset. Sato has given an equivalent circuit for meander lines that

requires only a slight modification in order to transform it into the
25

equivalent circuit for a folded-line bandstop filter. This is shown in

Figure 36. Coupling between folded linei :. accounted for solely by

"S-plane inductors" connecting unit elements. 26 Unit elements are

depicted as straight lines, and short-circuited stubs as inductors in

Fijvri' 26. An "unfolded" conventional bandstop filter is obtained by

setting all inductive admittance values to zero. A hybrid geometry is

obtained by setting some but not all inductive admittance values to zero.

Using the equivalent circuit of Figure 36 the network response of the
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FIGURE 36 FOLDED-LINE-BANDSTOP-FILTER EQUIVALENT CIRCUIT

folded-line bandstop filter can be calculated for use in various numerical

optimization programs.

27
Bandler and Charalambous have reported on a method of specifying

an objective function that leads to mini-max solutions for certain
th

classes of circuit problems. The technique uses least p minimization

and allows the use of very large values of p, which can be shown to

approach the mini-max solution as p approaches -. The mini-max solution.,

itself, may be equi-ripple but does not have to be. The objective

function of Bandler and Charalambous, however, is not directly applicable

to the bandstop-filter problem here, since it does not maximize the

selectivity.

An objective function similar to that of Bandler-Charalambous but

more suitable for the bandstop-filter problem is to assign a finite

penalty to the objective function when the filter specifications are

exceeded, but no penalty when the filter specifications are met. For

the singly-terminated bandstop-filter design, the optimization problem:

then reduces to minimizing the area under the conductance curve in the

stopband, subject to the conditions7 that the ripple does not exceed
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specified values in the passbanid. While it has not been proved that this

leads to the maximum selectivity, a,,consideration of the problem and the

locations of the transmission zeros of the bandstop filter leads one to

conclude that any differences from optimum should be relatively small.

In order to check this out, a trial singly-terminated bandstop filter

consisting of three stubs and three unfolded unit elements was designed

for an equi-ripple bandwidth of 30 percent and 1-dB ripple. The nor-

malized input conductance of the resulting network and the theoretical

optimum response are shown in Figure 37. The numerically determined

design is seen to have the correct number of ripples and meets the band-

width specification exactly. Its selectivity is slightly less than

theoretical, which is to be expected since the response is not quite equi-

ripple. The deviation of the conductance of the numerical design from

theoretical can be explained in two ways: (1) The numerical optimization

program has reached a local rather than global minimum, or (2) the objec-

tive function is not maximizing selectivity directly but rather minimizing

the area under the curve, and thus cannot provide the exact theoretical

result. (We will be investigating this problem in future work.) Although

the numerically determined design is not optimum, it does meet the pass-

band specifications and would be quite acceptable in most any practical

application. Consequently, the above described objective function appears

suitable for designing folded-line bandstop filters.

A,

Next, it was decided to design a folded-line bandstop filter of the

following specifications for construction and testing in a trial channel-

dropping filter:

"* Equi-ripple bandwidth = 0.10

"* Ripple = 1.0 dB

1 dB ripple corresponds to GinGLoAD = 1.259 maximum.

74



1.4 -

1.0 dB

1.24

1.0 --THEORETICAL-' '-

COMPUTED FROM -

DESIGN

0.8
0A

0.6

BAND EDGEt
FOR w = 0.3

0.2

O I ) I I I I I I I I I I I ! I,
0 10 20 30 40 50 60 70 80 90 A

0 - degrees SA-1679-17

FIGURE 37 COMPUTED AND THEORETICAL INPUT CONDUCTANCE FOR TRIAL
BANDSTOP FILTER

"* Coupling between unit elements = 16 to 20 dB

"* Center frequency = 1.5 GHz

"* Three unit elements

"* Three stubs.

The bandstop-filter computer program obtained a design that was not

optimum but was judged sufficiently good to test the feasibility of

channel-dropping filter design. A singly-terminated hairpin filter was

also designed with a slightly smaller equi-ripple bandwidth in order to

obtain crossovers of the conductance curve at 0.5 normalized values. The

filters were constructed in stripline in Rexolite 1422 (e 2.54) with
r

75



a -

ground-planes having 0.250-inch spacing. The design specifications for

the two filters are given in Table 1. Definitions for parameters used in

the table are defined in Section C. j

Table 1

INITIAL PARAMER VALUES FOR TRIAL CHANNEL-DROPPING FILTER

Hairpin Filter

S C C A W/ S/H (in.'h) (inch)

1 3.6280 1.6054 0.6474 0.0625 0.1619 1 0.0156
2 3.3569 0.1293 0.6111 0.7401 0.1528 0.1850
3 4.0196 0.5020 0.6823 0.3246 0.1706 0.0811
4 4.2664 0.1249 0.7427 0.7511 0.1857 0.1878
5 4.1919 0.6015 0.7385 0,2740 0.1846 0.0685
6 3.8289 0.1334 0.6502 0,7303 0.1625 0.1826
7 3.0802 2.0121 0.5557 0.0357 0.1389 0.0089
8 3.4899 0.6255 0.1564

Folded-Line Bandstop Filter
w, S )

IC A C /A W/H S/H (inch) (inch)
g m

1 4.2975 0.5852 0.7324 0.2815 0.1831 0.0704

2 3.5482 0.5748 0.6582 0.2865 0.1645 0.0716
3 4.1514 0.6946 0.1737

Bandstop-Filter Normalized Stub Admittance

i . Ys/YJ

1 0.08229
2 0.08010
3 0.05626

C =C
m iji+l

H = Ground-plane spacing

IY= Generator admittance; Y = Stub admittance
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C. Definition of Parameters Used in Design Tables

Figure 38 depicts a cross-sectional representation of an arbitrary

coupled transmission-line network in any TEW or quasi-TEM medium and

depicts the unnormalized distributed capacitance parameters Cg and

C ii+I' These are defined as follows:

C = Capacitance to ground per unit length for
9 th

i the i conductor

(17)
C Mutual capacitance per unit length between

i~i+l the ith and ith + 1 conductors.

Coupling between non-adjacent lines is assumed negligible.

cT cg2TT ... T Cg"
TA-8245-122

FIGURE 38 SCHEMATIC CROSS-SECTIONAL REPRESENTATION FOR COUPLED
TRANSMISSION LINES

The dimensionless, distributed-capacitance parameters that are
28

needed for use with Getsinger's data in order to obtain dimensional

parameters from electrical parameters are as follows: A
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9 9

c =C /Agi g.

il i+l = ii+l

r o (18)

e, = Relative dielectric constant of the medium

e= Permittivity of free space in the units of0

o and C
gi i i+l

The impedances of the stubs of the bandstop filter were too large

to realize directly with transmission lines. Consequently, capacitive-

coupled "half-wave" open-circuited stubs were used. The impedance of the

half-wave lines was set at 100 ohms, and the coupling capacitors and line

lengths were adjusted to give the correct resonance and slope parameter.

American Technical Ceramics capacitive chips were used as coupling

capacitors. A photograph of the channel-dropping filter is shown in

Figure 39.

D. Experimental Results

In order to experimentally verify the bandstop-filter design, a

separate bandstop filter was constructed and tested. Its normalized

input conductance was measured and graphed using a Hewlett-Packard auto-

matic network analyzer. The data are given in Figure 40 along with the

theoretical computed result. The center frequency for the theoretical

result was assumed to be 1.550 GHz. It is seen that the bandwidth of the

trial filter is a little greater than theoretical, but that generally

there is quite good agreement between the two curves. Better agreement
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FIGURE 39 PHOTOGRAPH OF TRIAL CHANNEL-DROPPING FILTER
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FIGURE 40 THEORETICAL AND EXPERIMENTAL NORMALIZED INPUT CONDUCTANCE
OF TRIAL FOLDED-LINE BANDSTOP FILTER

could probably be achieved by refining the compensations of interconnections

between folded lines. The bandwidth expansion of the trial filter is most

likely due to too small a slope parameter for the shunt stubs and could

be adjusted by reducing the capacitive coupling of the "half-wave"

resonators. The hairpin filter was also measured by itself and was found

to have the proper admittance characteristic, although the bandwidth was

slightly narrow relative to the bandwidth of the bandstop filter. How-

ever, it was decided to make corrective adjustments after the filters

were connected.
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Next, the bandpass and bandstop filters were connected and tuned.

Initial measurements of return; loss and attenuation of the bandpass and

bandstop channels are given in Figure 41. The responses ciearly verified'

that the bandpass-filter bandwidth was too small. This was corrected by

decreasing the spacing between the second and third resonators, which in

turn required an increase in coupling from the input line to the bandpass

filter. The final responses after tuning are given in Figure 42. The return

loss was quite good below and throughout the passband, but deteriorated to

around 13 dB from 1.8 to 2.0 GHz. Above 2 GHz the return loss continued

to deteriorate and was only 10 dB at 2.3 GHz. There were several factors

contributing to this: (1) The relatively large ripple of the prototype

(1.0 dB), (2) incomplete compensation of the interconnections of the

hairpin resonators and folded lines, and (3) the use of capacitive-

coupled half-wave resonators in the bandstop filter. In the case of the

present trial channel-dropping filter the latter cause was the most

dominant.

The 3-dB-down bandwidth for the bandpass filter measured 10.2 percent.

The midband loss was 1.5 dB and the crossovers occurred at 4.5 and 5.5 dB

down from the band-center attenuation.
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IV CONCLUSIONS

A. Grating Transducers

A detailed theoretical analysis has been carried out to model the

new grating surface-wave transducer. Computer calcalations made using this

equivalent-circuit model predict that the grating transducer will behave

much like an interdigital transducer except that the grating transducer

will have a substantially higher input impedance. However, the inclusion

of parasitic effects in the model has shown that the overall grating-

transducer characteristics are affected much more strongly by stray

capacitance to ground at the input than is an interdigital transducer

having the same number of pericds. The net effect of the stray capacitance

is to decrease the input impedance of the grating transducer and to

increase its electrical Q.

An experimental investigation of the grating transducer was carried

out on several different transducer structures. Both simple one-section

and multi-section grating transducers were tested and compared to inter-

digital transducers fabricated on the same piezoelectric substrate. The

measurements of surface-wave-transducer input impedance and insertiun

loss lead to several conclusions: (1) The grating transducer couples

strongly to surface waves at the frequency whose corresponding wavelength

coincides with the center-to-center spacing of adjaqent electrodes;

(2) the conversion efficiency of a tuned grating transducer is comparable

to that of a tuned interdigital transducer; (3) the grating transducer

has an electric-field component that "jumps over" the electrically

floating electrodes of the array and this field couples to both surface

and bulk waves (the relatively large period of the jump-over field causes
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the surface and bulk waves thus generated to occur predominantly at

frequencies well below the grating-mode frequency); and finally, (4) by

combinirg multiple sections of simple grating transducers electrically in

parallel, the transducer capacitance can be increased (thereby decreasfc:-

the high input reactance) and thus making electrical matching easier.

Increasing the transducer capacitance also tends to decrease the effect

of the parasitic capacitance to ground. The multi-section grating trans-

ducer was also found to generate fewer bulk waves than the simple grating

array.

Although the level of understanding of the grating transducer has

been increased considerably by the work that has been carried out so far,

one or two questions remain that should be examined. One of these is the

question of the partial capacitances in a grating structure. A theory

should be developed that will be adequate to cover most practical trans-

ducer situations. Another question is, how to include the jump-over

fields properly in an equivalent-circuit model and how to compute the

coup.ing factors associated with these fields.

Based on the results of this report, it appears that a multi-section

version of the grating transducer should perform better than a simple

grating structure in several respects. Therefore it is planned to fabri-

cate and test a multi-section or "hybrid" transducer structure that is

composed of grating transducers having only one flo, ting finger between

each connected pair of end electrodes. This transducer would still

operate at a higher frequency than an interdigital transducer for a given

finger width because, in the hybrid transducer, interdigital fingers would

be one wavelength wide and iloating fingers and gaps would be one-half

wavelength wide. This type of trznsducer will be compared experimentally

with an interdigital transducer tbae. has one-wavelongth-wide fingers and

one-half-wavelength-wide gaps, and it will also be compar-d with a

8
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"it double-electrode" interdigital transducer having one-eighth-wavelength-

wide fingers and gaps that is operated at its third harmonic.

B. Multiplexers

The measured input conductance of the trial bandstop filter compared

favorably with the theoretically computed curve. Discrepancies were

attributed to inadequate compensation of the interconnections between

folded lines and the effect of the substitutions of capacitive-coupled

halfwave resonators for the high-impedance quarter-wavelength stubs.

The trial channel-dropping filter was judged to verify the design pro-

cedure and the feasibility of the new geometry for stripline and MIC.

However, use of half-wave-coupled resonator stubs caused degradation of

return loss above the passband. Means are to be considered for overcoming

this problem.
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Appendix

RAPID-DESIGN CHARTS FOR COUPLED AMICROSTRIP LINES
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Appendix

*

RAPID-DESiGN CHARTS FOR COUPLED MICROSTRIP LINES

Various arrangements of coupled transmission lines are basic building

blocks in modern microwave circuits. Power combiners and dividers,

hybrids, phase-shift networks, mixers, etc. utilize couplers or coupled

transmission lines in various forms. In the design of microwave syste.as,

it is a significant advantage to have a rapid and efficient method for

determining the physical dimensions of coupled lines fror. the desired

electrical performance.

1
The data of Bryant and Weiss are the most universally accepted for

determining the relationship between electrical performance and mechanical
dimensions for microstrip constructions of coupled lines. However,

published data are presented in a tabular form generally inconvenient for

design work. Figures A-1 and A-2 show a graphical presentation of the

Bryant and Weiss data that allows rapid design of microstrip couplers

as well as quick assessment of the effects of manufacturing tolerances

both on coupler dimensions and substrate dielectric constant.

A simple example will illustrate the procedure for using the charts.

Suppose a coupler is desired to operate in a 50-ohm system with -10 dB

coupling or a coupling factor, c = 0.316. Using the TEM-mode design

These results are included in this report as a means of rapidly dissemi-
nating a widely useful design tool for microstrip coupled lines although

not a direct result of the present ECOM support. The techniques outlined

were partially developed in conjunction with a program supported by NRL

and partially through the personal efforts of the personnel of the

Microwave Techniques Program at SRI.
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relations, the odd- and even-mode impedances can be calculated from

Z =Z0 -c 36.0 Q

00 0 lt

oe 0 /i- 69.4 Q
oe 0 1-Cc

For a substrate material with a relative dielectric constant e = 10,

enter Figure A-2 at the point where a horizontal line at Z = 69.4 ohmsoe

intersects a vertical line at Z = 36.0 ohms and read the ratios
00

S/H = 0.28

W/H = 0.90

which completes the design.

In addition to the look-up design feature of the charts, the par-

ticular method chosen to present the data accentuates certain aspects of

microstrip edge-coupled-line design and the effects of tolerances on

expected performance. The curve labeled S/H = is for the condition

oo = Z = Z and describes the W/H required for a single microstrip00 oe 0

line of characteristic impedance Z • Lines of constant S/H are nearly
0

parallel to lines of constant Zo/Z, which implies that for a given

coupling the ratio S/H will be nearly the same for couplers of all

impedance levels. (For a given coupling factor, the required ratio

Z /Z is constant regardless of the impedance level.) To change impe-
oe oo

dance levels (from 50 to 75 ohms, for example) only the width of the lines

needs to be changed in a manner similar to that for a single microstrip

line.

As an aid in interpolating on the chart, note that the spacings

between lines of constant S/H vary logarithmically to a very close
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approximation when measured in the direction of constant W/H. Likewise,

the variation of the spacings between lines of constant W/H is also

closely logarithmic when measured in the direction of constant S/H. That

is, in each case, the linear distance between curves of value 0.1 and 0.2

is nearly the same as the linear distance between curves of value 0.2

and 0.4, etc.

If Figure A-1 (•=9-0) is plotted over Figure A-2 (•=10.0), the
r r

effects of changes in substrate relative dielectric constant become

readily apparent. Curves of constant S/H lie very nearly in the same

location in both cases. The curves of constant W/H are shifted, however,e

in such a way that wider microstrip lines are required to maintain the

same impedance on substrates of lower dielectric constant (in the manner

similar to that of a single microstrip line). The importanx observation

in this case is that to hold coupling constant as e varies, the spacing
r

between lines (S/H) is held constant and the individual line widths are

changes to compensate for the variation of 6 Clearly then, coupled

lines may be trimmed to the proper impedance levels by adding or sub-

tracting to the line widths at the outside or uncoupled edges.

9
I

1

i



approximation when measured in the direction of constant W/H. Likewise,

the variation of the spacings between lines of constant W/H is also

closely logarithmic when measured in the direction of constant S/H. That

is, in each case, the linear distance between curves of value 0.1 and 0.2

is nearly the same as the linear distance between curves of value 0.2

and 0.4, etc.

If Figure A-1 (e = 9.0) is plotted over Figure A-2 (e = 10.0), the
r r

effects of changes in substrate relative dielectric constant become

readily apparent. Curves of constant S/H lie very nearly in the same

location in both cases. The curves of constant W/H are shifted, howwvtr.,

in such a way that wider microstrip lines are required to maintain the

same impedance on substrates of lower dielectric constant (in the manner

similar to that of a single microstrip line). The important observation

in this case is that to hold coupling constant as e varies, the spacing

between lines (S/H) is held constant and the individual line widths are

changes to compensate for the variation of r. Clearly then, coupled

lines may be trimmed to the proper impedance levels by adding or sub-

tracting to the line widths at the outside or uncoupled edges.
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