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New Method of Computation of Electrical
Y-Matrix for Arbitrarily Connected
Multielement SAW Devices

Sergei M. Balashov, Renato Cechetti Pinto, Clovis M. Cabreira, agl @ntonio Finardi

Abstract—We treat surface-acoustic wave (SAW) devices as an imposes some restrictions on the model used to represent the
arbitrary multielement system. To describe it, a modified form of BB, In this paper, we present the algorithm which allows one
the chain matrix (E-matrix) is introduced. The E-matrix has a {4 calculate tha -matrix of a SAWD, consisting of an arbitrary

property of turning the calculation of the transfer matrix of this , . , .
system into a simple multiplication procedure. This allows one Number of AC’s. Arbitrary number of BB's, transferring SAW

to perform computation of electrical response of almost any type €nergy from one channel to another, could be introduced
of SAW device since the total transfer matrix could be reduced and no restrictions on the models used to represent a BB

to a Y-matrix. Examples and simulation results confirming the should be applied. The method presented, having the same
method described are shown. procedure of cascading for all SAWD structures, could be

Index Terms—Cascading algorithm, filters, multichannel de- effectively used in the design of practically all types of SAW
vice, surface-acoustic waves. RF components.

I. INTRODUCTION

URRENTLY, surface-acoustic wave devices (SAWD’S)
are widely used in the design of various RF systems Consider the system which has a total(®BB’s placed in
in the range of 30 MHz-2.5 GHz. SAWD’s are used a8/ AC’s. This system can represent almost any SAW device
resonators, passband filters, various delay lines, convolvegge Fig. 1). We divide all BB'’s into two different types: pure
etc. The response of any SAWD could be obtained asagoustic BB’s, which do not have an electrical terminal, and
result of cascading of its multiport building blocks (BB’s)electroacoustic BB’s (EABB'’s), which have it. The first group
(transducers, delay lines, reflectors, etc.). Thus, it is importag@insists of delay lines, multistrip couplers (MSC’s), reflectors,
to have efficient tools to calculate the electrical response @fc. The second one consists of various types of interdigital
sets of these elements arbitrarily connected. General methtr@gsducers (IDT’s). In Fig. 1, for example, the system has a
of net analysis could be used to calculate the admittani#al of N EABB's. To describe this system, we determine the
matrix (Y’-matrix) of such structures, but a large number dgiutput and input vectors as follows:
BB’s and various topology implementations, together with a
great number of models used to describe each BB, make this A" =[h1, ¢, bar, Pags Ins -+ IN] (1)
general approach impractical for the design of SAWD's in real t_ r 1 BT
computer-aided design (CAD) systems. The main difference B =l st it g, Vi, V] @

between a SAW BB and a norma&/-pole element is that . - . .
where superscript signifies the operation of the matrix

energy transfer from one BB to another exists in the forrtrr1 nspose. Components of (1) and (2) are defined in Fig. 1.

of a SAW, but not as an electrical current. It happens th E . .
in all types of SAWD's it is possible to specify subsets OT e chosen order of components is the most convenient for
yp P P he process of BB cascading. The electroacoustic chain matrix

BB's which make the chains [acoustic channels (AC's)], wherg characterizes the system completely, connecting colu#nns
SAW energy is transferred from one BB to another. Several y P Y 9

types of BB’s can transform acoustic energy form one AC taond B as follows:
another and others can transform it to an electrical one.
Recently, several attempts were made to create a general
method to cascade arbitrary SAW BB’s [1], [2], but until
now the algorithm from [1] could be implemented only for However, normally SAWD are specified by network mea-
design of a SAWD with one AC, and the method from [2purements. To shrink’ to the Y-matrix of the system it is
necessary to take advantage of acoustic boundary conditions.
Manuscript received December 10, 1997: revised December 10, 1097. Conditions imposed by the presence of acoustic absorbers on
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Fig. 1. Graphic representation of SAWD structure consisting)dBB and A AC. p;, ,u , and¢; Q are SAW amplitudes on input and output acoustic
ports, respectlverE“ are BB's. EU) E(l) E(z) Em andE(M are one channel EABB’ sE(l) is a pure acoustic multichannel BEE( M= 121 is a

electroacoustic multlchannel BB; andV; (i =1, 7\) are currents and voltages. Note that only the EABB takes part in enumeraubraubli
By substituting (4) into (3), one can easily obtain thie I
matrix of the system by elimination of acoustic variables in D !
the form
- = —
Ly, IN] =Y - [V, V] () channel my b,
where T ==
Y=D-FG™H (6) : :
D; ; =Coprvizm+j, i,j=1,--- N (7) - 3 _
. . g €
EJ :CQA4+i72j7 . .IL:]-"”’N;] :17”'7M (8) channel "|0+K1<lfmn+xl
Gi,j = CQi,2j7 ] = 17 e 7M (9) _ ___m“ll(i:')

Hij202i2A4+j, L:].MJ:]_N (10)

2. Topology of multichannel EABBV;,, is the applied voltage source,
Calculation of theY-matrix completes the analysis of th‘ffamd I, is the electric current. The upper channel of a given IDT is placed

SAWD because further transforms could be done by methadghannelm of the SAWD.
of net theory.
multichannel EABB. Its chain matri¥’ = ||¢;;]| is determined
Ill. E-MATRIX CONSTRUCTION as follows:

The C-matrix of the SAWD should be calculated on the

basis of properties of each BB. To do this, we introduce a d)f"o ”}"0

extended chain matrixf-matrix) of each BB, which is based mao Hmo

on the classic chain matriZ¢matrix) [3] representation. The =T

E-matrix of a given BB will be obtained by distributing over d)f"‘)“"_l Frmo + K —1

its elements the elements of tiiematrix. The position which | "o t& -1 Himo 41 —1

a given element of th&-matrix occupies inside th&-matrix o o

depends on the position of the BB inside the SAWD structure. t1 AL “7’0

This procedure will allow one to substitute BB cascading by t21 e a2k Himg

multiplication of E-matrices for arbitrary topology. =
To start the process af-matrix construction, let us enu- “710“"—1

merate all EABB'’s in a given SAWD from the first to the Pmg 4K -1

last channel and from the right to the left EABB (see Fig. 1 a1l o DK 412K 41 Vi

caption). Consider that the total number of EABB’s/¥sand (11)

the BB under study has the numbey in the set of EABB’s.
Let us build the chain matrix of IDT, which occupie® wheremg is the number of upper AC occupied by this BB
adjacent AC’s (see Fig. 2), as an example of the most gendralide the SAWD. All the other variables are determined in
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Fig. 1. Let us decompose the T-matrix into the following 2my- 1 2M+ny
submatrices: - I i -
1) pure acoustic submatrix“, where 1o . -0 ' 0
01 0 ‘.0
T =ti;,  6j=1,,2K; (12) 2my-1 - — =4, tu]' __+[t13] .0
2) electroacoustic matrix-columi”’, where ‘lzn by t]- 0
. ‘ E< |0 610 R |
Tiy =tioryr,  i=1,--,2K; (13) 0 | 010 .01 o
3) acoustoelectric matrix-ro#, where M g ¢ 010 4 .. 0
) | +ng - [tutn ] == — = [ts] 0
Ty =tk J=1-,2K; (14) 0 10
4) electrical admittancd®, where L0 -0 0 1]
E Fig. 3. E-matrix construction of an IDT which occupies a single-channel
T =torxt1,2K+1- (15)  1m; and has a number, in the set of the EABB. The SAWD, which contains

) ] ] ) this IDT, has a total ofV EABB. We expand the size of tfiE-matrix for each
The chain matrix of a pure acoustic multichannel BB (foBB, incorporating topological information. Dashed arrows indicate positions

example, MSC) consists only &, If K = 1, then the7- ©f submatrices of the'-matrix of this BB.
matrix of an EABB describes an ordinary IDT situated in a

single AC, and for a pure acoustic BB describes, for example, a
reflecting grating. Values df; ; and ports positions depend on

; : The process of constructing of tii&matrix for an arbitrar
the model used and are discussed by various authors [3]_%]AW dzvice consists of cascgadin of BBmatrices. Due t)(/)
We determine initially theE-matrix to be constructed as 9 '

. . complicate topology, which changes dramatically from device
the unit matrix o 4 : . . )
to device, it is practically impossible to express this process in
terms of I’-matrices, in the form which is suitable for a CAD
. . system. However, if one uses thg-matrices constructed in
whered; ; is the Kronnecker symbol. Construction of the  Section IlI, cascading turns to multiplication &Fmatrices in
matrix for any BB should start with this unit matrix. The nexthe following order. One should start with the most up and
step is the substitution of some elements of the constructed Wit BB in the SAWD structureEjP in Fig. 1) and multiply

accordance with the BB position inside the SAWD. Consider

that we have the most general case of an EABB shown in

IV. CASCADING PROCESS FOR THEE-MATRICES

Eij;=bi, (16)

i1
. . . . — &)
Fig. 2. TheE-matrix construction for this BB should be done Cr = H £y (22)
in the four following steps. k=1
1) Insert the acoustic part of tHE-matrix of a given BB where
into the £-matrix into positions determined as n
’ E(nl) _ E(rn) . E(rn) 'E(rn) 'E(rn) (23
Buyipry =T, 4j=1--,2K.  (17) g ! WX B By B, . (29)
2) Insert the electroacoustic part All the other channels of the SAWD should be treated
EyviaMan, = 117 i=1,---,2K. (18) iteratively using
: b
3) Insert the acoustoeletric part C,. = HEJ('m) Oy (24)
Esvignopti =115 j=1,--2K.  (19) =1
4) Insert the electric admittance or
i k—1
Eoprin e = TF 20 m m
2M +ng,2M+no (20) o H EJ( ) C 1 HEJ( ) (25)
where j=k+1 j=1
1= 2mg — 2. (21) Here,m = 2,..., M is the channel number arlg, is the

total number of BB in the channel number (see Fig. 1).

For a pure acoustic BB, only the first step should be done.Equation (24) should be used if (in channel) there is
The resultingE-matrix is an expanded chain matrix of a givemo multichannel BB which occupies simultaneously channel
BB in the SAWD. Graphic presentation for construction of thaumberm and channel numbet, — 1.

E-matrix for a EABB with K = 1 is shown in Fig. 3. Note

Equation (25) should be used if (in the channgél element

that this algorithm could be applied to the BB of arbitrary typaumberk is a multichannel one and occupies chanmeland

and topology without any change.

m — 1. Note thatk reflects position of a given BB inside the



230 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 46, NO. 3, MARCH 1998

& <« «— < — <— «— e— 1y

qf]__) (%l N 1)21 3 Tl > ])ll > M —> (;11 l— u’l
L Lly,

$ <« < <] < <] < — M,

«2__9 Gn —3 Dlz > 1‘2 > D12 > > Glz ____aulz
LUy,

Fig. 4. SAW two-port MSC coupled resonator. Gratings are 9.6-mm long. Period jsmi2Transducers have five fingers on a YZ-L{¥p substrate.
Aperture is 50 wavelengths. Coupling coefficient is 4.3 dmParasitic electrodes series resistance i€2111 and D2 give phase shift of 0.25. D2
and Dyo give 9.89 7. MSC is 90um long, with 5u:m strips.

MSC Coupled Resonator 145.5 MHz
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Fig. 5. Electrical response of the SAW two-port MSC coupled resonator. Insertion loss is calculated for an unmatched conditiof? imea 50-

channel. This position is described by the lower index of tHeor the first and the second devices thematrices of the
E-matrix of the BB. BB were calculated using a Meason equivalent-circuit model
Equations (24) and (25) cover all possible cases and shofroin [7]. 7-matrices of the third device were calculated on
be used iteratively untitn, = M. The result matrixC,,, is the basis of the coupling-of-modes (COM) model [6]. Model
the C-matrix of the given SAWD. The validity of the procesgparameters used are listed in the captions of the figures with
described could be proved by applying it to all possible paitee block structures of these devices. Parameters are the same
of BB’s and further grouping of an arbitrary SAWD structuras in references.
into new blocks, each containing several BB described before The first device, being the most general representative of
Here, for simplicity, we consider the situation when only ona multichannel SAWD (Fig. 4), has itS-matrix construction
BB transforms the SAW energy from one channel to anothetescribed in details in the Appendix. Final insertion loss of
A more general case could be treated using the same approd#uis. device is shown in Fig. 5. The cavities are overcoupled
and resonance splits into two peaks. The result shown is in a
V. SIMULATION RESULTS good agreement with that from [7].

Th d method af-matrix determinati ld b The block diagram of the second device is shown in Fig. 6.
€ proposed method at-matrix determination could b€ rpe gayice has a single channel, with if&Ematrix easily
effectively applied to various structures, starting from a S|mpgaD . .
) X . . tained in the form
single channel to complex multichannel devices. To illustrate

this method we consider three structures here: C=Fg, -Ep, Er, Ep, Er,-Ep, -Eg. (26)

1 S.AW two-port multistrip coupled resonator [7]; The insertion loss of this device is shown in Fig. 7. For the
2) single-channel two-port SAW resonator [7]; third device (Fig. 8) we can write

3) three-channel SAW filter with channels connected elec-
trica”y [8] C= ETG ) EDS ) ETs ) ET4 ) EDz ) ET3 ) ETZEDI ) ETI' (27)
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Fig. 6. SAW two-port resonator. Gratings; and Gz are 9.6-mm long. Period is 12m. Transducers; and 7> have five fingers on a YZ-LiNGQ3
substrate. Aperture is 50 wavelengths. Coupling coefficient is 4.5'cnParasitic electrodes series resistance ist1Delay linesD, and D> give
phase shift of 0.25x; D, gives 9.98 7.
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Fig. 7. Electrical response of the SAW two-port resonator. Insertion loss is calculated for an unmatched conditior{imat50-

of this filter, shown in Fig. 9, is in a good agreement with the

% <] <« H
7] T, AN D T ! results of [8].
¢, — L5 > — . . .
1 Note that to characterize three structures which have quite a
| " — different topology, the same algorithm was used without any
changes because the-matrices contain almost all necessary
o < < \am < Ky ; . s
R T, L D, ) T S information about SAWD topology from the very beginning.
¢, ) For E-matrices having many zero elements, the special al-
[_.., — gorithms of the matrices multiplication could be used to
%, T ] D ¢ e 199 dramatically decrease the computation time.
¢y F> > 5 [T 3
| VI. CONCLUSIONS
— A modified method for calculation of the electriGatmatrix
* Yy Vout ¢ for arbitrary SAW devices has been presented. It is based on

Fig. 8. Three tracks SAW filter. Numbering of transducers follows the ordépe ,E_mamx, introduction. This matrix mcorpora_tes t(,)pOk,)gl_
of the BB inside the EABB set. Length of each delay line differs by Cal information about the SAWD structure, which simplifies
A/3:11 =2\ 12 =11 — A/3,13 = Il> — A/3 where A is the transducer the process of cascading of such matrices. The cascading
period. Transducers are 80 periods long, center frequency is 71 MHz, acousti ; ; ; ;
aperture is 550, metallization height is 6000 A. ST-X Quartz substrate, cov»f’%ces‘?’ for this matrices was described. Thr_ee e>_<amples with
parametersk = 14.29 x 103, o = 83.02 x 10~5, v = 2 x 10~*. Input  Simulation results were presented. The algorithm is extremely
and output transducers are connected in parallel. suitable for use in any CAD system because it allows one to
cascade BB’s of a practically arbitrary SAWD without any

Use of (6)—(10) in this case leads tavamatrix which has restrictions imposed on the model used to represent its BB.

a dimension 6x 6, in correspondence with the number of
electric ports in this filter. The standard method of network
analysis allows one to take into account electrical connectionsConsider a multistrip coupled resonator shown in Fig. 4. We
and shrink this matrix to the size 2 2. Final insertion loss will present £-matrices and cascading process for this device

APPENDIX
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Fig. 9. Electrical response of a three-channel SAW filter. Insertion loss is calculated for matched condition $h ree60-

as an example of how one can apply the method proposed t&'anatrix. Sincemy = 1, we have

real SAWD. From the analysis of the BB structure of this filter,

it is possible to identify: 1) two single-channel EABB'$} L
. . . . ma1
andT>, which givesN = 2; 2) one pure acoustic multichannel iy
BB: M; and 3) eight pure acoustic single-channel BB: four Eyn = m
gratings:G11, G12, Ga1, Gaa, and four delay linedqq, D15, 041
Doy, and Do, placed into two AC'’s, which means that = 2. 0

Following the method presented, one should start with (16)

0

mi3
™23
m33
m43
0
0

mi4
mMa4
™34
Ma4
0
0

[l en Bl en B o il en}

— OO o oo

(A.3)

and generate 6 6 unit matrices for each BB as-matrices. ~ All gratings have the samg-matrix. Matrices forG,; and
Since T} is in the first channelmy = 1. It is also the first G21 havemg = 1. For G; and Gaa mg = 2. Finally, for all

EABB, which means that, = 1. Using of (17)—(21) with of them, we have

]t‘hes? parameters gives tiematrix for 77 in the following g1 g2 0 0 0 07
orm: g1 g2 0 0 0 O
0 0 1 0 0 O
tin tiz 0 0 t3 O Eqg,, =Eq,, = o 0 010 0 (A.4)
tor tzz 0 0 %3 O o 0 00 1 0
0 0 1 0 0 O
Ern=19 0 01 0 o0 (A1) Lo 0 0 0 0 1]
tsy tzz 0 0 #33 O 1 0 0 0 0 07
0 0 00 0 1 o1 0 0 00
_ _ |10 0 g1 g2 0 O
SinceTs is situated in the second channely = 2. If it is B =Eg,, = 0 0 go1 goo O O (A-5)
the second EABB, theny = 2. Using these values, we get 0 0 O 0 1 0
0 0 O 0 0 1J
10 0 0 0 O
01 0 0 0 0 E-matrices for delay lines could be easily constructed in
0 0 t;; t2 0 #3 a way similar to (A.4) or (A.5) with the additional condition
Er, = 0 0 to1 toz 0 o3 (A-2) g11 = g22 = 0. Cascading of-matrices for this filter starts
00 0 0 1 0 with (22), which gives
0 0 ¢ t 0 ¢
31 ta2 33 Ci = Eg,, - Ep,, - Er, - Ep,, -Ey - Eg,,. (AB)

Note that sincel; and 1, are equivalent, they have the Once there is a multichannel BB betwe&i,

same7-matrix.
The multichannel BB is a MSC, thus it has onlyd part,

it is necessary to use (25), which gives

L and Eq, .,

and only (17) withK = 2 should be used to construct its  Cy =(Egq,, - Ep,, - Ex, - Ep,,) - C1 - (Fa,). (A7)



can evaluate the electrical response using (6)—(10).
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Cs is the final C-matrix of this filter. With this result, one
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