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Diffraction Analysis of Slanted-Finger
Interdigital Transducers

Guenter Martin and Dongpei Chellember, IEEE

Abstract—For analysis, slanted-finger interdigital transducers ~ weighting the cell reflection coefficient. From [12], it is known
(SFITs) are usually divided into many channels in parallel to the  that a SPUDT can be made reflectionless in a favorable manner
propagation direction. Every channel is considered to be a subfilter. when the reflection weighting function is the self-convolution

This procedure neglects the diffraction completely. This paper in- . 2 . .
troduces the diffraction in the SFIT analysis by use of the angular of the transduction weighting function. Now, this can also be

spectrum of plane waves (ASPW) approach. The analysis is based@pplied to SFITs. The triple transit echo is negligible. SPUDTs
on a one-component bulk-wave model. The integrals of an ASPW are applicable for narrow-band low-loss filters. Now, however,
are carried out by summing up M wave components with various - according to [9] and [10], wide-band low-loss filters can be
wave vectors. Two wave modes propagating toward both forward a5)i7eq. In this paper, such transducers are called unidirec-

and backward directions within SFIT are assumed to take the cou- . . . L
pling effect into account. The amplitudes of both wave modes are tional slanted-finger interdigital transducers (USFITs). To meet

expressed byM-dimensional vectors. By means of the boundary filter specifications, transduction weighting is required as a
conditions at every finger edge, the transfer matrix and transduc- rule. Some weighting methods were investigated, for instance,
tion vector are found. As aresult, coupling-of-modes-like equations wijthdrawal weighting [5], [6] and series block weighting [10],
that link wave components at adjacent finger and gap regions are [11], which is sometimes called capacitive weighting.

obtained. Those wave vectors are generally inclined with respect . .
to each other. As a consequence, the transfer matrix, for instance, For analysis usually used (for instance, [4]-[11]), SFITs are

of any finger and that of the total SFIT are 2M x 2M matrices. divided into many channels in parallel to the propagation direc-
By matrix—matrix and matrix—vector multiplication, the complex  tion. Every channel is considered to be a subfilter to be indepen-
amplitudes of all the wave components in all the finger and gap dent of the other subfilters. This procedure neglects the diffrac-
regions are calculated. These amplitudes yield the total wave field tion completely. As an influence of the diffraction, interaction

including reflection at all fingers. The wave field yields the piezo- . .
electric part of the input and output transducer currents as func- of subfilters must be expected. Chvetsal. [11] studied the

tions of the filter input and output voltages representing the piezo- influence of the diffraction on the transmission behavior of an
electric part of the Y matrix. The model is used for analyzing a SFIT filter experimentally by varying the transducer aperture.
unidirectional SFIT filter, the transducers of which are composed Measurements showed that, for small apertures, some deviation

of SPUDT cells on 37 Y X quartz. The simulated transmission qm nredictions in the passband and upper transition band exist,

behavior is compared with experimental results. Good agreement d likel db lecting diffracti ffect
is found. Especially for the case of a large slanted angle, the pro- ana are likely caused by negiecting ditiraction etfects.

found deformation appearing within the passband and the high- ~ The purpose of this paper is to propose an analysis method
frequency transition band can be clearly identified as the mostim- for SFIT filters taking diffraction into account. For this, the an-

portant influence of the diffraction on the transmission behavior.  gular spectrum of plane waves (ASPW) approach is used. This
Index Terms—Diffraction ana|ysisy SAW transducers, slanted approach uses the general solution of the linear wave equation.

electrodes, unidirectional SFIT filter. According to [14], this solution is an integral over plane-wave
components witlk, as an integration variable, as shown in the
|. INTRODUCTION following:

LANTED-FINGER interdigital transducers (SFITs) Were([><> dle b (k) exp |i(zk. (k. ) 4k k. — k(3)sin 4.
irst suggested by van den Heuvel in 1972 [1]. Instead—oo w () oxp [( () +y y)}’ Y (B)sin

of SFITs, other expressions, such as a tapered transducer or (1)
fan-shaped transducer are also used. All the SFIT structures are

characterized by finger arrangements like a divergent bundle The angles is the tilt angle of the wave vector of the re-
Later, in particular, in the 1990s, SFITs became important f§Pective plane-wave component with respect toatfis and
wide-band filters with flat passband, steep skirts, and godd?) is the angle-dependent wave vector. The integral bound-
stopband rejection [2]-[11]. Saw and Campbell [9], as well &i€S+oc in (1) are an approximation. The functigrik, ) can
Solie [10] suggested to combine tapered electrode structuRgscalculated from the initial statg0, y) of the wave field by
and single-phase interdigital transducer (SPUDT) cells. AsF@urier transformation. i(k, ) andk(3) are known, the wave
consequence, reflectionless SFITs are feasible, in particular,fi§jd u(z, y) can be calculated by means of (1).
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ol 0an o2 elastic stiffness: and one piezoelectric constantwhich can
Y be denoted as an effective piezoelectric constant. They are at-
tributed to the known surface acoustic wave (SAW) parameters’

T ve[ocityv(/it), co)gpl(ig)g lgoefﬁciem{(?(ﬁ), and capacity/(finger
inir pair x aperture)C,, y

(B) = p*(B) e(B) = \/mABDKABC,(B).  (4b)

¢(f) in the regionn is calledc,(3). One can show that, in
the case of slanted propagating plane waves, the derivatives to
for z-propagating plane waves can replaced by derivatives$ to
y from (4a). This remark will also be important for determining
: the dielectric displacement in (20). To the first-order approxi-
mation, the dependence efon the region number is so weak
region that it can be ignored. The densjiyis assumed to be constant.
n+l We want to form an expression for the superposition of the solu-
tions of (4a) for all the possible propagation directions. Such an
P expression is given in (5). The following represents a solution
Xn=Xnotytan(t ») according to (1), which includes plane-wave components into

=i

region
n

all directions:

Fig. 2. Geometric characterization of an electrode edge-(tilt angle,p = 7 /2—om
edge normal vector). un(x,y) = / dBER, (1)

—7/2—a,

By means of Fig. 1, we want to explain some important angle - exp [ikn(—x cos(B) + ysin (/35"'))}

definitions, which are necessary for analysis. The range of the *) 240
electrode edge tilt angle is defined, for instance, for the left SFIT + / dBs S, (52)
as follows: —7 /240

- exp [Lkn(a: cos(33) + ysin (/3;?))} . (5

) , , ) R,, andS,, are complex amplitudes of the plane-wave com-
N is the total finger number per SFIT. In Fig. day is d&-  hents in the region that are incident to the edge, from
not_ed byes. o IS _the tilt angle of th@th electrpde edge. Itis regionn and are radiated from this edge to regionrespec-
defined as a positive angle when tilt is clockwise, but as a negje|y particle displacement and mechanical stregshave to
ative one when tilt is counterclockwisg. is the angle that is 1o coniinuous at the electrode edges. Therefore, the following
formed by the component of the ASPW with the wave vegtor boundary conditions must be met:
with the main propagation direction visualized by a dashed line
in Flg 1. U’n+l($n7 y) - U/n(xna y) =0 (63.)
Let us now discuss the scattering of waves that can be char- g1 (20, y) — Tplap, y) = 0. (6b)
acterized by an ASPW. To do this, Fig. 2 shows that a slanted ) ) )
electrode edge is used. This edge separates a free and a metdi{n€ regionn andn + 1 is a gap and electrode region, the

lized regionn andn + 1, respectively. It is a straight line and is€/€Ctric crossed field,, is zero andk,, 1 is nonzero, respec-
described by the following: tively. Therefore, the mechanical stress is given by

ar < o, < asn. 2

duy, duy,
Ty = Tpo + ytan(oy,). 3) T, = Cngr Thy1 = anW—/HL —eFEni (6¢)

The vectorp'is the normal vector of the gdge.. Th_e ONe-CoMy;ith 4/ is from (3).7, andZ,.1 in (6b) mean the mechanical
ponent model from [13] is used for analysis. It is similar to theyress acting on the area that is defined by the edge and direction
crossed-field model, but it does not apply equivalent circuifssrpendicular to the electrode area. The mechanical stress of the
for characterizing electrodes or transducer periods. That mog&)qel wave acts on that area for which the wave vector is the
yields a wave equation for one particle displacemgnfevery normal. Therefore, the continuity of mechanical stress can be

plane-wave component within theh region of attributed to an equation including direction derivatives of the

&, 9%, type du/dp with respect to the normal vectgt of the edge.
o2 vn () ar2 0 According to our model, one obtains

9?1, o2 07\ . My O,

—ax’Q = <@ + a—y2> Up, Crtl —ap —e(an,)En+1(y)—cn,a—p =0

;L .
&' =z cos(f3) + ysin(fH) (4a) ? — jarad(w)
p

wherer’ is thex coordinate along the propagation direction that : .
is slanted by the angl8 with respect to the main propagation P = (cos(ay,), sin (Oén))
direction. According to the model considered, there is only one (6d)
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from (6b). Due to the limited aperture of the electrodes, the elec- - [Rn(/j) exp(—iky 2 2n0) + S (8 — 2au,)
tric field has a profile iny-direction expressed by
E° if _B <y< B -eXp(ikn,ano)}}
Ent1(y) = { “ntly "9 =Y=7% B=aperture. sin(cn — 3
0, otherwise - exp |:—Lkny <—">} =0, B = pE
(6€) cos(a,)

g1z = kng1co8(B1);  knz = kncos(B). 9)
According to our assumption, the regiant- 1 is solely met-
allized. Therefore, for the electric crossed fiel#§,,; # 0 and In an analogous manner, one obtains
E, = 0are valid.E,,11(y) is the profile of the excitation field
perpendicular to the main propagation direction. By inserting/w/Q_an

(5) into (6a) and using (3), one finds df tkpiicon
—7 ) 2—ty,
[ 2—a, .
/ / dpR, R(AE,) : {— cos (n 4B ) Ry (BE1) exp(—ikaa,zTno)
—7 /2, .
/e . (a Py ) +cos (304,,, —/35_1_1) Srn ([3,?_1_1 —204,,,) exp(tknp 2 Tn0)
il R n " Mnd4l Zn .
-exp | —thpy1 <xn0 Cos (/3n+1) +y <—COS(Oén) ))] — -~ [— cos (an—i—ﬁ) R, () exp(—ik, »Tno)
-77/-2+ozn )
—i—/ d[};f_i_l S([}f_i_l) +cos(3a, —3)Sn(F—2a,) exp(zknjxxno)} }
—7/ 2,
! ] i -3
n 35 . —qk Slll(Oé—n/ —
-exp |tk <xn0 COS (/3§+1)+y <Sm(a—+/"+1)>>] exp { ikny < cos(cn) cEny(y),
L cos(on) Zn = knCp = wpnvn (10)
T/ 22—y,
S an R o
)2 by inserting (5) into (6d). When,, andc, 4, are assumed to be

- exp [—ikn <$n0 cos ( /35) +y < (9) and (10)3,; can be attributed t@ by means of (8b).
Now, we have to solve the problem to deduce equations that
/w/%an connectR,, 1 andS, 1 with R,, andS,,. Again, the integral in
+

sin (ocn —/35"') functions off3, they must be written as parts of the integrand. In
cos(ay,)

/240 gy S(ﬁ;f) (9) could keep being zero for all valuesgpbnly if its integrand

is zero, and then it results in the following:
. s sin (an—i—ﬁf)
-exp |iky | Znocos (/3n ) +y ﬁ
0 Costn 7 Rn—l—l ([35-1—1) exp(_ikn-l—l,acxno)
- ( ) + Sn—l—l ([35-1-1 - 2an) exp(ikn—l—l,mxno)
Equation (7) can be held for ajlvalues only if all the factors - [Rn(ﬁ) exp(—ikn 2Tno)

of the typeexp[ky(sin(« + )/ cos()] in (7) are equal (phase

matching). As a result, the following relationships are obtained: S — 20,) eXp(Zk"’“’x"O)} =0 (11)

85 = gR _ 24 The integrand of the integral from (10) is gained by Fourier
" " " transformation of the excitation field profile from (6e). We ob-
Bras1 = By — 20m (8a) tain P (6e)
sin(fan, — 1) ka

- = . (8b)
_ AR
sin(an — 4;) Fnt1 — 08 (an + B ) Rog1 (B 1) exp(—iknt1,2Tn0)
R R
Equations (8a) and (8b) represent the known reflection and + €08 (B = Bi41) S (Bripr — 20m)
refraction law, respectively. They offer connections between the - exp(ikn4+1 4%n0)

anglesgl |, g2, p2.,, andj3;. Consequently, the integrals ~ 2zn [ NR. (3 ik
in (7) can be attributed to only one. The exponential function Zna1 [ cos(an + ) B () exp(=ikn.2no)
includingy can be written as a factor of the integrand, as shown

by the following:

+ cos(3aey, — 3)Sn (S — 2a,) exp(iknwxno)}

= ek o /B/2 dy
iknt1Cny1 2mcos(an) J_pja

ik <_Sincg):(na;_)/3) )] , (12)

/2=y,
/ dﬁ{R,,,+1 (B 1) exp(—iknt1,2Tn0)

—7/2—cy,
- exp

+ Sn+1 (ﬁfﬂ - 2an) exp(tkn+1 2%n0)
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[Il. WAVE FIELD OF AN SFIT y
From (12), equations of the type regon o
Ro1 (B1) = b11(B, ) R () +b12(5, vn)
CE X
S (B—2a, 3, an
(/ “ ) Lkn—l—lcn-l—l T (/ “ )
S (B —200) = ba1(8, ) R (8) +b22(3, )
eE
3—2 3
Sn (/ an) Lkn+1cn+1 q2(/ an)

13 Fig. 3. Wave scattering at an electrode edge, visualization of reflected and
(13) transmitted (refracted) amplitudes.

that R,,4+; andS,4+; attribute toR,,, S,, and to the excitation

field can be derived. The elements of the transfer mariand A =1+ round [(ﬁfﬂ — 20y, — /31)/6/3}

transduction vectog; are summarized in the following:

plm) =1+ round[(ﬁ — 20, — 1) /6/3] (16)
b - 3 n 3 N ~n n 3 . . .
1= [COS ( “ /"“) (zn/2n+1) cos(cn + £ )} For the numbers, A, andp in (16), the same range is valid
- exp L(an v —kn x)$n0:| like m in (15). By (16)., wave cgmppnent_s with different.num—
1 bers in general, i.e., different directions, in adjacent regions are
bio = D [COS (3w — BR 1) — (2n/2n+41) cos (3o, — /3)} linked with each other. Only in the case @f = 0 are all the
propagation directions are equal or opposite. In Fig. 3,/he
" €Xp L(kn+1 z+kn m)$n0:| andS vectors in (16) are explained by means of an example. In
1 every region(n,n + 1,...), the R and S vectors can be com-
bay = D [COS (o +B1) = (20/2041) cos(an + /3)} bined to one2M -dimensional vector. As a result, the combined

b matrices form &M x 2M matrix. As known, this reduces to

R ikt + k"’“’)xno} a 2 x 2 matrix when only one plane-wave component is taken

1 into account.
byy = — n+ B o] 7 3a, — 3 n _ . ,
27D [CO_S (a -+ /"*1) + (zn/2n41) cos ( o /)} The calculation of the SFIT wave field is based on (16). Itis
cexp |—i(kpi1.o — kn m)$n0:| carried out in the following steps.

Step 1) The transfer matrix and transduction vector of an

« exp(ikns1,2n0) electrode (finger) is calculated by matrix—matrix and

2 = — L exp(—ikn41,04n0) matrix—vector multiplication.

_ </an ) Step 2) By means of matrix-matrix and matrix—vector
2n D multiplication of the transfer matrices and electrode
sin [knB sin(an — /3)/2(308(%)} _trapsduction vectors, al] th& and S amplitu_des

inside the SFIT are attributed to those outside the
knBsin(an — 8)/2 SFIT. They are called®y’;,, Sy, Rl andSZy,,
D = cos (3, — B 1) + cos (an + BF). (14) and are visualized in Fig. 4.
] ) ) As a result, a equation system of the type

To calculate the wave field numerically, the continuum of
the angle? is replaced by discret@ elements. As far as the M M
computing time is concerned, tirange is actually limited o~ Risie = P A" Ritg + > dis"Sltg + t1mUinr
51 < B < . Moreover, we choose a suitable numbgrof p=l p=l

elements. The convergence behavior for increasingstrenge —— -
and increasing the element number must be checked. Bvery Sright = Z dyy" Sleg, + Z do" Ry +t2mUmnr  (17)
element is characterized by a numberwhich is given by

B—p Bo—f is obtained, Wheré;';’” andt; ,,, are the elements of the transfer
matrix and transduction vector, respectively. The transducer

m:1+r0u11d< ), 1<m< M, 60=

63 M-1" . o
f (15) voltage is called/pr. No waves are assumed to be incident
to the transducer. Consequently,
As a result, the equations in (13) change into
| (13) chanoe =0 Sl =0 18)
m m m m CETL m . . . . . . .
R =W R+ s, SEem) — ﬁql,n is valid. By inserting (18) into (17), a linear equation system for
Z;) e S is found, which is represented by the following:
S = IR 4 WS - SOy
’ Lkn+lcn+l ’

dyyt St to mUmpT = 0. 19
= 1 +r0und|:(/3§+1 —/31)/6/3:| Z left. + 2, IDT ( )
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Rlemn S:;;m TABLE |
\ / STRUCTURE PARAMETERS OF THETEST FILTER
Parameter Value
Substrate 37°YX quartz
Siaee — T~ Reigne Number of DART cells per 120
SFIT
Fig. 4. Wave amplitudes outside an SFIT. Spacer between SFIT (um) 186.27
Tilt angle range (degree) -6.0 ...6.0
.. . . . Apertur 643 = 36 mean wave-
The determination o[}, as a function of/ip is the basis perture (um) lenggths wav
for calculating theR and 5 vectors in all the transducer elec-  \finimum wavelength (um) 17.28
trodes and gaps according to (16). Afterwards, the wave field Maximum wavelength (um) 18.40

can be calculated in the entire transducer by means of (5).

Transduction weighting

uniform (unweighted)

From the wave field, in the nth region, the only dielec- Reflection weighting uniform (unweighted)
tric displacement componefi,,, which exists according to the ~ _Allayer thickness (nm) 92.5
model, can be calculated as follows:
O, (x,y, 3, U
Dn(xvyv [37 l]IDT) = 6([3) ( g.’L'[/ IDT) +EOESEn-
(20) CHi B34 log MA@ 10 dB/ REP —-48.97 a8 L O o8
0.900 0G0 MHz|
We suppose that the region with the numbés an electrode PRm P W LTI e
region. The currenk, through the concerning electrode is given cor al cunt: | 78| sazado e
A . . . . S— Q@ 1d.548
by integration ofD,, overz, ¥, as shown in the following: év/\. TR o s
/2=y, da cat
In(UIDT) = iw/ _/ Hag l AA
—7/2—cy, ? ] \
[ dvdvs.Duten U0 @) iy F’,
electrode
al-fea l
(s, = electrode polarity). The total current through the trans- i |
ducer under consideration is obtained by summing up contribu-
tions of all the single electrodes. The total current is a linear

CENTER 178.000 000 MHZ BPAN 40.000 000 MHZ

function of Urpr. This function yields the transducer admit-
tance.

Of course, the treatment shown here for a one-port devieg. 5. MeasuredS,,| for an SFIT filter, the parameters of which are
can be generalized for two-port devices. As a result, input asgmmarized in Table I.
output currents are obtained as functions of the input and output
voltages, thereby yielding thg matrix.

According to Fig. 1,3 is the angle that is formed by the
The foregoing analysis allows to include slanted electrod g 9. L/ g y

On the other hand. el de tilt i b ave vector of the considered plane-wave component and the
n the other hand, electrode tilt Is not necessary because n propagation direction (dashed line in Fig. 1). The velocity

tilt angle «,, may set to zero for all electrode edges. Therefor% this direction is calledso. In Fig. 6(a), a solid curve, i.e.,
the analysis described is also applicable to an interdigital trans-

. ) ) = 0.35, was used. The dashed curve in Fig. 6(a) represents
ducer (IDT) with withdrawal weighted parallel electrades, fo he same filter without diffraction. This case was simulated by
instance, an SPUDT.

~ = —1 (ideal self-focusing). That is the reason for the es-
sentially smaller insertion loss. By comparing both curves in
Fig. 6(a), we find that the diffraction generates a dip in the pass-
In order to test the capability of the analysis described hefggnd and a strong ripple at the high-frequency transition band
a filter consisting of two identical USFITs on 3% X quartz and in the near upper stopband. The features are also found ex-
was investigated. Distributed acoustic reflection transdugeerimentally.y is actually not known inside the finger region
(DART) cells were used to implement the unidirectional effecof the SFIT. Therefore|,S2; | was calculated foty = 0.3, 0.4,
The structure parameters are listed in Table I. The measusdl0.5. The result is given in Fig. 6(b). The differences within
result for|S,; | on 502 is shown in Fig. 5. For comparison, thethe passband are not so important, but differences are clearer in
analyzed S| curve is depicted in Fig. 6(a) (solid curve). Thehe upper stopband. The best agreement seems to be present be-
anisotropy of the propagation velocityis taken into account tweeny = 0.3 and0.4. Therefore;y = 0.35 was chosen for the
as a parabolic approximation according to the following: simulation in Fig. 6(a).
The suitability of the presented analysis method for SFIT fil-
ters is expressed by the good agreement of simulation and ex-
periment.

IV. FILTER EXAMPLE

v(B) = vo <1 + %/32) (22)
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Fig. 6. SimulatedSz:| of the filter from Table I. (a) Solid liney = 0.35,
dashed linexy = —1 (self-focusing case). (b) Solid line: = 0.30, dashed
line: v = 0.40, dotted linery = 0.50.

V. SUMMARY AND CONCLUSIONS

The effect of diffraction on the transmission behavior ¢
SFITs has been described in this paper. An analysis method
SFIT including diffraction that is based on the ASPW approac
has also been presented, which comprises the following steg

Step 1) Generalize one-component model from [13] fc

Step 2) Scattering of plane waves at a slanted electrode e

plane waves for slanted wave vectors. ﬁ ;

(1]

(2]

(3]

(4]
(5]

6

(7]

(8]

(9]

[10]

[11]

[12]

[13]

(14]
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