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A spectral theory of single-phase unidirectional transducers of tfi@cguacoustic waves
is presented. It helps to evaluate the stop-band width where the directidakbtyplace, and
allows one to optimize the transducer structure in order to obtain its symmesgaency
response, with maximum directionality at the stop-band center.
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1. Introduction

The single-phase unidirectional transducer (SPUDT) is a periodicreysitespe-
cially designed groups of metal strips on piezoelectric substrate havingltbeihg
properties: 1) it generates the surface acoustic waves (SAWS) in wettians, to the
left and to the right from certain imaginary “generation centers” placedensach
group, 2) SAWs are partially reflected (due to the Bragg reflection) frmmimaginary
“reflection centers” in each group, and 3) both the generation andtieficenters are
displaced by a quarter of SAW wavelength (in the best case). This rastits trans-
ducer unidirectionality, provided that the structure contains enoughpgroustrips to
reflect the SAWSs sufficiently [1]. Designing the group (the transdsaell) including
several strips of different width and spacings (in contrast to ordibiliyectional inter-
digital transducers, IDTs, having two strips per cell) is not an easy tlasie are only a
couple of cells proposed in literature and applied in the SAW low-loss filteegyihin
area of applications of SPUDTSs. This is due to the required evaluation pb#igons of
the generation and reflection centers based on the advanced electersbtsis of the
electric charge distribution on strips, resulting either from the strip voltageslaced
by the incident SAW.

The analysis presented here takes advantage of the recent the@elit@ins of
both electrostatic problems mentioned above [2, 3]. The developed thasithils ad-
vantage over the earlier models [1, 4, 5] that it yields the dependence thtisducer
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directionality on frequency and particularly, it yields the stopband widthrevkiee di-
rectionality takes place, and also the relative SAW amplitudes generated irthgoth
left and the right directions. The theory shows that the above mentiongldcksnent
of the generation and reflection centers is not a correct charactenizdtibe system
directionality; some best systems have this displacement different fronardequf
wavelength. Moreover, although the presented theory neglects the meadhiaterac-
tion of the strips with the propagating SAWS, it can be easily generalized tmattor
this effect in the already presented manner [6].

2. Auxiliary electrostatic analysis

At center frequency, the propagating SAW wavelength equals the treaspgeriod
(the cell's length)A = 27 /K. The electric field excited at the plane of strips due to
the substrate piezoelectricity is treated here as the preexisting (or “incidietd’ the
strips are embedded in. This is the harmonic fielg(jwt — jI Kx), wherew — angular
frequency, and K — the SAW wave-number for transducer working at/itis overtone.
The wave-field amplitudes aré?’ — the normal induction, an&’ — the tangential
electric field. Both the propagating SAW and the voltagepplied to the transducer
bus-bars (and thus to some strips in each cells) excite the electric field dtigse s
plane represented by a series of spatial harmanig$— jnKz) with corresponding
amplitudesD,,, E,,. The most interesting are the components coupled to the right and
to the left propagating SAWSs having wave-numbgeisi, respectively.

The electrostatic analysis presented in [3] yields the following relationsofibr-b/
harmonic field amplitudes:

D_;=1+t)D 1 +sD! 4+ p'V,
D;=s"D7 1+ (1+t)D! +pV,

J = jw(d*D~1 +dD! 4 gV), 1)
—jeE_; = (t—1)D~ 1+ sD! + p*V,
jeEr = s*D~1 4+ (t —1)D' +pV,

whereJ is the cell contribution to the transducer current; the parametegrgeal) and

s, p, d (complex) can be evaluated from the electrostatic analysis taking into at¢batin
D+l = xjeE*! for the “incident” field, where is the effective surface permittivity of
the substrateD*!, having arbitrary value in this electrostatic analysis, will be evaluated
later below using the dynamic properties of the substrate.

3. SAW propagation

The SAW wave-numbefK + 4 in the system may slightly differ from the valué(
(6 assumed small). It results from the harmonic Green'’s function of piezdelatedia
[7] that
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:l:jeEi[ = ZiDi[, Z = diag[Z,I, Z]],
Zop=(IK+0—ky)/IK £6—k,),
wherek, , ~ w are the wave-numbers of SAWSs propagating on free or metallized sub-

strate. Solving Egs. (1) with respect i/ yields their dependence on the transducer
voltageV, which applied to Egs. (2) results in:

)

(2—M)D = (1— M)PV,
1 2 —1—|s? 2s
A+0Z—sF| 2 ©2—-1-|s2] 3)

D=[D_; D", P=p" p”

M:

(the superscripf” means the matrix transposition). Neglectivigone obtains the dis-
persive equation for SAWSs, the solution of which is:

d=++/(e—¢1)(e—e2), € = (ky+ko)/2—1IK,

4)
€ = (ko - kv)[l - 2/(1 - )\z)]/(k'o + kv)a

where)\, » are the eigenvalues d¥1 associated with eigenvectdes F; F5]. The sign

of § is chosen such that the forward component of the right-propagating BaW
the wave-numbef K + ¢. The values ot » determine the stopband where the SAW
wave-number is complex due to the Bragg scattering in the consideredipexystem.
[In the case of mechanical interaction [6] of strips with SAW charactetigeithe coef-
ficienty, the generalized result for the stopband widtB|ig— s*(k, — kv)/ (ko — ky)|.]

4. Transduction

The spectral theory [6] of SPUDTSs can now be developed. The fihiteng system
generates SAWSs of different amplitudes to the right, and to the Iefta;g, depending
on the transducer voltageé (with certain proportionality coefficieni depending on
w, p, 9, L and the piezoelectric coupling coefficient of the substrate):

a; =VA[p*(o+d+Ax) —plo—3d+ A/x)e 708,

ah =VAplo+§+A/x)—p(o—6+ Ax)e 798,
0= (ko + ky)(e —&)(1 = M)(1 = A2)/ (ko — kv),
A=X— A1, E=(e1+¢2)/2),

®)

wherex = (Fip)/(Fs>p*) is the directionality factor depending on the cell geometry,
the best value of which is-j. The above relations allow one to evaluate the relative
amplitudes of the left and the right-generated SAWs with respeat to (|a;|? +
la}?)!/2, resulting in the transducer directionality as a function of frequency tiemia
from the stopband center, proportionabto
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5. Discussion and conclusions

The structure directionality is best seen for— co. This removes the second-order
effect of the SAWSs reflections from the transducer edges. Its depeercn frequency
(represented by) clearly shows whether the strip cell is correctly designed to obtain
symmetric dependence of the SAWSs relative amplitlﬁi{gﬁ = afR/a on frequency.
One of these amplitudes should take zero value at the stop-band cenitiee aititer — its
maximum unitary value, as shown in Fig. 1a). The well-known structuregsegpin [4]
exhibits slightly asymmetric frequency-dependent directionality, Fig. ldojmprove
this, one may try different widths and positions of strips in the cell and &oasg of
many solutions, usually yielding different stop-bands. This can be dathetive help
of the simple numerical code [8] (the figures present the output grgpfies curves,
upper with maximum unitary value, and lower with minimum zero value, joining into
the common horizontal line at thb/\/i level, present the relative values of the left
and the right-propagating SAW amplitudes (vertical axis). They are difteanly in the
stop-band; horizontal axisrepresents frequency. The complex number at the top of the
figures is the evaluated directionality facter(its best values are-j), while the two
large numbers at the bottom axe, determining the stop-band edges; the small center
number is/ — the overtone number.

Fig. 1. Directionality of SPUDTSs: thin curves represent the left and thiet ggnerated SAW ampli-
tudes dependent on frequency (horizontal axis). a) Novel SPUfliThaving four strips with edges at
A[—55,4; 8.5,13.7; 23.45,28; 32.5,37/A8; the first and third strips are connected to the transducer bus-
bars and two other are interconnected. b) Almost ideal characteri$ttbe drequently applied SPUDT
[4]. Gray boxes represent cell strips: the raised and lowered arestrips connected to the transducer
bus-bars, the interconnected strips are marked by frames. Thdecompnbers at the top of the figures
are the directionality factoy; at the bottom the real values of eigenvalues are presented on both sides
of small number at the center which is the overtone nuniber

Investigation of several other applied SPUDT structures show that thladesnent
of the generation and reflection centers does not characterize theistrdicectionality
satisfactorily. Some best structures with symmetric frequency charactehstie this
displacements different from /4, like the novel one presented in Fig. 1a, while the
others with thed /4 displacements, may have asymmetric characteristics. For finite
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the Egs. (5) yield only partial directionality of SPUDTs becaﬁé’eﬂ never reach the
limit values: 0 or 1. The above equations can help one to choose pkdpesbtain the
required SPUDT's directionality at the stop-band center.
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