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ABSTRACT

Development of wideband transducers coupled
with frequency dependent beam steering of Bulk
Acoustic Waves (RAW) in low loss single crystals
provide a great opportunity for efficient chan-
nelization of broad band microwave signals. Due
to material anisotropy, phase and group velocity
collinearity represents in many instances a con-
straint that must be taken into account in a
given design. The work presented in this paper
deals with the diffraction process in BAW

channelizers/spectrum analyzers in a general
way. Our diffraction model is based on Huygen’s
principle to predict the pressure field in a
longitudinal device for various input frequen-
cies. The formulation is applied to compute
generalized wave disturbances due to an
aporlized/unanodized linear phased input array and
a curved reflector. The material is YAG where
parabolic approximation to the slowness curve is
valid for the required steering angles.

Channelization of RF signals based on dis-
persion and focusing of Bulk Acoustic Waves (BAW)
in solid media, was proposed in 1984.1 Subse-
quently, the preliminary experimental results
were reported in 1984 and 1985.2*3 Although the
experimental devices were not optimized, their
performance based on limited number of channels
within the operation frequency range of 100 to
200 MHz was indeed encouraging. The proof-of-
concept devices such as that shown in figure 1

Figure 1. An experimental shear bulk acoustic
wave channelizer made of fused silica.

were all made of fused silica, in order to mini-
mize cost and simplify design and manufacturing
process. In these devices, the acoustic waves
are launched via a phased array of transducers,
excited by the input RF signals. After traveling
through the bulk acoustic media the dispersed
beams are brought into focus at different spatial
locations on the output transducer plane, where
their amplitude and phase is detected. Under
ideal conditions such as isotropy, the angular
spectrum of the acoustic field on the focal plane

of an aberration free reflector is similar to the
far field pattern of a phased array antlenna in
free space.

For modern day EW applications wide instan-
taneous microwave bandwidth, high sensitivity and
large dynamic range are required. While large
fractional bandwidths are achievable by using
platelet transducer technology,4 one ha!; to be
concerned about reducing the level of crosstalk
between adjacent channels and suppression of
diffraction-induced spurious signals to achieve
higher spurious free dynamic range. To minimize
insertion loss at microwave frequencies,, effi-
cient crystals with proper orientation associated
with the excited acoustic mode must be used.
These materials, however, are generally aniso-
tropic, where anisotropy depends on crystalline
symmetry, mode and direction of ultrasonic wave
propagation, and associated elasticity coeffi-
cients. The work presented in this paper deals
with modeling the diffraction process in BAW
channel izerslspectrum analyzers. Because of the
relatively large angular dispersion of BAW,
anisotropY and its variation with off-axis pro-
pagation angles must, therefore, be included in
the design.

The concept of acoustic wave diffraction in
anisotropic media h s received much attention in
the literature.5’67~$8 Most of the work dealing
with bulk wave propagation utilizes Huygen’s
principle in order to calculate the resulting
radiation fields. Our diffraction model is based
on Huygen’s formulation due to its mathematical
and conceptual simplicity, coupled with its com-
plete generality and numerical precision. The
analysis proceeds in two steps. First, we find
the amplitude and phase profiles at the reflector
due to the input transducer array, and then com-
pute the field at the output transducer plane.
Referring to figure 2, The pressure at a point
(x,y) inside the medium is written as5
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Figure 2. Geometry of ultrasonic diffraction
in anisotropic media.

The integral is performed over the input trans-
mitting aperture o. K is the ultrasonic wave
vector, P is the material density with u and
V(C,Q) de?ined as ultrasonic angular frequency
and the initial particle velocity input amplitude
along the propagation direction. The Poynting
vector lies along r =[(x -C), (y -n), z]
which joins the input element of area d~ch to the
field point (x,Y). The distance between the
source and observation points is

\r[=[(x -C)2+(Y-n)2+z2]1’2 (2)

Considering the input transducers to be indepen-
dent piston-like sources, V(L,n) can be expressed
in terms of its normal component to transducer
plane.

V(c,n) = vN(e,?l) Cose = vN(tJl) (;) (3)

where 8 is measured from the transducer normal,
Ii.

For anisotropic materials the direction of
energy flax vector ~ (Poynting vector) deviates
from that of the wave front normal E. The propa-
gation vector R lies in the plane of ~ and the
transducer normal E, making an anglee with E and
angle $ with ~.

Watermang has shown that the ultrasonic pro-
pagation velocity v of longitudinal waves along a
direction close to a pure-mode axis in the cubic,
hexagonal, tetragonal, and trigonal crystals
deviates fr m v along the axis by a term propor-
tionaltoo~, 0

V=VO(l +2) (4)

where Y is a constant dependent upon the elastic

moduli and the direction of E, and v
?“

is the pure
mode acoustic velocity. For propaga lng direc-
tions close to a three, four, or six fold pure-
mode axis in elastically anisotropic media, the
longitudinal ultrasonic wave vector magnitude
k(e) is

k(e) =ko(l +Y02) (5)

derived by Papadakis.5 The basic assumption is
that the anisotropY parameter, Y, is constant
over the range of the propagation angle, 9, and
ye<<l. Energy will propagate at an angle$ with
respect to E and obeys the relation

Assuming that @ is small
higher order terms ine,

$ ~ -2*

(6)

and neglecting the
equation (6) reduces to

(7)

using (5) and6(7), for small e, the dot product
!7” ~ becomes

E* F = kor(l +@2) coso = kor[l +Y (1 - 2Y)92]

(8)

substituting (8) into (1) and taking the real
part will lead to

p(x,y,z;t) =“~ J VN(CJ)
2T 5

z sin {wt - kor[l +Y(I - 2Y)e2]} dc~—

r2

Trigonometric identities reduce this to

ZJJPO
p(x,y,z;t) =— sirwt

(9)

(10)

VN(C,n) cos ~or[l +Y (1 - 2Y)02] dE.dn

f~~

mPo
-— Cos tit

2T

v~($,n) sin kor [1 +Y (1 - 2Y)82] d~dn

J L
a r

Equation (10)

P =Asinwt -
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can simply be expressed as

Bcosot = C COS (ot +6) (11)



where at a distance z from the aperture plane,

A(x,y,z) = (12a)

alp

-QJ
2X o

B(x,y,z

ZLOPO

—/
211 0

VN(L,n) cos kor[l +Y (1 - 2YF2] dtdn

(12b)

VN(L,n) sin kor [1 +Y (1 - 2Y)82] d~dn

C(x,y,z) = [A2(x,y) +B2(x,y)]1/2

d(x,y,z) = tan ‘1 [;1

(12C)

(12d)

It has already been demonstrated that phase
variations over the transdu

to an apparent attenuation.
~fir surface contribute

Consequently it is
important to determine the phase variations for
different channels as a function of output trans-
ducer’s location and size.

The field distribution at the reflector,
Pi(x>y), can be computed by straight forward
application of (11) and (12) for any form of
initial velocity distribution. Since the reflec-
tor is large compared to the beam height, it
introduces no additional diffraction effects.
However, reflection efficiency of the reflector
will vary depending on the angle of incidence.
Upon reflection, part of the incident wave front
will be converted to shear waves. The conversion
efficiency (loss) at each point will depend on
the spatial coordinates and other factors such as
shear/longitudinal mode phase velocities and
angle of incidence. Amplitude reflectivity for
incident longitudinal beams is given by

rL (x,y) = (13)

Vs2(x,y) sin2 6, sin2 Be - v,2(x,y) cos22B-

V 2(x,y) sin2!3 sin26 + V :(X,y) COS22B
s L s s

The subscripts L and s refer to longitudinal and

shear waves RSp6?CtiW?ly, 6L and @ are reflected

beam angles with respect to the re?lector normal
at coordinal (x,y), where the incident and re-
flected angles for longitudinal beams are assumed
equal in magnitude. If the free boundary is

unaberrated, the reflected amplitude would be:

Pr(X,y) = rL(x,y) ‘i(x,Y) (14)

the same computation process is repeated for the
reflected wave fronts in order to determine the
pressure field at the output plane.

We use the formulation developed to compute

the pressure field intensities at the output
transducer plane. The bulk acoustic material is
YAG for its low attenuation. The input. is a 100
element linear phased transducer array of radia-
tors similar to that shown in figure 3. Figure 4
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Figure 3.
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Design of linear input array of
aperture size D x L center separation
d = 20 microns, element size b = 10
microns, and the total number of

elements is 100.
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Figure 4. Illustration of the particular
configuration used in the
computations.

illustrates in some detail the exact geometry of
the experimental system where all future discus-
sions are referenced to it.

The field intensities are directly computed
by using (11) and (12) for 3 input frequencies of
800, 1000, and 1200 MHz. Figure 5 is the decibel
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Figure 5. Decibel contour plot of field
intensity in the vicinity of output
transducer plane of figure 4.
A - At the input frequency of 800 MHz
B- At the input frequency of 1000 MHz
C - At the input frequency of 1200 MHz

contour plot of intensity fluctuations ranging
from -0.1 to -20.1 dB at 5 dB intervals where the
input aperture is rectangular in shape and all
radiating elements weighted equally.

By looking at the plots it is easy to mea-
sure the focus locations, depth of focus and the
level and position of side lobes, and various
other anomalies as a function of frequency (loca-
tion). As is shown depth of focus increases at
lower frecwencies while at the same time the
focus shifts inside.

Figure 6 is a similar dB
aperture is weighted by a one
window of the form

plot when the input
dimensional Hamming

H(U) = 0.54 + 0.46 COS (-) (15)

is used.

As can be seen, application of Hamming win-
dow causes considerable suppression of the side
lobes leading to a rather uniform taper at the
output transducer plane.

Figure 6.
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Decibel contour plot of field
intensity in the vicinity of output
transducer plane of figure 4. At the
input frequency of A) 800 MHz,
B) 1000 MHz. and C) 1200 MHz.

Comparing figures 5 and 6, one notices the
relative shift in the focus and the steering
angles. The shift in steering angles is illus-
trated in figure 7 where the spatial lateral
locations versus peak modulation response for
input frequencies from 700 to 1300 MHz is plated
for both cases, indicating lower steering angles
for the apodized case.
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Figure 7. Latteral focus location versus input
frequency for uniform aperture (solid
curve) and apodized aperture (dashed
curve).

In conclusion, the work presented in this
paper deals with the diffraction process in BAW
channelizers/spectrum analyzers. We have formu-
lated a general approach to wave diffraction
based on Huygen’s principle. The approach pro-
vides the initial performance model, necessary to
identify and characterize various design trade
offs, helping the designer to overcome many of
the challenges relevant to performance require-
ments. Validity and usefulness of the technique
is demonstrated by computing the generalized wave
disturbance due to both apodized and unanodized
linear phased input array and a curved reflec-
tor. This approach, however, is valid for
steering angles and propagation directions where
parabolic approximation to slowness curves can be
made.
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