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Section 1
INTRODUCTION

Delay lines employing microwave frequency acoustic waves are being
used in radar signal processing applications. These devices, however, have
generally been found practical only for delay times up to a few tens of micro-
seconds. The principal factor limiting the development of long memory time
(milliseconds) applications has been the attenuation of the acoustic waves in
the crystals used as the delay line media. In general this attenuation is sub-
stantially reduced at low temperatures, and thus longer delay time applications
may become feasible if the additional cryogenic equipment can be justified.
As advances in cryogenic equipment occur, tradeoff calculations for cryogenic
delay lines in practical systems will have to be updated. Ambient temperature
operation is always preferred, however, and is imperative in most cases. It
has been the objective, therefore, of a continuing program at the General
Electric Research and Development Center, supported by U.S. Air Force
contracts, to develop crystals with low microwave acoustic attenuation at
ambient temperature,

Throughout the prior work at General Electric emphasis has been given
to a systematic approach to the development of useful crystals, Very briefly,
the theory of microwave frequency sound attenuation was put in a form which
permitted correlation of attenuation data near room temperature for various
crystals, making it possible to define a {igure of merit for candidate crystals.
The value of tais figure of merit could then be calculated from known properties
or fromthe results of relatively simple thermal measurements. The figure
of merit is applicable in the high temperature regime, including room tem-
perature, where the attenuation is -.aused by the scattering of sound waves by
thermal phonons. Theory also exiw..s for the temperature region in which a
rapid falloff in attenuation occurs. This theory can be put in a form which
will provide a figure of merit for materials at cryogenic temperatures, At
very low temperatures, observed sound attenuation is dominated by scattering
due to crystal imperfections of various kinds. In highly perfect specimens the
attenuation can be very small at sufficiently low temperatures, and is deter-
mined mainly by difiraction losses.

Many crystal systems have been inveetigated, both as potential practical
materials and to verify the figure of merit theory. The lowest known room
temnperature attenuation coefficients which have been rcliably measured are
for shear waves in MgAlJO, (spinel) and Y, Al,0,, (garnet), and for longitudinal
waves in - rhombohedral boron and AlgO, (sapphire}. At present, delay lines
are constructed principally from sapphire, using longitudinal acoustic waves,
or from spinel, using shear waves,

The need for broad bandwidth in delay lines does not significantly limit
the choice of crystal media because sound dispersion is negligible in the fre-
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auencey range of interest for almost all crystals. Bandwidth enters most im-
portantly in the design of transducers and the transducer coupling circuits,

The transducer design, electrode materials, and the coupling circuits also
have very important effects on the performance of delay lines made from mate-
rials such as spinel. Shear mode transducers require improvements in the
electrode materials used, in the types of bonds employed with bonded crystal
plates, and in reproducible fabrication of deposited thin filrn transducers.

In Section 2 of this rcport, "Design of Delay Lines, ' the pratical design
is discussed thorvughly. The treatment iacludes those factors w.»ich are
under the designers control: attenuation in transducer, electrodes, and propa-
gating medium; transducer efficiency and bandwidth; diffraction of the acoustic
wave; and beam steering due to elastic anisotropy, The results give appropriate
criteria for transducer design, show the effects of transducer design upon
performance, and show the relative performance capabilities for sapphire,
yttrium aluminum garnet, and spinel. The calculations give a reasonable up-
per limit to performance, since such factors as crystalline imperfections and
the limits of oolishing and fabrication methods cannot be predicted theoretically.

The implications of matched filtering by means of silicon clocked analog
delay devices (bucket brigade or charge coupled devices) and surface acoustic
wave devices are examined and related to the capabilities of silicon clocked
analog delay (CLAD) devices, passive surface acoustic wave (SAW) delay
lines, and bulk acoustic wave delay lincs used as memory clements. With
this information as a background, the effect of acoustic impedance mismatch
between delay line and transducer is examined, The problem is treated as a
multipath problem in a form applicable to arbitrary coding of the input signal
which is to be stored in the delay line, Simple criteria are developed to
describe the effects of acoustic impedance mismatch on both the zoded signal
and the matched filter output for that signal.

In Section 3, ''Delay Line Fabrication, ' particular attention is paid to
the problem of attaching piezoelectric crystals to delay line crystals by means
of an intermediate metallic bond, The properties of such bonds are discussed
and those metals appropriate to spincl and lithium niobate are indicat=d, A
gcheme for fabricating these bonds has been developed, and methods and
equipment for the subsequent thinning of the transducer crystals are discussed.

In Section 4, "Growth and Characterization. " the whole development of
YBg, crystals for delay lines is discussed. Particular attention is paid to
crystal purity, stoichiometry, and perfection. Stoichiometric crystals appear
to have a composition of YBg, while the congruent melting composition is
YBg,.,. Material with low acoustic loss may be YB,,. This knowledge com-
bined with acoustic loss mcasurements on actual samples shows that, at pre-
sent, these crystals are not suitable for low loss delay lines.

In Section 5, "Iron Doped Spinel Crystals, "' synthetic crystals of iron
doped spinel are analyzed for their suitability for delay lines., In Section 6,
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"Sound Attenuation and Diffraction loss, ' measurements of acoustic attenuation
at low temperature and low frequency are compared with the calculated diffrac-
tion loss. Good agreement is found,
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Section 2

DESIGN OF DELAY LINES

A. BACKGROUND

In this section the design of acoustic delay lines for long reverberation
times is considered. Delay time is limited by material choice. Calculations
are made here for practical delay devices in order to establish which com-
binations of transducer, electrode material, and delay medium will provide
the longest delay time and the longest delay time-Landwidth product. The
calculations include the major factors which affect delay time: attenuation in
the delay medium, attenuation in the metal electrodes, conversion of acoustic
energy to electrical energy by the transducer, diffraction, and acoustic beam
steering due to the elastic anisotropy of a crystal medium. The calculations
are a performance upper limit in the sense that a number of small and unpre-
dictable effects (nonparallelism of end surfaces, surface damage from polishing,
internal strain due to crystal growth, local imperfections) are not included
in the calculations. The results for sapphire, however, correspond reason-
ably well with experiment. It is shown that other materials, particularly

MgAl O, spinel, can provide substantial improvement in performance over
Al,0,.

Attenuation in the clectrodes and the delay medium increases quadratically
with frequency, and diffraction losses vary inversely with frequency. At low
frequencies delay time is limited by diffraction; at high frequencies, by at-
tenuation. Delay time and delay-time bandwidth product each go through a
maximum at intermediate frequencies. For delay line.. approximately 3/8 of
an inch in diameter these maxima occur between 200 MHz and 1 GHz. The
bandwidth of the devices is apprcximately one-half the operating frequency,
or from 100 MHz to 500 MHz in the 0,2 to 1. 0 GHz range. Since these band-
widths are adequate for most applications and signals can be readily hetero-
dyned to this frequency range, calculations have been carried out in the fre-
quency interval of 0.2 to 1. 0 GHz. Delay times can be increased by considering
delay lines of larger diameter, but the improvement comes at lower frequencies,
where diffraction limits the delay time. At the delay time maximum, the op-
erating frequency is proportional to D-1/2 and the maximum delay time is
proportional to D* 8 where D is the transducer diameter.

To calculate a delay time, npssumptions must be made about the initial
signal level and receiver sensitivity, These assumptions do not affect the
relative performance of delay lincs fabricated from different combinations of
materials, The relative performance shown by these calculations will be valid
for a variety of applications. To show the magnitude of delay which may be
expected, a set of typical system parameters -- drive power, receiver sen-
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sitivity, interpulse period -- were chosen. The total delay time in a specific
application will differ from these calculated values if the system parameters
are different. That is, this calculation gives the relative performance under
a variety of system parameters and several delay line material combinations,
but the calculated total delay times are typical values valid for a specific set
of system parameters. A simple system will be assumed, with an input of
+40dBm (10 watts peak) into the delay line and a low-noise amplifier on the
output with a sensitivity of =70dBm. The system thus has a dynamic range

of 110 dB with a good signal -to-noise ratio which will remain constant for

21l cases discussed, Three delay line configurations will be analyzed: the
double-end (DE) delay line, with transducers on both input and output; the
single-end (SE) delay line, which requires a circulator; and the switched im-
pedance delay line, which requires an electronic switch and two impedance
transformers. The delay line materials will be the lowest loss materials
known that are readily available in large size -- longitudinal propagation in
sapphire (A1,0,) and shear pr. >agation in YAG (Y,A1,0,,) and spinel (MgA1,0,)).

The transducer thickness in the frequency range 0.2 to 1 GHz varies from
5 to 11 um, depending on the transducer material used Either bonded plate
transducers, thinned after bonding, or deposited transaucers can be used.
The low 10ss acoustic modes are shear waves and require shear transducers.
New bonding methods are required for the use of bonded plate transducers with
low acoustic loss metals for electrodes. Deposited shear mode transducers
have never been deposited reproducibly. Transducer development will be re-
quired in iinplementing long delay time devices with either type of transducer.

The properties of transducer materials, electrode materials, and delay
line materials needed for the loss calculations are listed in the following sub-
section, Next, the expression for the total loss in a reverberating delay line
is derived, as well as the basic equations necessary to calculate the acoustic
conversion loss, the electrode loss, the material loss, and the acoustic diffrac-
tion loss. A series of graphs compares the total delay time versus insertion
loss (IL) and frequency and the IL versus frequency for several delay line con-
figurations and materials.

B.: TRANSDUCER, ELECTRODE, AND DELAY MEDIA PROPERTIES

The material properties of transducers, electrode, and propagation media
needed to calculate the acoustic loss are listed in Tables 1 through 3.

The data in Table 1 are from Reeder and Winslow (Ref. 1), All these
materials can be cut into thin transducer plates. The longitudinal mode
ZnO transducer can also be sputtered with reduced coupling coefficient
k, = 0.22 to 0,25,

All the data in Table 2 were experimentally determined by Larson and
Winslow (Ref, 2) by fitting parameters to insertion loss versus fi‘equency data
for delay lines, using thin films of these metals as electrodes. The propagation




Table 1

PROPERTIES OF TRANSUDUCEK MATERIALS

Coupling intectric Velotit Acoustic
. 2 4
Material Cut Mode Coefficient Constant Impedance
X . V, (10% cm/wec) Z,(108g/s cm®
Quartz, Si0, ¥ Shear | k,, * 0.14 4.5 3.80 10.1
Cadmium suliide, Cds Z Long ke = 0.15 6.5 4.46 21.5
Zine oxide, ZnO Z Long ky «0.28 8.8 5,33 36.0
Zinc oxide, ZnO X Shear ky = 0,32 8,3 2,12 15.53
Lithium niobate, LiNbQO, X Shear k =0.68 4.0 4.80 22.6
Table 2

PROPERTIES OF ELECTRODE MATERIALS

Mirteriat

Propayation
Ditevtion

“hode

Vo (10" e /ree)

Acoustic Impedance
2, (10% g/x emd)

Attenuation
dH/em at § GHe

Indiurn o1 L.ong. 2,34 16,4 KC, 000
Indiura BN Shear 0, ™ 6.4 60,000
Nilver it lLong, KR 4.5 250
Silver (AR N shear 1,86 16,5 -

Gold 111 Long. 31.40 65. 5 200
Gold i sheur 0.93 17.4 1,000

s
Table 3 :

PROPERTIES OF DELAY MEDIA

Material Prapauation Mode Velocity Acoustie tinpedunce Attenuut.on
Materia Direction ode V, (10 em/fsev) 7.010% gin em® dB/us at 1 GHe)
Sapphire AlO, Z L.ong, 1t 4.1 N,z
VAG Y ALO,, 11001 Shear g, 02 22,0 u. v
Spinel MgALO, 1007 Shear 6. 54 23.4 0. 04

directions listed are the orientations usually obtained with vaper-deposited
metal films. The velocities are slightly different from the ralues published

S b e A3 e e S .

for bulk materials. The attenuation values are normalized :0 1 GHz and have
a frequency squared dependence; thus the attenuation valuer listed at 1 GHz
will be reduced by a factor of 25 at a frequency of 200 MHz, The shear at-
tenuation values are always higher than the longitudinal attenuation values.
Indium {is not a good bond material for reverberating delay lines because of
its excessively high loss, Delay line performance is calculated for devices
made with gold electrodes and for delay lines in which the attenuation in the




electrode is negligible. These calculations will show the desirability of re~
placing gold with a lower loss metal in the case of the best combination of trans-
ducers and delay media.

The attenuation values listed in Table 3 are taken from the authors' acous-
tic attenuation measurements and those in the literature at 1 GHz. The at-
tenuation constants for these materials are proportional to frequency squared
over the range of measurement of 10 GHz to §00 MHz, From 500 MHz to 200
MHz the attenuation values are extrapolated with the quadratic frequency de-
pendence. The three materials considered have the lowest known losses for
commercially available crystals prepared in large size. The attenuation data
for spinel were obtained on small flux grown samples. Large, high-quality
Czochralski boules are now available, but it has not yet been shown that this
material has the perfection required for low acoustic losses.

C. TOTAL ACOUSTIC LOSS

The delay time of a delay line is determined by the loss characteristics
of the line and the dynamic range of the system in which it is used.

Dynamic Range = Transducer Insertion Loss (loss in converting input
electrical signal into acoustic energy and back into
an electrical signal)

+
Acoustic Conversion L.ogs (acoustic energy converted
to an electrical signal every time the acoustic pulse
strikes the transducer)

+

Electrode Attenuation (acoustic energy loss in the metal
electrodes)

+
Propagation Medium Attenuation

+
Diffraction Loss (diffraction causes the acoustic pulse
to spread in size as it propagates; thus a decreasing

fraction of it strikes the transducer)

If the transducer is made 100 percent efficient in converting the in-
put energy into acoustic c¢nergy, insertion loss = 0; if it is not electrically
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swilched to change its cfficiency, then the first acoustic "echo' to strike the
transduccr is completcly converted back to an electrical signal and the total
delay time is very small. If the trangducer is made very inefficient the acous-
tic conversion loss will be small and very little of the acoustic energy will be
converted to electrical energy by the transducer; however, very little acoustic
energy will be obtained from the input electricail signal and total delay time will
suffer. A broad optimum of the insertion loss exists, so that a balance is struck
between converting the initial electrical signal to acoustic energy and the con-
versio . of acoustic energy when the acoustic pulse strikes the transducer. In
the calculations which follow, the optimum insertion loss is found, and the total
delay time is then calculated from the dynamic range of the system, the in-
sertion loss value, and the attenuation and diffraction constants of the materials

used in the delay line,

The origin of these losses will become apparent as the DE delay line
shown in Figure 1 is analyzed.

TRANSDUCER TRANSOUCER
r r
! ‘ 2 t0gl Oy 0
Py Por Rr(t-r) § PyzPyrt € 2087 ¢ Byt ¢ B0t
M -
ELECTRODE DELAY MATERIAL ELECTRODE
LENGTH. LENGTH L LENGTH £

Figure 1. Output Power of the First Reflection of a DE Delay Line

Assume an electrical input power to the transducer P,. The transducer con-
verts a fraction r of P, into acoustic power, which propagates through the
delay material. At the second transducer a fraction r of P,r is converted to
electrical power and (1-r) of P,r is reflcected.

The electrical power output at the first reflection, P,, is P,r? exp
(=205 - uLi=a,L)), where 2 pf is the acoustic loss of two passes through
the electrodes, oul. is the acoustic propagation loss through the delay mate~
rial, and o, L is the acoustic diffraction loss. The next series of reflections
is shown in Figure 2.
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Figure 2. Output Power of the Second and Third Reficctions
of a DF. Delay liine




The general expression for the N** reflection can be written and the terms
identified:

Pc.r’(l-x')N-l exp(-2No, £ -Na, L-Na, L)= P, (N=1,2,3...) (1)

The r?term is the transducer insertion loss IL = 10 log,r? (dB); the (1-r)*"}
term is the acoustic conversion loss due to the transducer, I';; and the three
exponential terms are the electrode loss I, the material loss I,,, and the dif-
fraction loss I, The calculation procedure is now straightforward; assumed
values for IL will be subtracted from the constant dynamic range (110 dB), .
and the result will be called the available power., All the loss terms will be
calculated on a decibel per reflection basis and summed., This number will be
divided into the available power to calculate the total number of reflections
and then multiplied by the travel time per reflection to give the total delay
time. Since loss will be calculated for a large number of reflections (N =

100 to 1000), the (1-r) loss will be included in the first reflection and the cal-
culation will be slightly on the conservative side because (1-r)"is being used
rather than the (1-r)""? in Equation 1. The total acoustic loss in a SE delay
line is similar to Equation 1 with one important difference (see Figurc 3).

TRANSOUCER
f
P° e P°'
ELECTRODE DELAY MATERIAL
LENGTH # LENGTH L
’ Rr{l-r)

— Rt (I°r)

Y TP Lt L TR Y /|
Brhrlicrle ¢ ‘ |yt (1-1)

I'igure 3. Output Power of the irst and Second Reflections
of a SE Dclay Line
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The general expression for the N** reflection of a SE delay line is:
Por*(1-r)N-! exp(-2Na, ¢-2Na, L-2Ng, L) = P, (N=1,2,3...) (2)

The SE and DE cases must be compared at the same delay time; N detected
echos and 2N, respectively. The material loss and the diffraction loss are

the same. However, since the number of reflections i3 less than in the DE
case the acoustic conversion loss and the electrode loss ure reduced in the

SE line, Thus, as will be seen later, the number of reflections for the SE
case is always greater than one-half the reflections for the DE case, and hence
the total delay time is greater for the SE delay line. Notice the way in which
the reflections are counted: a reflection is counted every time it passes through
a transducer. This must be done in the DE case because the even~numbered
transducers have acoustic conversion loss and electrode loss even though only
the odd-numbered reflections are read out. All reflections are read out in the

SE case,

In the electrically switched SE delay line configuration, the driving re-
sistance is switched from a low value with an efficient transducer conversion
fraction of r, to a high value with an inefficient transducer conversion fraction
of r, for readout. The general expression for the N*"reflection ist

Porira(1-rg)N-! exp(-2Nag 4 -2Nay L-2Ng, L) = B, (N=1,2,3...) (3)

The advantage of the switched configuration is that the input electrical pulse
is efficiently converted to acoustic power but the transducer is then switched
so that it abstracts little power from the acoustic pulse each time it atrikes
the transducer, Thus there i8 more avallable power to compensate for the
acoustic conversion, electrode, material, and diffraction losses.

D. BASKC LOSS EQUATIONS

The basic equations necessary to calculate the insertion loss, acoustic
conversion loss, electrode loss, material loss, and diffraction loss will now
be derived,

Insertion Loss

In pulse-echo measurements tranasducer IL is defined as the ratio of
output electric power (P,) to the input electrical power (P,) in the absence of
attenuation and diffraction losses (see Figure 1), Thus IL is:

IL = 10 log-:-:—i- = 10 log r®
[+]

with corrections for electrode loss, material loss, and diffraction of the
first acoustic echo, The IL ia then

IL = 20 log r decibels (4)

11
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Equation 4 will be used to calculate r for assumed values of IL,

Acoustic Conversion Loss

The method of DeKlerk (Ref. 3) will be followed in calculating the acous~
tic conversion loss, which depends on the electromechanical coupling coeffi-
cient of the transducer. This acoustic conversion loss is the ratio of the re-
flected power to the incident power either on the electrical eide of the trans-
ducer or the acoustic side. Referring to Figure 1, this ratio is P,(1-r)/P,
for the electrical side or P,r(1-r)/ P,r for the acoustic side. Since this loas
occurs at every reflection, the acoustic conversion loas per reflection is

T; = 10 log(l-r) dB/reflection (5)

Acoustic Electrode Loss

The electrode losses are calculated from the measured attenuation con-
stants at 1 GHz with a frequency-squared frequency dependence (see values in
Table 2), The electrode attenuation constant is:

f )
ag = A (m) dB/cm
where

A = 200 dB/cm for longitudinal propagation through a gold electrode
= 1000 dB/cm for shear propagation through a gold electrode
f = frequency (MHz)

Since the electrode losses are high, particularly for shear waves, only 1-um-
thick gold electrodes will be considered. There are two passes through the
electrode per reflection; hence the acoustic electrode loss per reflection is

f 8
04 —| dB i
L® 2x10¢ x A (1000)  reflection (8)

Acoustic Material Loss

The material lose is calculated in a manner similar to that used for the
electrode loss, Thus the material loss per reflection is

NP PR

r \»
. B t 7
™*® TxB (1000) dB/ reflection "7

where

7 = travel time per reflection (L/V, for DE delay lines;
2L/V, for SE delay lines)

B = attenuation constant (dB/usec) from Table 3

f = frequency (MHz)
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Acoustic Diffraction Loss

Acoustic diffraction loss occurs because the cross=-sectional area of the
acoustic beam does not remain collimated for long travel distances but spreads
out, becoming larger than the receiving transducer, and this represents an
acoustic energy loss., This loss is difiicult to calculate, Until recently authors
(Ref. 4) conaidered only diffraction from circular-piston pressure sources
radiating into fluid or elastic isotropic half-spaces. Papadakis (Ref. 5) ex~
tended this work to include longitudinal wave propagation in anisotropic mate~
rials. To the best of the authors' knowledge, no one has yet calculated diffrac-
tion of shear waves in anisotropic materials, Papadakis' results will be used
here to estimate the diffraction loss for shear waves.

The calculation of diffraction for longitudinal wave in anisotropic materials
{5 done in two steps: 1) finding the pressure and phase profiles at several dis-
tances from the input transducer, and 2) finding the response of the receiver
to these profiles. Papadakis shows that the pressure at any point from the in-

put transducer 1s given by
jwpV, [expj {wt=gg |R|[1+b(1-2b) 6%} d ©
y IR|

P =
v

where

w = angular frequency of the acoustic wave

p  density of the delay medium

V, = velocity along the direction of propagation

B, = propagation vector which makes an angle with

the transducer normal N
R = a vector lying along the Poynting vector of acoustic

energy flux
g = area of the transducer
b = a coefficient which measures the elastic anisotropy

of the material

The second integration is performed over the receiver area g', using the
radiel coordinate on the receiving transducer p'. Because the receiver is a
pressure- and phase-sensitive detector its signal is proportional to the max-
imum over one cycle of the integral

B =/ Clp')cos[t-8(p'))da' |

Al max

where C(p!) and 8(p') are the amplitude and phase of the pressure profile
given ahove. The diffraction loss is then computed from

dB = 201log (|Py |/ P2y ]
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where P,' is the pressurce at some initial location, Papadakis has calculated
the diffraction loss in terms of normalized distance S so that the data for all
wave lengths and transducer radii (r) can be reduced to one curve for any
given anisotropy. His curves for b = -1.0 tob = 0.4 are shown in Figure 4.
The diffraction loss curves are all similar in shape for different values of b,
The loss fluctuates with peaks (A = peak) and valleys in the Fresnel region
before monotonically increasing for large values of normalized distance
S. The diffraction loss will be calculated from the slope of these curves for
large values of S. The magnitude of the diffraction loss is a strong function of
material anisotropy factor b, To minimize the diffraction loss the value of b
should he positive (0 to 0.4), because these curves have the minimum slope.

RELATIVE LOSS , d8

§:\/rt

Figure 4. Acoustic Diffraction Loss Versus Normalized Distance
for Values of Anisotropy Parameter b

The b paramater is calculated from

b= -ygs
where V is the velocity of the propagating acoustic wave and 6 {is the angle
between the propagation vector ;3 and the transducer normal N, Ifb is neg-
ative, the energy propagation vector R, (Poynting vector) makes a larger
angle with the transducer normal than does the propagation vector. The acous-
tic energy surface spreads more rapidly than does the phase surface, the
acoustic beam spreading is greater, and the diffraction loss is higher., If

b = 0, the material {8 elastically isotropic and vectors B, R, and N are colinear.
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If b is positive, vector R lies between vector 8 and the transducer normal N,
the acoustic energy is focused toward the transducer normal direction, and
beam spreading and hence diffraction loss is reduced. In surface wave de-
vices this effect has been called beam steering, Papadakis has shown that
physical reasons exist (Ref, 6} to limit b to less than 0.5.

The b parameter is calculated from AV/V, which can be written in terms
of the elastic constants of the delay material. Papadakis has calculated b for
longitudinal propagation along the threefold axis for trigonal crystals (Z prop-
agation in A1,0,) as

. (Cyy-Ci3=2C44NCyy +Cy3)
b 2C33%C33 - Caa) (8)

where Cy = 1130, Cx = 4902, and C,, = 1454 for Al,O,. Using these values,
bis calculated for Al,0, as b = 0.154. Since no one has calculated the acoustic
diffraction for shear waves, the diffractionloss will be estimated by calculating
the b parameter from the AV/V for shear waves given by Waterman (Ref. 7)
and the diffraction loss curves shown in Figure 4. In this case the beam
spreading is not conical, and a complete numerical calculation would have to
include asymmetric diffraction with N, R, and 3no longer coplanar. For shear
waves along the [1007 in cubic materials (MgA1,0, and YAG) the shear waves
are degenerate with a velocity (C,/ p)1/'. The three vectors 3, R, and N are
not coplanar but depend on the angles 8 and ¢ (Ref. 7). The b parameter in
terms of elastic constants is

b(g) = {é—l— 3}(, {K3 -sin’2¢ (zx,-m‘/’i (9)
44

where

Ky = Cyy - Cy3 -2Cyy

K
Ky = m—do +2
? Cu-Cn

For MgAl,0,, C, =2.79, Cy3= 1,53, Cq = 1.53; for YAG, C,, = 3.33, Cyg =
1.11, C, = 1,15, Since the angle p is not specified, b was calculated for sin®
2¢ = 0 and sin? 2¢p = 1 and the results were averaged. Equation 9 gives two
values of b, Using the elastic constants for MgAlO,, b = 2,02 and b = 0 for
8in® 29 =0, andb = 1.72 and b = 0.294 for sin® 29 = 1, Since b values greater
than 0. 5 are not allowed, b varies between 0 and 0.294. An average value of
b = 0,15 was used for shear waves along the [100]axis in MgAl O,. Similarly
for YAG, b =0,071 and b = 0 for s8in®2% = 0 and b = 0. 054 and 0. 174 for sin?®
2¢ = 1, A value of b = 0 was used for shear waves along the [100] axis in
YAG, which is almost an elastically isotropic material.

15
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From the b parameter values for longitudinal and shear waves in the de-
lay materials of interest, one can calculate the acoustic diffraction from the
curves given by Papadakis and shown in Figure 4.

Relative loss, R, is plotted there as a function of normalized propaga-
tion distance S for seversal values of the anisotropy parameter b. At the or-
igin successive curves have been offset by 1 decibel for clarity; all curves
have an actual value of 0 decibels at the crigin, The normalized propsgation
distance S is related to the actual propagation distance z by

Sw=z)\/rd (10)

where ) 18 the wavelength of the sound wave and r is the transducer radius.
In dealing with delay lines of length L, one can observe signal outputs only
for propagation distances which are integral multiples of L. For a double
ended delay line the n** observable pulse occurs for a sound wave which has
traveled

z=nL, or S, = nLA/r? (11)

and for a single-ended delay line the n'* observable pulse has traveled
z = 2nL, or S, = 2nL\/r? (12)

The propagation distance X between observable pulses is x = 2L for
single-ended lines and X = L. for double-ended lines. In this study only long
delay times which correspond to large S values are of interest. The atten-
uation due to diffraction, a,, is estimated by fitting a straight line to the ap-
propriate diffraction curve in Figure 4 as is shown for the curve b = 0,0.

_ R, (n) - R, (m)

D2 - z(m) 13)
The attenuation per reflection due to diffraction, T}, is
R ,(n) - R, (m
L= w (m) (i4)

n-m
Using Equations 12 and 14, T, may be rewritten

= GLX [RL(P) - Rt(m)

T r? S, -85

J 8= 1 for DE line; 4= 2 for SE line
(15)

where the constant in brackets is the slope of a line fit at large S to the ap-
propriate diffraction curve of Figure 4. The linear fit to the actual diffraction
loss ignores the fluctuations which occur in the Fresnel region and extrapolates
at the origin to a value which is in error by a few decibels. This intercept
error i3 small in comparison to the total diffraction loas of the last observable
pulses and has little effect on the calculation., Even so, it is taken into con-
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sideration as a small correction in these calcuiations by adding it, with ap-
propriate sign, to the insertion loss. For low diffraction loss a delay material
should have low sound velocity, a large, positive b value, and should be avail-
able in large size so that transducers of as large a diameter as possible can
be used, The diffraction loss will decreuse as the frequency increases, When
the delay material is specified and the transducer diameter is chosen, Equa- 3
tion 15 can be normalized to a convenient frequency (200 MHz). 'Then the k.
diffraction loss per reflection can be written as 1
200

L= C=— dB/ reflection (16)

where f is the frequency in MHz and C is a constant.

E. DELAY LINE

The design of long reverberation time delay lines c¢an be approached in
two ways. One way is to select the materials from Tables 1, 2, and 3 and to
decide on the thickness of the top electrode, transducer, and bond electrode;
the clamped capacitance of the transducer; and the driving and load resistance.
Then using the parameters from the tables with an equivalent circuit, as de-
scribed in Reference 1, calculate the IL versus frequency response. Having the
IL, calculaie the losses as described above under ''Basic Loss Equations'
and divide the losses per reflection into the available power, to obtain the
number of reflections and hence the total delay time.

The other approach is to select only the delay line material and the elec-
trode material, assume values for the IL, and calculate the losses and total
delay time at one frequency. Plot the results and find the IL that gives the
maximum delay time; then design the transducer to have that IL using the equiv-
alent circuit computer program. The second approach will be followed here,
since it appeara to be more straightforward. Because the delay line materials
to be compared have different velocities of propagation, the only fair compar-
ison is on the basis of a fixed interpulse period. It is assumed that all the
delay lines have an interpulse period of 6 us.

Longitudinal Waves in AlsO; at 200 MHz

Consider a DE delay line with A1,O, as the delay material and gold elec-
trodes. The travel time per reflection is 3 us even though every other echo is
read out. The delay line length is L = 7' V = 3.33 cm long. Assuming values
of IL from 30 to 60 decibels, calculating r from Equation 4 and using these
values for r, one can calculate the acoustic conversion loss per reflection i
from Equation 5. These acoustic conversion loss vaiues will be used for all
the delay lines to be considered.

The electrical skin depth for gold at 200 MHz iz 4.5 um. For good elec-
trical isolation a gold bond electrode about 5 um thick should be used, How-
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ever, the acoustic loss is excessive for shear waves in 5-um-thick gold elec~
trodes and some IL variation is evident in the transducer pass band due to this
thick gold electrode. The electrical resistance of a 1-um-thick gold electrode
0.4 inch in diameter is only 0,00078 ohm, so extra series resistance is not

a detrimental factor. Transducers can be bonded with electrodes of 1 yum thick-
ness; therefore only 1-um-=-thick gold electrodes will be considered for all the
delay line designs. The acoustic loss per reflection in a 1-um-thick gold elec-
trode is given by Equation 6, with A = 200 dB/em at 1 GHz for longitudinal
propagation:

L
1000

The transducer material loss is so low that its contribution to the total
loss can be neglected, as this calculation will show. The transducer material
with the highest loss is quartz (3 dBfem at 1 GHz)., The maximum thickness
of the transducer is 10 um and there are two passes through the transducer
per reflection. Thus the transducer material loss is 2.4 x 10°4 dB per re-
flection at 200 MHz. Even with 1000 reflections this loss is only 0,24 dB,
which is insignificant compared to the other losses. (See Table 4 for conver-
sion loss in transducers.)

?
L = 0.04 ( ) , or 0.0016 dB/reflection at 200 MHz

Table 4

ACOUSTIC CONVERSION 1.0SS PER REFLECTION
IN TRANSDUCERS

IL dB r I'e dB/reflection
-40 0.03162 00,1345
-35 0.01778 0.0780
-40 0.01000 0.0436
-45 0, 005623 0.0244
-50 0.003162 0,0139
-55 0,001778 0,0078
-60 0, 001000 0. 0043

The material loss of Al,0, is calculated from Equation 7, with 7' =3us
per reflection and B = 0.2 dB/us. Then the material loss per reflection is

-]
w= 0.6 (-1-6%-6) , or 0,024 dB/reﬂection at 200 MHz

The acoustic diffraction loss is expected to dominate at 200 MHz for long
reverberation time delay lines. It is therefore important to decide what is
the maximum possible crystal diameter for the delay material. Good acoustic
quality crystals of Al,0,, of YAG, and possibly of MgAl,0, can be obtained up
to a dlameter of 0,4 inch., The maximum diameter of 0,328 inch was chosen

18
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for the top transducer electrode for these calculations. The b parameter was
previously calculated for A1,O, by Equation 8 as b = 0,154, The slope of the
diffraction loss curve for b = 0,15 in Figure 4 gives the following values:

R, (n) = 6,31 decibels, R (m) = 4.87 decibels, S, =5, and S, = 3. Inserting
these values in Equation 10 along with L = 3,33 em, V, = 11.1 x10%m/s,
a%= 0,694 cm?% and f = 200 MHz the diffraction loss is calculated to be

200
f

This loss is rather high because the crystal is long and the velocity is high for
Al,O, even though the b parameter is in the favorable range.

T, = 0.0767 , or 0.0767 dB/reflection at 200 MHz

With all the losses now calculated, the total delay time can be determined.
At an IL of -30 decibels the available power is 80 decibels (110 dB dynamic
range less the IL) to compensate for the losses. The total losses at 200 MHz
are acoustic conversion loss (0.1395) plus electrode loss (0.0016) plus material
loss (0.0240) plus diffraction loss (0.767) which equals 0.2418 decibel per re-
flection. Dividing the total loss into the available power gives the total number
of reflections: 80 + 0.2418 = 331 reflections. Multiplying the total number of
reflections by the travel time per reflection (3 us per reflection) gives the total

delay time of 993 us. For the next IL (-35 dB) the available power is 75 decibels

and all the losses remain the same except the acoustic conversion loss, which
decreases to 0.078 decibel per reflection. The total loss becomes 0.1803 deci-
bel per reflection, and the total delay time is 1248 u seconds. These calcu-
lations are repeated for the other IL values and the results plotted as curve 1

of Figure 5.

This curve for a DE line shows several interesting points. The maximum
total delay time (1, 55 ms) occurs at an IL of 50 decibels. Thvs, to designlong
reverberation time delay lines the IL must be rather high. At 50 decibels IL
the acoustic loss is dominated by diffraction and material loss, which limits
the totaldelay time. The curveis rather flat from 40 to 55 decibels IL.

Next consider a SE delay line with Al;O, as the delay material and a gold
elecirode. The travel time per reflection is 6 us, and every echo is read out.
The acoustic conversion loss and the elect ‘e loss are the same as in the
DE case. The material loss and the diffrac....: loss are both doubled. At an
IL of -30 decibels the available power is 80 decibels. The total losses at
200 MHz are acoustic conversion loss (0.1395) plus electrode loss (0.0016)
plus material loss (0,0480) plus diffraction loss (0.1534), which equals 0,3425
decibel per reflection: 80 + 0.3425 = 233 reflections, and multiplying by 6 us
per reflection gives a total delay time of 1398 us. The total delay time is cal-
culated for the other IL values and the results plotted as curve 2 in Figure 5.
The curve is similar to curve 1 except that the maximum total delay time is
1.72 ms and cccurs at an IL of 45 decibels. The SE delay line always has a
greater total delay time than the DE delay line, because the total number of
reflecticns is less and thus the acoustic conversion and the electrode losses

are less compared to the DE delay line,
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It cannowbe seen thatthe transducer should be designed to have an IL of
from 40 to 55 decibels for maximum total delay time. The equivalent circuit
computer program will be used to design two transducers (longitudinal mode
ZnO and CdS) on Al,O, to show how the IL varies with frequency and how the
designer can change the response to achieve the desired IL., Consider longi-
tudinal mode ZnO, which has a good acoustic impedance match to A1,0, (ratio
2,/Z,= 1.23). The transducer thickness is given by t = V,/2f,, where V, is
the longitudinal mode velocity for ZnO from Table 1 and f, is the desired
center frequency. For f, = 200 MHz the transducer thickness is 15.8 um.
The maximum transducer bandwidth is obtained when the transducer is elec~
trically matched to the driving and load resistance (R, = 50 ohms) (Ref, 8).
This occurs when wC(R, = 1; thus the clamped capacitance of the transduceris
C, = 15.9 pf at 200 MHz.

The top electrode thickness was selected to be 1000} of gold, the bond electrode
thickness 1 um of gold, and the velocity, acoustic impedance, and coupling coef-
ficient were tuken from Tables 1, 2, and 3, The two-way IL was computed for these
parameters from 60 to 340 MHz and the results are shown as curve 1 of Fig~
ure 6, A single minimum IL occurs at 140 MIIz, which is characteristic of
acoustically matched transducer-propagation material. The minimum IL does
not occur at 200 MHz because the transducer is mechanically loaded by the de-
lay line material, The minimum IL can be moved to 200 MHz by decreasing
the transducer thickness to 10,5 um, which increases the transducer f, to
300 MHz, The results are shown in eurve 2 of Figure 6, The minimum IL
has shifted to 200 MHz and has a value of 16.5 decibels, which is less than
before because this is also the electrical matching frequency for a C, = 15,98 pf.
This is the minimum IL that can be expected for this transducer with a k, = 0,22,
The 3-decibel bandwidth i{s 47 percent.
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Figurc 6. Insertion Loss Versus Frequency for ZnO-L on Al0,
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The transducer response of curve 2 is not a good design to use for long

reverberation time delay lines. The IL is too low; this would limit the total
delay time because of high acoustic conversion logs, Furthermore, for a
10, 5=-ume=thick ZnO transducer the top electrode diameter is 0.065 inch for a
clamped capacitance of 15,9 pf; this would result in an enormous acoustic
diffraction loss, The only parameter the designer can change at this point

: is the clamped capacitance C,. With an incrcase in the top electrode diam=

i eter to 0,164 inch, the C, becomes 101.5 pf and the IL versus frequency

: response is shown as curve 3 in Figure 6, The minimum IL at 200 MHz has
increased 10 decibels but so has the VSWR of the device., These devices in
general will all have a high VSWR, Increasing the top electrode diameter to
0.328 inch, the value used for the loss calculations, raises the C, to 403 pf;
the results are shown as curve 4 in Figure 6., The minimum IL at 200 MHz is

; 38 decibels and the IL varies 4,5 decibels over the desired bandwidth from

' 150 to 250 MHz., By varying the transducer thickness, the IL can be made to
decrease, remain flat (as shown in curve 4), or increase as a function of fre-
quency over the desired bandwidth, The authors consider the IL response of
curve 4 to be an adequate transducer design for a long reverberation time
delay line.

The second transducer design is longitudinal mode CdS, which has an
acoustic impedance mismatch to A1,0, (ratio Z,/Z, = 2.08), The CdS trans-
ducer thickness for f, = 200 MHz is 11,15 um. The sanie parameters were
used as inthe previous transducerdesign: G, = 15.9 pf, R, = 650 ohms for wC,R, =1
at 200 MHz, top electrode thickness 1000A of gold, the bond electrode thickness
lum of gold, and the appropriate velocity, acoustic impedance, and coupling
coefficient from Tables 1, 2, and 3, The results are shown in curve 1 of Fig-
ure 7. The IL. response now has a double minimum at 110 MHz and 200 MHz,
which is characteristic of acoustically mismatched transducer-propagation
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material. The 1l. of CdS transducers ig higher than ZnO transducers because
of the lower value of k, for CdS. Increasing the top electrode diameter to
0.164 inch, C becomes 103 pf and again the IL has increased 10 decibels,

as shown in curve 2 of Figure 7. By increaging the top electrode diameter to
0.328 inch, the value used for the loss caleulations, C, = 411 pf and the IL

is 55 decibels at 200 MHz, as shown in curve 3 of Figure 7. The IL variation
of curve 3 is 12 decibels from 180 to 250 MHz. This IL variation nould be
reduced by changing the tranaducer thickness, but that will not be necessary,
as will be seen when the total delay time variation acroses the transducer band-
width is ealculated.

The next step is to go back and recalculate the SE delay line losses, using
the actual values for the IL at several frequencies across the transducer band
width, to recalculate the acoustic conversion loss using the computer calculated
values of IL, and to account for the frequency squared variation of electrode
and material losses and the reciprocal frequency variation of the diffraction
logs. At the frequencies marked on curve 4 in Figure 6 for the ZnO-L Al O,
SE delay line, the total delay time variation is as shown in curve 1 of Figure 8,
The total delay time variation is 13.8 percent. At the frequencies marked on
curve 3 in Figure 7 for the CdS-L Al,O, SE delay line, the tutsl delay time
variaotion is shown as curve 2 in Figure 8, There the total delay time vari-
ation is only 4.4 percent, The IL variation in this case has conveniently com-
pensated for the frequency variation of the electrode material and diffraction
losges, Other methods of total delay time compensation such as variable
system gain could be considered, but that involves system details which are
better left to the system designer. The point to be streseed here is that
there is considerable flexibility in the transducer design, depending on what
one wants to design for.

Shear Waves in MgAl O, at 200 MHz

Consider a DE delay line with MgA1,0, as the delay material and gold elec-
trodes. The travel time per reflection 18 3 us, even though every other echo
is read out. The delay line lengthis 7'V, = 1,86 ecm, Values are again as-
gurned for IL, and r calculated from Equation 4 and the acoustic conversion
loss from Equation 5 as before.

The acoustic loss per reflection in a 1-gm-thick gold electrode i given
by Equation 8 with A = 1000dB/em at 1 GHz for shear propagation

]
h=0.2 (T(')LO'E) , or 0,0080 dB/reflection at 200 MHz

The material loss of MgA1,0, is calculated from Equation 7, with 7' = 3us
per reflection and B = 0,04 dB/us. The material loss per reflection is

3
n=0.12 (T(.)-g?)-) , or 0.0048 dB/reflection at 200 MHz
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The acoustic diffraction loss parameter, b, was previously calculated for
MgAl O, using Equation § as b = 0to 0.204., An average valueof b = 0.10 was
cstimated for shear wave propagation along the [100] direction in MgAlL O,
The slope of the diffracilon loss curve for b = 0. 15 in Figure 4 is the samoc as
for Al,O,s insorting those values in Equation 10 along with L = 1,86 cm, Vp =
6.4 x 108 cm/sec, a® = 0,604 cm?, and { =200 Mlilz, the diffraction loss is
calculated to be

r, = 0.0266(-2-?—9
This loss is o factor of three less than the diffraction loss for Al,O,;, even
though both materials have the game b parameter, because (1) the erystal is
ahorter for the same travel time and (2) the velocity is8 lower.

, or 0,0266 dB/ reflection at 200 MHz
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With all the loases calculated, the four losses are summed and the total
delay time calculated as before, The results are plotted as curve 3 in Figure 8§,
The maximum total delay time {8 3.5 ms and occurse at an IL. of 656 decibels,
At 55 decibels IL the acoustic losas is dominated entirely by diffraction loss,
The rapid increase in the total delay time at low values of IL 18 caused by a
similar rapid decrease in the acoustic converaion loss as the IL increases,

The SE delay line with MgAl,O, delay materisl is caleulated as previously
described, withatravel time of 6 us per reflection and the acoustic conversion
and electrode losses remaining constant while the material and diffraction
loases are both doubled, The results sre shown as curve 4 in Figure 8, Again
it is seen that the SE delay line has a greater total delay time than the DE case,
The maximum total delay time is 4.25 ms and occurs at an IL of 80 decibels,
The difference in total delay time is greater between curves 3 and 4 than be- ]
tween curves 1 and 2 becsuse the material and diffraction losses are so much
lower in shear propagating MgAl,O, than in longitudinal propagating A1,0,. a
Again the transducer IL should be 45 to 88 decibels for maximum total delay

time.,

i s

Since a high IL is desircd, a transducer material with only » modest
coupling coefficient will be selected. Y-cut 510, has an acoustic impedance
mismatch for shear wave propagation in MgAl,0, (ratlo Z,/Z, » 2,32) and will
be entirely satisfactory ma a transducer material, The shear wave polariza-
tion direction in Y-cut $i0, must be alignecd with the shear wave polarization
in MgAl,O,, but this can be done with careful x-ray alignment techniques.

The transducer f, = 260 MHz has been set to flatten the IL. response and the
transducer thickness is 7,6 um, The same parameters were used as in the
previous transducer designg: C, = 15,0 pf, R, » 50 ohms for wC,R, » 1 at

200 MHz, top clectrode thickness 10004 of gold, the bond electrode thickness

1 um of gold, and the appropriate velocity, acoustic impedance, and coupling
coefficient from Tables 1, 3, and 3, The computer results are gshown in

curve 1 of Figure 8, The IL is 28 decibels and {s flat, with a 3-decibel band-
width from 08 to 262 MHz. Increasing the top clectrode diameter to 0,328 inch,
the value used for the loss caleulations, C, = 286 pf and the IL is 47 decibels at
200 MHz, as shown in curve 2 of Figure 8. The C, of the 810, tranaducer is
less than the C, of the ZnO or CdS transducers, because the dielectric constant
of 810, 1is 4.8 while it {s approximately 8 for ZnO and CdS. The IL. variation

of curve 2 18 8,56 decibels from 150 to 260 MHz,

o e e e e S i AR

At the frequency points marked in curve 2 of Figure 9 the IL values were
used to recalculate the acoustic conversion loss, The frequency variation of
the bond, material, and diffraction loeses were accounted for and the total
delay time calculated as hefore. The results are shown as curve 3 of Figure 8,
The total delay time variation is 16.7 percent across the transducer bandwidth
for a shear wave 810, transducer on MgAl,O,. The lower total delay time at
150 MHz 1is caused by the dominating diffrraction losa, which {8 not reduced by
the decrease in material and clectrode losses because they are only a small
fraction of the total losses. The IL reapcnse should have a negative slope
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Figure B, Insertion Loss Versus Frequenuy For Si0,~5 On MgAl,0O,

across the transducer bandwidth to help flatten the total delay *ime variation,
No further attempt wag made to modify the transaducer rusponse in order to

improve the total delay time variation,

The IL response with a S10,~S transducer on YAG {s almost identical to
the 1L, response with MgAl1,0, delay material, because the acoustic impedances
of YAG and MgA1,0, are so similar, Other transducer materials were also
tried (ZnO-S and LiNbO,-S), but because of the high dielectrie constant of
these materiale the C, was very high, and thus they did not matoch well with the
50 -ohm driving and load resistance,

Shear Waves in MgAlaqSE Delay Line with a S8witched Impedance
Transducer at 200 )

All the nooustic losses for shear waves in a MgAl O, SE delay line having
hoen calculated, the problem remaining is the transducer design for a switched
impedance delay line, The idea here is to have a transducer with a low IL to
drive the delay line (two-way IL of 10 to 20dB), then switch the transducer to
a high IL. for readout (two-way IL. of 45 to 56 di3). A transducer material with
& high coupling coefficient {s nceded to drive the delay line, Consider a shear
mode ZnO on MgAl,O, as the S switched delay line. The transducer f, is
increased to 250 MHz to flatten the IT. reuponge at 200 MHz., The transducer
thickness is given by t = V,/2f;, where V, is the shear wave velocity in ZnO
fromn Table 1 and f, 18 the tranaducer resonant frequency 260 Mz in thie case,
The transducer thickness iy 5.44 um, Theclamped capacitance is caleulated from
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8,854 x 10! x €, X1 X al

Co = 4 xt

where

¢, = relative dielectric constant of ZnO
a = top electrode diameter (0,833 om)
t = transducer thickness (em)

The elamped capacitance C, = 738 pf and the capacity resctance at 200 MHz
ia 1.08 ohma, The transducer will have a minimum IL when wC,R, = ] at

200 MHz, which is the electrical matching condition. Thus R, should be 1.08
ohma for minimum IL, A driving resistance of 2 ohms can be used with only

a emall increase in IL, The stepdown impedance transformer has an imped-
ance ratio of 26:1,

The remaining parameters are the same as before: top electrode thick«
ness, 1000A of gold; the bond electrode thickness, 1 um of gold; and the ap-
propriate velocity, acoustic impedance, and coupling coefficient from Tables
1, 2, and 3, The computed two-way IL, i{s shown as curve 1 of Figure 10,
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i"{gure 10, Ingertion l.osy Versus Frequency For ZnO-S On
MgA1,0, Switched Impedance Delay Line
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The IL is 13,85 decibels at 200 MHz, with a 3-decibel bandwidth of 45 percent.
If the driving and load resistance is switched to 200 ohms, the IL. response is
5 as shown in curve 2 of Figure 10. The IL is now 50,6 decibels at 200 MHz,

: with a very flat IL. response, The stepup impedance trunsformer required

has an impedance ratio of 4:1 for a 50~ohm system, The IL for the switched
SE delay line was shown in Equation 3 to be r,r,, which can be calculated from
the computer two-way IL curves as 1/2 (IL)pgq'+ 1/2 (IL)yagq * 32 decibels

at 200 MHz. Thus the available power is 78 decibels for the SE switched delay
line, ad compared to 80 decibels for the nonawitched SE delay line. With 18
decibels more power to compensate for the losses, the total delay time for the
SE switched delay line i 5.5 ms, as shown at point § in Figure 6, an increase
of 2,3 ms over a gimilar nonswitched SE delay line. If the bond elactrode loss
could be eliminated, the total delay time would increase to 6,1 ms (point 8 in

: Figure 8). The advantage of the switched SE delay line is its lower overall IL, :
and thus higher available power for acoustic loes compensation, The required ﬂ
impedance transformers are realizable, and it should be pussible to build a 5
3 practical switched SE delay line using this concept, A S-LiNbO, trsnsducer on ]
s MgAl, O, was also simulated in the awitched configuratiun, but the Cy value is
80 high that electrical impedance matching hecomes impractical,

TN T e

1 Figure 11 shows a comparison of all the materials considered, in the form
‘ of curves of total delay time versus frequency for SE delay lines. Only the
results for SE delay lines were plotted, because that configuration gives the 3
maximum delay time. These curves were computed on the assumption of i
constant IL for all frequencies, using the IL vglue that gave the maximum |
total delay time at 200 MHz (46 dB IL for longitudinal and 50 dB IL for shear
waves), Tranaduceras could be designed to obtain these IL values at the higher
frequencies; it is felt, however, that the losses change with frequency and it is
not certain that the total delay time will peak at these IL values for all fre- !
quencies, The electrode material and diffraction logses were all corrected
for thelr frequency variation; only the acoustic conversion loss was assumed
to be conatant,

All the curves have a similar shape, with the total delay time decreasing
as reciprocal frequency squared at high frequenciea, This is not surprising,
gince electrode and material losses are proportional to frequency squared and
these losses dominate at high frequencies. The diffraction loes can be ne-
glected above 500 MHz for the transducer top electrode diameter used in
these calculations. The maximum total delay times peak at low frequencies
(200 to 300 MHz) and have a range of values from 1.7 ms for L-AlQ, to
6.6 ms for 8-MgA1,0, (awitched)., The effect of electrode loss is clearly
shown in the curves, If the electrode loss i eliminated, the total delay
time will inerease about 0,6 ms for YAG, 1.0 ms for MgAL,O,, and 1.5 ms
for MgAl,O, (switched), These increases are not constant but depend on fre-
quency becoming less at high frequencies and greater at low frequencies., The
ranking of the delay line materials is just what one would expect it to be. At
1 GHz the higher-material~loss L-A1,0, has the lowest total delay time; lower-
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loss S-YAG has a greater total delay time; and finally, lowest-loss S-MgAL0,
has the highest total delay time.

In summary, the switched impedance SE delay line with a low-l0ss metal
electrode, using shear waves propagating in MgA1,0O,, will give the longest
possible delay time, It appears possible to build a 1-ms delay line up to 1 GHz
with the switched impedance configuration. If the system requires less total
delay time, then the SE delay line can be used with less circuit complexity or
the DE delay line can be used for greater electrical isolation. The acoustic
loss calculations can be readily repeated for interpulse periods other than
the one considered here (6us).

The optimum IL for lony reverberation time delay lines has been shown
to be 45 to 55 decibels, The design of transducers with adequate bandwidth to
obtain these IL's was discussed., The report also showed how the IL response
of the transducer could be modified to obtain flat IL. versus frequency or flat
total delay time versus frequency.

Finally, it was shown that greater than 1 ms delay lines are posuible with
L.-A1,0, up to 500 MHz, with S-YAG up to 670 MHz, with S-MgA1,0, up to
870 MHz, and with switched impedance S-MgAl,O, up to 1000 MHz, Bond loss
can be reduced by using other metals for electrodes so that these results can
be obtained at even slightly higher frequencies. It will be necessary to de-
termine if these results are experimentally achievable by constructing several
types of delay lines.

It i interesting to note that the information handling capacity of a device
is related to its delay time -bandwidth product., Since the bandwidths are
nearly 50 percent, this parameter can be estimated by locating the frequency
at which a line of slope unity, one decade decrease in 7 for one dacade in-
crease in frequency, is tangent to the curves of Figure 11, This is the fre-
quency of greatest delay time-bandwidth product. The frequency i near 400
MHz and the delay time-bandwidth product is near 10%, The value of 10° is
considerably higher than that of most other devices.

F." MEMORY DEVICES AND MATCHED FILTERS

In communication, radar, or sonar systems, it has been found useful to
code signals which are transmitted and then to decode them with a matched
filter (Refs. 9 and 10) that has the property of providing maximum signal-to~
noise ratio in the presence of white noise. The signal may be coded to pro-
vide secure communication channels or to provide simultaneous range and
velocity information. Signals may be coded by frequency, amplitude, or
phase modulation or a combination of these. Examples of coded waveforms
are described below mathematically.




Frequency Modulated Signal:

!
1

j e(t) = [ulty) - ulty+a)jcos [2n (fotdé-kzt’ + %-k,t’ +.. )] (17)
#

5 for which the instantaneous frequency f is time dependent

i d 1 1, .3

§ {f= a"{(fot + -ikgta + -§k3t + .. .) (18)
f

; f=fg4 ket + kgt + . . | (19)
;

The function u(t) is a unit step function at time ¢,:

b

p

ufty) =1 t>t,

i

and the quantity Tu (t,) - u(t,+A) ] makes the frequency modulated signal a
pulse of durution A beginning at time t = t,.

Discrete Coded Signal:

e(t) -f by (u(t+{n<138) < u(t+nd)jcos{(wotwn)t + 6p) (21)

ey

which consists of N sigaal parts that may vary in amplitude, A,; frequency,

-;7'- (Wo+ wy)s

and phase, 6,. Signals such as these are designed to meet specific system
requirements, and this is generally carried out by examining the ambiguity

or autocorrelation function of the signal (Refs, 9 and 10). A familiar example
of the use of a coded waveform is that cf linearly frequency modulated radar,
chirp radar. The signal is given hy Equation 17, with value ky= 0 for §>2.
Upon receptiion, the modulated signal s sent through its matched filter, which
has tiie property of being linearly dispersive and of delaying the frequency com-
ponents of the signal by different amounts so that they catch up with one another
to proriuce a short pulse of large amplitude. The signals must be designed to
meet systern requirements, since the performarnce of the aystem will be de-
termined by the signal coding. Once the signal is specified, the matched

filier is determined. If the signel is e (t) with a apectrum E(u),
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E(w) = / e(t)edtat (22)

The the matched filter is a filter nctwork with impulse responase h(t) propor-
tional to the time inverse of the signal

hit) = ke(-t) (23)

wherc kt is a constant.

An equivalent definition of the matched filter is made from the matched
filter transfer function, H(w):

H(w) = KE* (We ! T, (34)

where T, is a delay constant, and where

3 Wt
H(w) = _[ h(t)ed“ dt (25)

Design of the signal determines the system performance and specifies the
matched filter. In practice one does not attempt to huild a filter with suffi-
clent bandwidth to accommodate all of the sidebands of E{(w) ar specified by
Equation 24. Filters actually used are approximations to Equations 23 and
24, with a finite number of stages and a finite bandwidth. In some applications
it is 1nore important to reduce the side lobes of the fllter output than to main-
tain maximum signal-to-noisc ratio, and the filter characteristics are slightly
modified for this purpose.

Summary of Matched L'ilters

With this briel introduction to matched filters as background, the purposes
of this portion of this report can be summarized. The practical advantages
of coded waveforms and matched filters imply that acoustic delay devices must
be examined for their usefulness as memory elements for coded waveforms.
Specification of delay time, bandwidth, and insertion loss {s not sufficient.
Distortion of a coded waveform must also be considered. In the remainder of
this section the practical advantages of matched filtering will be listed. A
parameter will be introduced to specify the quality or information handling
capability of a matched filter, A description will be given of the ranges in
frequency and bandwidth in which matched filters can be constructed with
available technologies. An examination will be made of the applicability of
bulk-wave acoustic delay lines and other devices as memory elements for
coded signals. The relationship will be preasentcd between the choice of
materials for delay medium, bond, and traneducer and the performance of
bulk-wave delay lines as memory elements for coded aignalas,
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The advantages of matched filtering include:

Efficient use of available transmitter power,

Improved system capability -- range and velocity resolution in radar
or =sonar, information density, and security in communications.

Reduced interference by unwanted signals that do not have the proper-
ties of the coded waveform. ’

¢ Real time extraction of important parameters from the received
gignal,

Grant et _al (Ref, 11) havc recently described the value of matched filtering
techniques in mecting the increasingly stringent requirements for communi-
cation, identification, and surveillance in air traffic control systems.

A useful parameter for specifying the informaticn handling capability of
a matched filter is the product of filter delay time and bandwidth, D, frequently
called the pulse compression ratio in radar. 1t may be understood by reference
to Figure 12. A sharp pulse of duration T, contains a wide spectrum of fre-
quencies. When such a pulse is applied to a flilter that delays the high-fre-
quency compobnents with respect to the low-frequency components, a time
stretched signal, duration T,, with frequency modulation is the output from
the filter. This signal may be amplified and transmitted. On reception it can
be compressed again by passing through a conjugate filter which delays low-
frequency components with recspect to high-frequency componrnts., Bandwidth
is required if a short pulse is to be handled, and time delay is required if the
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pulse is to be stretched and recompressed. The product of delay and band-
width, D, is equal to the ratio of the durations of the stretched and compressed

pulses, and is a

An alternative way of thinking about D is to note that the range resolution
of a radar system is inverseiy proportional to D. Early radar systems used a
continuous signal for accurate velocity estimation, with no range information;

and a sharp puls
a system can be

tion by proper design of a coded signal and the fabrication of matched filters

for that signal.

relates to the product of range resolution and velocity resolution.

In recent years, two technologies have produced a new flexibility and op-
erating range for matched filters that may be readily fabricated. These are
the surface acoustic wave (SAW) technology and silicon technology.

summarizes the

DELAY TIME, uS

Figure 13.

measure of the information handling capability of the syatem.

e for rangc estimation, with little velocity information, Such
optimized to provide simultaneous range and velocity resolu-

The delay time-bandwidth product, D, is the parameter which

Figure 13
capabilities of SAW technology today. The boundarics in-
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dicated will move as the technology improves. Plots similar to Figure 13
have been independently developed by Bell et al. (Ref, 12) and by Martin

(Ref, 13). The horizontal and vertical axes of Figure 13 are bandwidth and
delay time; consequently the dashed diagonal lines are lines of constant pulse
compression ratio D, and several such lines are drawn in and labeled, The
shaded region bounded by a solid line indicates the reglon in which SAW devices
can be fabricated today. The bandwidth limitation is set by the resolution capa-
bilities of photolithography or electron beam 1lithography in defining very fine
transducer finger pairs. The vertical limits are set by substrate size, uni-
formity of sound velocity over the substrate, the information handling power

of lenses used in processing, etc, For the very long delay times shown at
lower frequencies, closed paths or spiral paths around a substrate must be
usged,

Silicon technology has provided several types of devices that store elec-
trical charge capacitatively and move it from site to site with a clock pulse,
The quantity of charge can be varied continvously, so these devices can be
operated in either digital or analog modes. Ior the purposes of this report
the authors will not distinguish between junction devices (Ref. 14) (bucket
brigades, BBD) and MOS surface charge devices ( (CCD (Ref, 156), SCT
(Ref, 16) ). To avoid the multiplicity of names associated with the silicon
devices, they will be collectively referred to here as clocked annlog delay
devices (CLAD), In shifting charge from site to site, some charge is left
behind and the efficiency of the transfer degrades as the frequency increases.
Consequently, the speed or bandwidth of the device is related to the number of
sites, and this is a limitation on the transfer of information into or out of the
device,

Reasonable limits for the input and cutput capabilities of CLALD devices
are shown in Figure 14 by the two diagonal lines that were calculated for P
and N channel MOS realizations, Bucket brigade devices cun be fabricated by
conventional techniques with capabilities comparable or slightly superior to
the N channel MOS devices. Further developments in silicon technology with
buried channels and very fine structures can be expected to increase CLLAD
bandwidths by about a factor of two. In the time delay-bandwidth region in
which they function, CLAD devices have considerable advantage over SAW de-
vices in being compatible with other silicon devices, in both signal level and
fabrication procedurecs, and in being clocked devices which can store informa-
tion for significant times until called for. A reasonable estimate of storage
time is given by the horizontal line labeled "CLAD Memory Time.'" This
value is considerably below the theoretical limit and {s affected by differen-
tial charge leakage at the storage sites which must be controlled by processing
techniques. CLAD devices may be used as matched filters and as memory
elements. The dark circles show a reasonable set of goals for CTLAD memory
(Ref. 17).

The memory time of a MgA1l,O,, spinel delay line i shown on Figure 14
for two different transducer geometries. The calculations are reported in
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Figure 14, Delay Time Versus Bandwidth for Silicon Clocked Analog Delay

(CLAD) Devices and for Bulk Acoustic Wave Devices
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detail in this section of the report, under "Delay Line Design.' Inspection

of Figure 14 shows that CLAD devices should be considered for applications
requiring matched filtering or memory with ha<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>