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Si3nal Processing by Electron-Beam Interaction with

Piezoelectric Surface Waves

ALAIN G. BERT, BERNARD EPSZTEIN, AND GERARD KANTOROWICZ

Abstract—A new type of device is described in wldch an acousto-

electric surface wave interacts with low energy free charges created

on the surface of a piezoelectric material. The ezperfmentrd results
obtained show that one of the most promising applications is an
analog RF storage device for which severaf minutes of storage time
have been achieved at 30 MHz on quartz with an internal insertion
loss of 63 dB. If the width of the current pulse is large enough, dkect
attenuation of the surface wave may be measured due to the energy
absorbed by the motion of secondary electrons. Experimental and
theoretical results are presented. The lhnitations and the applica-
tions of the device to signal processing are dkcussed.

1. INTRODUCTION

B

ULK and surface acoustic waves are both used in signal

processing, but surface waves are generally more versa-

tile because of their accessibility. This feature is par-

ticularly important on piezoelectric substrates: the wave can

be coupled to the external medium through the electric field

associated with it. We discuss here some interactions between

the electric field and free charges moving in vacuum near the

surface. The free charges may be created either by a cathode

(or photocathode) or by secondary emission. In any case their

mean energy must be small, i.e., of the order of magnitude of

the potential associated with the acoustic wave, in order to

allow the electric field of the wave to modify the trajectories

of the primary or secondary electrons and/or to change the

amount of created charges. Three kinds of devices can be

derived from this principle.

1) By processing the resulting current modulation, one

may use the device as an electronic acoustic wave transducer.

2) When the resulting modulation of the charge density

is made to create an electrostatic image of the acoustic wave

on an insulating surface, which may be the surface of the

piezoelectric substrate itself, the device will be able to store

the acoustic signal and achieve associated functions, such as

time inversion.
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Fig. 1. Schematic diagram of acoustic signal storage device.

3) Cumulative interaction between the electric potential

of a surface wave and adjacent free electrons can produce

either an attenuation or an amplification on an acoustic wave.

Examples of the first type of devices have been given by a

number of authors. The detection of a piezoelectric field by

modulation of secondary electrons emitted by an electron

beam of a few hundred volts impinging on a piezoelectric plate

immersed in an acoustic field, is used in the Sokolov ultrasonic

camera [1] for visualization of an acoustic field.

Electron-beam sensing of a surface elastic wave has been

considered in order to provide an electronically variable delay

line [2], but the results published up to now have not yet

proved whether this approach could be successful.

The present paper is primarily concerned with the two

other types of devices for which first experimental results have

been given in a recent paper [3]. A schematic diagram of the

operation is given in Fig. 1. An electron beam accelerated at a

few hundred volts is made to impinge upon the entire surface

of a piezoelectric crystal. Its current density may be varied

from zero to tens of milliamperes per square centimeter. Input

and output interdigital transducers are deposited on the sur-

face. The beam current is pulse modulated. A metallic shield

prevents electrons from hitting the fingers of the transducers.

After an RF signal has been fed through the input transducer,

the surface is flooded by the electron beam during a few nano-

seconds, After a delay which may be as long as 1 rein, the
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electron beam hits the surface once again during the same

time. A replica of the original signal is then obtained from the

output transducer and a time inversion of the same signal is

obtained from the input transducer. The main process in-

volved in this device is the effect of the electric field associated

with the acoustic surface, yave on the redistribution of the

secondary electrons. The existefice of this effect has been first

observed in an experiment which will be described in Section

II where direct absorption of an acoustic wave results from

its cumulative interaction with an electron beam. Some

theoretical results for the writing–reading processes of the

storage device will then be given and compared with experi-

mental measurements. Limits and signal processing capabil-

ities of the device will also be discussed.

The arrangement shown in Fig. 1 is by no means the only

possible configuration. For instance, instead of a short current

pulse a sheet electron beam may be shifted across the crystal.

Also, the acoustical wave may be guided and/or excited by

other types of transducers. Trains of current pulses may be

used instead of only one. As a result, the signal processing

capabilities of this device are numerous. Among them, the

acoustical static memory and the complete time inversion of

a signal are the most novel applications.

II. PRELIMINARY EXPERIMENT

The effect of the electric field of a surface acoustic wave

on the secondary electrons may be shown by the following

experiment. The apparatus is essentially the same as described

for Fig. 1, but the width of the current pulse can take on

values greater than the transit time of the wave between

transducers.

The experiment was performed on quartz and on lithium

niobate. Fig. 2 shows the result obtained at 14 MHz on quartz.

The area flooded by the electron beam was 3 cm long, cor-

responding to a transit time for the Rayleigh wave of about

10 KS. The total delay between transducers was 13 LLS. The

shape of the output signal may be explained as follows. If

secondary electrons are accelerated by the electric field of the

wave, they must extract energy from the acoustic wave.

Therefore, a decrease in the amplitude of the output signal

must be observed when the beam is on. Let ~ and B refer to

the edges of the illuminated area, ~ located toward the input

transducer, B toward the output transducer. tB is the time

of arrival at plane 11, and tl is the time at which the current

pulse starts. As may be seen in Fig. 2, the part of the wave

which arrives at plane B at tB< tlhas not suffered any absorp-

tion; the part of the wave which arrives at plane B at any

time t~ such that tz< tB< tshas been attenuated by the interac-

tion with secondary electrons during its entire transit from ~

to B. Each part of the wave which arrives at B between tland

tzwas located between A and B when the current pulse started.

Let C be this location: absorption has appeared only between

C and B. The same argument holds for t3< tB< ttshowing that

this portion must be symmetrical to the portion tl< tB<h.

Fig. 3 shows results obtained at 14 MHz on lithium niobate

for two values of the current density, the dimensions of the

illuminated area being the same as before. Two remarks must

be made concerning these results. First, it appears here that

the amplitude of the wave decreases expofientially with time.

Secondly, the attenuation may reach almost 100 percent for a

sufficiently high current density. The exponential decrease is

not particular to lithium niobate: it may be explained if one
.,-
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Fig. 2. Direct attenuation of 14-MHz surface acoustic wave on quartz

due to interaction of associated electric field with free electrons. Out-

/ put signal position is shown relative to current pulse. Illuminated

area is 3 cm long.

Fig. 3. Observed absorption of 14-MHz surface acoustic wave on lithium

niobate for two values of the current density. Time scale 2 ps/div.

Input power was 1 W. Current densities are, respectively, 40 and 90

mA/cmZ.

assumes that the power absorbed by the electrons between x

and x+dx is proportional to the power crossing the yz plane,

the x axis being parallel to the acoustic propagation

dP(x)

ds =
—aP(x)

where a is a function of the primary current density J=, Only

a small part of the exponential decrease can be observed with

quartz. The total insertion loss was measured as a function of

beam current. Results are reported in Fig. 4. These results

show that the maximum attenuation suffered by the acoustic

wave is a function of W, the surface electromechanical cou-

pling coefficient.

There is therefore an experimental evidence of the influ-

ence of the acoustic wave on the electron redistribution pro-

cess. In another experiment, we have taken advantage of this

effect to obtain a storage device.
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Fig. 4. Maximum absorption of 14-MHz surface acoustic wave on auartz

‘andlithium niobate a~afunction occurrent density. Illuminate~ area
is 3 cm long.

III. WRITING AND READING PROCESSES

IN A STORAGE DEVICE

Let us suppose that the primary electron beam strikes the

surface during atimeshort with respect tothe RF period (Fig.

1). Secondary electrons are generated, the energy of which is

of the order of a few electronvolts. Therefore, their traj ectories

depend on the electric potential distribution of the wave,

which is also of the order of a few volts at the surface, for 100-

mW/cm acoustic power. The secondary electrons that turn

back toward the piezoelectric crystal will no longer be uni-

formly distributed. Clearly they are attracted by the regions

which are at a positive potential. While the wave moves on,

the charge pattern remains frozen. The maximum recorded

signal corresponds to the situation at the point where the

electrical potential is completely canceled at the surface by

the charges which are deposited. The electrostatic potential

amplitude is then equal to the amplitude of the potential

associated to the wave.

A charge image is then obtained which can be stored dur-

ing a long time depending on surface conductivity or un-

wanted parasitic charge deposits. A similar situation is found

in storage tubes where a signal may be restituted hours after

being written.

By means of the reverse piezoelectric effect, the electric

field created by the charges induces mechanical stresses in the

substrate. Suppose a second current pulse is triggered. For the

duration (assumed short) of the pulse, the situation is the

same as during the first current pulse except that the electric

potential is created by the stored charges and not by an

acoustic wave. Therefore the electric potential on the surface

is suddenly reduced or canceled. The stresses are also reduced

or canceled in a very short time, giving rise to two waves

propagating in opposite directions. Reading is thus achieved.

Let us look into’ writing and reading processes in more

detail. Suppose that, while an acoustic wave is on the surface,

the electron beam starts to hit the crystal at time t= O. The

total electric potential distribution on the surface V is the

sum of the electric potential due to the surface acoustic wave

(amplitude V,) and the potential created by the charges de-

posited on the surface (amplitude Vg). V may be written

V= V;+ V. cos (ffx-cot). Actually, we shall first analyze the

system during a time that is short with respect to the period

so that

v = vi + v. Cos pm.

The calculation of the redistribution of the secondaries on the

surface is rather involved. A first approach would be to com-

pute the trajectories of a certain number of secondaries, start-

ing from several positions xl on the surface, with various

energies and angles. An element of current between two adja-

cent trajectories remains constant, so that only the landing

positions X2 are needed to obtain the redistributed current

density. The precision of the computation is determined by

the distance between adjacent landing positions which must

be much less than one acoustical wavelength. Unfortunately,

it turns out that most secondaries travel a long distance before

falling back on the surface. Therefore, a large number of tra-

jectories are needed.

We shall follow an alternate approach which may be ob-

tained from a simplified model. If we note that 1) the electric

field is symmetrical with respect to the planes x = n&. where

~, is the acoustical wavelength and that 2) if V. is changed to

– V., the sign of all the sinusoidal terms in the redistributed

current is changed, it turns out that the total current collected

by the surface may be written in the following form:

[
J=J,O aO–l+~+al~Ocosf3x

v. m()+ terms in ~ and cos nbx 1 (1)

where m >2 and ~~>1 with

Jso = 6(1 – R)JP. (2)

Here 6 and R are the coefficients of secondary emission and

backscattering, VO k the most probable energy of the secon-

dary electrons, JP is the primary beam current density, and

the coefficients ao and aI are functions of Vi and Jp, ati being

the redistribution coefficient when V.= O.

The following analysis will be limited to the small signal

case [terms in ( Vm/ Vo)~ will be neglected]. The terms in

cos @x will also be neglected since they correspond to har-

monics which will not be in the passband of the output trans-

ducer.

Let C be the capacitance per unit area of the surface with

respect to the surrounding electrodes and 1“ the surface ca-

pacitance per unit area. I’ is defined in Appendix II where it

is shown to be equal to @zo(l +E’), # being the effective relative

permittivity of the substrate. The time variation of the sur-

face potentials is given by the following expression:

J dt = CdVi + rdva COS ,6X

or

c%=JsO[aO-1+2
17z=alJ,0-.

Vo

(3)

(4)
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Fig. 5, Equivalent circuit of electron-beam–surface-wave interaction.

Note that V.isnegative since thecharges tend todecrease V~.

The first equation has been solved by Wendt [s] with the

assumption of a Maxwellian distribution.

For example, suppose that 6 = 2.5, VO= 3 V, C= 1 pF/cmz,

R= O.2, JP= 10 mA/cm2. If at t=h, Vd is equal to A2V0, it

turns out that the equilibrium value will be attained in about

1 ns. This time is generally short compared to the time that

V. takes to reach its equilibrium value. We could otherwise

suppose that the surface has been flooded by a pulse of elec-

trons before the acoustic wave propagates. The coefficient al

can therefore be considered as a constant so that

()V. = V. exp –1
71

where

–rvo
71=—.

alJ.O

(5)

(6)

This means that the potential Va cos @x, created by the redis-

tributed charges, tends to cancel the potential of the surface

wave V. cos 8X with an exponential decrease in time. If r ‘is

the width of the current pulse, at the end of the pulse V. will

be equall to V, exp ( –r/rI) which means that charges have

been deposited on the surface, giving rise to a potential dis-

tribution

(Va – V,) cos @ = – V,(I - exp (–~/rJ) cos @z. (7)

This expression gives the amplitude of the recorded signal.

The reading process may be described with the help of an

equivalent circuit (Fig. 5) derived from the well-known Mason

model. Across port 1, the voltage VE = V.EO is given by (7).

A current pulse is triggered. During a short time T, the voltage

~E decreases to a value which will be:

V.V = V_EOexp (–7/r2)

– – V,(1 – exp (– ~/2-1)) exp (– ~/rz) cos @x—

where 72 is the same as t-l except for the value of JP which may

be different for reading. One may therefore consider that a

1 This analysis is valid only if -n and the width ~ of the current pulse

are short with respect to the period. If 7 is not negligible compared to

the period, al must be multiplied by sin (oJr/2) /aT/2.

step function has been applied to port 1, the amplitude of

which is:

AVE = VEO(l – exp (–~/7,)).

VEO is the potential due to the charges deposited during the

writing process. A V~ is the potential due to the charges de-

posited during the reading process. Therefore, ~E = ~Eo

–A VE U(t), where U is the step function. Solving the equa-

tions of the circuit, one finds the value of the output power

after reading Ps’ versus V,z which in turn can be related to the

power P. of the recorded wave [6]. The intrinsic loss q of the

writing–reading process is then obtained:

~ (1 – exp (–r/~,))2(1 – exp (–~/~Z))2. (8)~–5_k4
P=

If r is not negligible compared to the period, an additional

multiplicative term F(r) must be introduced

()

sin ur/2 4
F(7) = —- .

wl-/2

It is interesting to note that the maximum value of P,’/P, is

k4/4, depending only on the value of the surface electro-

mechanical coupling coefficient. Materials having a high

value of k2 seem therefore advantageous. However, let us

consider an example. Suppose that the current density is

adjusted to a value for which I-1=~ with quartz. If a lithium

niobate substrate is used instead of quartz with the same cur-

rent density and pulse length as before, t-l which is propor-

tional to (1 +c’) is about 20 times greater [see (6)], whereas

k’ also is 20 times greater. Therefore,

~niobate
= 1.6 X 10—2.

?qurwt 2

If we rlesire qnioba~~ >qquartz, the current density must be more

than three times greater for niobate than for quartz. There-

fore, the advantage of the large value of kz is paid by the need

of a much higher beam current due to the fact that generally

the maximum value of k2/e remains almost constant for most

materials. In all the preceding discussion, it has been as-

sumed that the time spent by the secondaries to become redis-

tributed over the surface is small compared to the period. An

electron moving at a velocity of 3 eV covers a distance of 33

wavelengths during one tenth of a period. The approximation

is correct if a grid is placed close to the surface at a distance k

less than 10–20 wavelengths. If no grid is placed close to the

surface, the space charge potential minimum has an equiva-

lent effect, but the distance k of the virtual grid is then a func-

tion of the primary current density. In this case, if YD is too

small, al will be much smaller than the value obtained by the

previous analysis because most electrons will take a time close

to the period to become redistributed over the surface.

A similar analysis can be derived for the absorption process

as described in Section II. One writes that the total surface

potential

V.(t) exp (jwt)

is the result of the addition of the electric potential of the sur-

face wave and of the potential created by the sum of all the

charges deposited from the beginning of the current pulse.
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The redistributed current is then derived from (1). The power

extracted per unit of x is proportional to the product of the

redistributed current by the surface potential. The time varia-

tion of the amplitude of the delayed CW wave is found to be
(a)

‘given by (Appendix I) *

( ?z’wt
P,(t) = P.o exp –—— ——

)OT1 + (1/oJTJ “

This expression gives the decrease of power with time at the

plane where the wave leaves the illuminated area t = O cor-

responding to the starting time of the current pulse. Here t is (b)

the time spent by the wave under the influence of the electron

beam. This exponential decrease may be observed on the ex-

perimental results of Figs. 2 and 3. P, reaches a minimum

value P~ (Td) when the width of the current pulse r is larger

than the time delay Td corresponding to the illuminated area.

As J, is varied, P.( Td) passes through a minimum value for a

value of Jp given by oml = 1. (c)

IV. EXPERIMENTAL RESULTS OF ACOUSTIC SIGNAL STORAGE

Experiments have been performed on quartz at 30 MHz.

Quartz has some advantages over other possible materials:

it offers good resistance to thermal changes and is a good

insulator. Furthermore, its dielectric constant is low, so that

a signal may be recorded and read with relatively small values (d)

of beam current density. The electron beam is grid-modulated,

the grid being designed for short pulse modulation, Reading

and writing are achieved with current pulses of equal width,

with independently variable amplitudes. The acoustic struc-

ture does not differ very much from usual surface delay lines:

the aluminum-deposited interdigital transducers are 10

acoustic wavelengths long. Care must be taken to prevent

electrons from impinging on the fingers of the transducers or

on the RF connections. Otherwise, two parasitic RF pulses

appear at the output on each side of the restituted RF signal.

One of these parasitic pulses is due to the impulse excitation

of the output transducer caused by the readin’g current. The

other is due to the same effect on the input transducer, which

appears delayed and smaller at the output.
An insertion loss of 60 dB defined as the power ratio of the

signal read after storage to the signal delayed between the two

transducers is calculated using a kz of 2 X 10–3. Measurements

give 62-64 d13 with a current pulse width of 10 ns (CM= 0.67r),

which is close to the calculated value.

The storage time may be increased by applying the cath-

ode voltage during only a few tens of microseconds while writ-

ing and reading. This has been found necessary because grid

emission was important: its temperature was high due to the

use of an impregnated cathode. Fig. 6 shows observed varia-

tions in the shape of the signal after 3, 5, 7, and 9 min of stor-

age. Aside from the influence of residual interpulse current,

the surface resistivity is of major importance. The decay time

7~ of the recorded signal due to the surface conductivity is

given by

where p, is the surface resistivity.

The signal obtained from the input transducer that is the

time-inverted image of the original signal is shown in Fig. 7.

,

Fig. 6. 30.M Hz stored signal restituted after (a) 3 min. (b) 5 min.
(c) 7 min. (d) 9 rnin of storage. Time scale 1 ~s/div.
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(b)

(c)
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Fig. 8. Measured amplitude of stored signal versus writing current
density at 30 MHz, fordifferent values ofinput power. Reading cur-
rent density is 100 mA/cm2. Theoretical result for small signal approx-
imation is given by dotted curve.
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Fig. 9. Amplitude of resituted signal after storage
versus amplitudeoi delayed signal.

The curves of Fig. 8 give the measured amplitude of the

output signal as a function of the writing current density for a

given reading current and for different values of the input

signal, The amplitude of the output signal when the device

is used as a simple delay line is 0.2, 0.41, and 0.68 V. The

reading current density is 100 mA/cmz. The storage time is

18 ms. A theoretical curve is shown for the ddayed signal of

0.2 V with the condition al(l – R)8/ VO = 1. The experimental

results seem to lead to the conclusion that al is not constant

with YP and turns out to be lower for small values of the cur-

rent density. One reason for this has already been mentioned:

if the retarding field due to the space charge is not large

enough, most secondaries take a time of the order of the RF

period to redistribute over the surface. However, this mech-

anism alone cannot explain such a variation.

In Fig. 9 the amplitude of the restituted signal after stor-

age is plotted versus the amplitude of the delayed signal for

different values of the writing current density. It appears that

if the current is large enough, the device is linear up to

Vdelayed = 0.5 V, which corresponds to an inPut Power of 300

mW or to an amplitude of the electric potential associated

with the acoustic wave of about 1.2 V. For lower values of the

current density, it appears that the limit of linearity decreases.

This nonlinearity is due to the storage process, the quartz

being linear throughout the signal level range. The preceding

theory assumes small signal conditions, and for large values

of input power, the higher order terms in Va/ VO are no longer

negligible.

It has been verified that the phase of the original RF signal

was also restituted without distortion. Comparison of photo-

graphs of both signals has shown the same carrier frequency.

The dynamical range of the restituted signal is better than

40 dB.

V. LIMITS OF THE STORAGE CAPABILITY

In the experiment described in the preceding section, on

quartz, a signal of 1O-KS duration has been stored at 30 MHz

with an intrinsic loss of about 60 dB. These figures can be im-

proved.

The maximum realizable crystal size usually precludes the

storage of a signal longer than about 30 KS without complicat-

ing the device. The following two ways offer a possibility of

improvement in this matter: sequential recording and wave-

guiding to lengthen the acoustic path.

Fig. 10 is an example of the first solution. The crystal sur-

face is divided with separated parallel acoustic channels. The

electron-beam area covers only one path at a time and can be

swept across the total surface, writing sequentially the signal

in successive channels. Reading is achieved in exactly the

same manner. Metallic strips are deposited between successive

acoustical paths that may be biased in order to prevent secon-

dary electrons from erasing the signal stored in adjacent paths.

Another solution consists of lengthening the acoustical

path by guiding the wave, as shown schematically in Fig. 11.

Here, the beam impinges upon the entire surface. Two diffi-

culties are inherent to this solution. First, bulk wave genera-

tion makes the attenuation greater. Second, the electro-

mechanical coupling coefficient is not constant along the wave-

guide. Therefore, the restituted signal will be distorted in

amplitude. However, this variation may be compensated by

adequately modulating the current density across the surface.

A storage time of about 1 h or more seems feasible. It de-

pends on 1) the resistivity of the piezoelectric substrate, 2) the

surface cleanliness during operation, 3) the amount of para-

sitic charges deposited between the writing and the reading

current pulses. The minimum delay between writing and

reading is limited by parasitic echoes of the input signal. Sur-

face and bulk wave echoes may be observed. The former are

minimized as usual by suitably matching the transducers and

depositing absorbing pads at the ends of the crystal, bearing

in mind that all materials employed must be compatible with

the presence of a cathode. The latter are due to reflexions at

the bottom and at the ends of the crystals of bulk waves gen-

erated by the input transducer. 50-100 ps are realizable

figures for the minimum delay before reading, with reasonable

signal-to-noise ratio.

The current density necessary to store and restitute a sig-

nal with the same potential amplitude on the same substrate

is proportional to the square of the frequency. This Fz law can

be obtained from the expression giving the insertion loss which
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tude of the recorded signal seems feasible. This iti situ amplifi-

cation makes it also possible to have successive readings with-

out significant decrease in amplitude, the stored signal, at-

tenuated by a partial reading, being amplified previous to the

next reading. Great improvements in the storage time capa-

bility can also be achieved in the same way. The amplitude

of the signal is restored with a periodicity corresponding to a

certain amount of the self-erasing time.

Fig. 10. Storage of long signals by sequential recw-ding.

VI. OTHER SIGNAL PROCESSING CAPABILITIES

v
Fig. 11. Storage of long signals by vmveguiding,

is a function of cm or owl. Indeed, the amount of charge q

necessary to store a certain amplitude of the wave is propor-

tional to the electric field which in turn is proportional to the

frequency. Now, the duration r of the current pulse is in-

versely proportional to the frequency. Therefore, the current

I= q/r must vary as Fz. The current density has been shown

to be of the order of tens of milliamps per square centimeter

on quartz at 30 MHz, A device working at 100 MHz needs

therefore hundreds of milliamps per square centimeter with

pulsewidths of the order of 2-3 ns. This fact sets up a prac-

tical limit for the operating frequency.

However, this limit may be overcome if, instead of unique

pulses, one uses trains of N pulses at a repetitive rate equal to

the central operating frequency of the transducers. The cur-

rent density can then be divided by N. This advantage is ob-

tained at the expense of relative bandwidth which otherwise

would only be limited by the transducers,

Another approach to decrease the needed current density

is to deposit on the surface a thin film of material having a high

secondary emission coefficient.

As already mentioned, piezoelectric materials with high

values of the electromechanical coupling coefficient also have

high values of the dielectric constant. Consequently, the cur-

rent density must be much higher to take advantage of the

large kz coefficient to decrease the intrinsic losses of the writ-

ing–reading process. The difficulty turns out to be the same as

for an increase in frequency, and pulse trains may be used to

overcome it.

Still another method could use the enhancement of the

charge stored signal by differential secondary emission ob-

tained with a slow primary electron beam between writing

and reading [7]. When the electron-beam energy is near the

first value for which 6 =1, the positive slope of the secondary

emission curve causes the electron current leaving a region

where the potential is greater to be higher than the current

leaving a region where the potential is lower. The potential

difference is therefore increased, thus effecting a gain in the

stored charge. z An increase by a factor of 10-20 of the ampli-

9Note that the same process could be used to amplify directly an
acoustic wave, provided the secondaries are prevented from redistribut-
ing on the surface, for instance, by placing a grid very close to it or by
immersing the device in a magnetic field.

The interaction between an electron beam and surface

acoustic waves may have many applications in signal pro-

cessing. The capability of the device to store an RF signal can

be used as an acoustical static memory from a few tens of

microseconds up to minutes. One may notice that the delay

does not depend on temperature. Among its many potential
. .

aPP1lcatlons this device allows to make the convolution be-
tween two signals separated by a long and unknown time lag.

The first signal is recorded, and its reading is triggered by the

second signal. Both the delayed first signal and the second

signal are fed into the convolver.

As another example, time compression may be obtained

for fast processing of low rate data pulses. Here the electron

beam has just the dimension corresponding to the length of

each pulse. The first pulse is recorded close to the output trans-

ducer. The beam is shifted by one step toward the input trans-

ducer. The second signal is then recorded, and so on, The read-

ing is achieved on all the surface at once.

Addition or subtraction of signals separated by a long

time lag can be obtained with the arrangement shown in Fig.

10. The first signal is stored in the first acoustic channel. The

beam is shifted on the second channel where the second signal

is then stored. Both channels are read simultaneously so as to

add (or subtract according to the phase that has been

chosen) through the output transducer.

Another important application is the time inversion ob-

tained from the input transducer. Here the whole signal is

time inverted, not only its amplitude. Such a device could be

useful if applied to the processing of linear FM pulses.

Spectrum analysis of a single signal can also be achieved.

Suppose that by some means the frequency spectrum of the

signal can be spatially distributed along the surface of a piezo-

electric crystal.a A first current pulse impinges upon all the

surface, recording the total signal. The frequency spectrum of

the signal can be obtained by successive reading with a sheet

beam shifted along the surface.

Besides signal storage and time inversion, the direct ab-

sorption of an acoustic wave described in Section II may be

used for attenuation, modulation, or switching of acoustic

signals.

Also, the modulation of the secondary electron current by

the electric potential of the surface wave can be used as an

electronic transducer [2]. The efficacy of such a device de-

pends essentially on the size of the electron beam. If the beam-

width is of the order of a quarter of an acoustic wavelength,

the RF signal may appear in the secondary electron collector

current. An arrangement based on this idea is shown in Fig. 12.

Secondary electrons are collected by a grid placed close and

s Such a situation is obtained in the RAC device [8].



262 lEEETRANSACrlONS ON NHCROWAVETHEORYANDTECH NIQUES,APRIL 1973

flelechm beam

&
deflecting plates

input

output

v

I plezc.electrlc crplol

Fig. 12. Electronically variable delay line.

parallel to the surface. A very thin sheet electron beam im-

pinges upon the surface, perpendicular to the direction of

acoustical propagation, and can be deflected along. this direc-

tion. The main feature of such an arrangement is that it con-

stitutes a delay line continuously variable from almost zero

to tens of microseconds.

VII. CONCLUSIONS

The interaction between an electron beam and acoustic

surface waves on piezoelectric substrates has been discussed.

Theoretical analysis and experimental results have shown

that the acoustoelectric field modulated redistribution of low

energy secondary electrons allows a new approach to signal

processing, adding by these means to the already available

methods of utilization of surface acoustic waves. Signal stor-

age and time inversion obtained in this way seem to have no

equivalent in currently available signal processing techniques.

Examples illustrating the possibilities of this kind of interac-

tion show a promising new field of interest for acoustic com-

ponents.

APPENDIX I

DIRECT ABSORPTION OF AN ACOUSTIC WAVE WHEN THE

WIDTH OF THE CURRENT PULSE IS LARGE

The surface potential varies as Va(t) exp (jat). V. is the

result of the addition of the electric potential of the surface

wave V, and the potential created by the sum of all the

charges deposited from the beginning of the current pulse

V. exp (j(wt –

which gives

r

,8x)) = V, exp (j(ut – /?*))

current density is therefore

v./vll rv. 1
~ = J.oal

1 ‘–,1 1“
l+— l+———

jcwl jcw-1

The power absorbed between x and x+dx is

where w is the width of the acoustic beam or

(9)

V.z is related to the power of the acoustic wave by the follow-

ing relation [6]:

W)(I + e’) d7
P* = WV82 . — WV*2.

2k2 2fIk2

Integrating (9) gives the variation of the wave power along

its direction of propagation,

“=p’oexp[-@,
x = O corresponds to the entrance plane of the wave into the

illuminated area. The preceding relation then gives the law of

decrease of the acoustic power with distance along the surface.

This relation may also be expressed as a function of time

r kzcot
P. = P,. exp – 11.

L (Ml + —
@rl -1

The energy AU. absorbed per unit area is A U, = (l/co) (dF’./w dx)

which may be written, according to (9),

U.lt
AU, = –

1

where UE = +1’ V82 is the electric energy density associated

with the unperturbed acoustic wave.

Therefore, the maximum energy density that can be ex-

tracted from the wave is UB/2. When JP = O, A Us = O since

there is no redistributed current; when JP tends to infinity,

/ l\ -1 AU, still tends to zero since now V. tends to zero.

I ‘XP-W+2 ,
v. =

1
+

1
v*.

1 + jrzrl 1
l+—

jwrl

If t is large compared to the period,

V== ‘s .
1

l+—
jWT~

The amplitude of the alternating part of the redistributed

APPENDIX II

SURFACE CAPACITANCE

In order to compute the unit surface capacitance, let us

suppose that we have deposited at the surface z = O the follow-

ing charge density distribution:

q = qO exp (j/3x)

with an infinite extent in the xy plane, and let us compute the

VOI tage distribution created by the surface charges by assum-

ing that we have a semi-infinite crystal in the negative z direc-

tion and empty space for z positive.
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Above the crystal, the potential distribution is given by

#’ = V. exp (jlifx – ,f3z).

If it is assumed that the crystal is weakly piezoelectric as in

the case of quartz, the potential inside the crystal is given by

d = V. exp (@ + Bz).

The condition to be fulfilled at the surface by the normal com-

ponents of the electric induction in empty space Dz’ and in the

crystal DZ is

D2’ – Dz = q.

Always neglecting the piezoeIectric effect, on a Y-cut quartz

with the X direction oriented along the x axis, this may be

written

Copvfr + %pva = go.

This expression allows the definition of the unit surface ca-

pacitance as

r=~=
v.

ClJ/l[1 + %./co].

In a more general case, with different crystal cuts, or with a

crystal having a much higher piezoelectric coupling than

quartz, this formula holds by using ez,/.sir instead of a more

involved expression d taking into account other components

of the dielectric tensor

[4]

4
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or some of the piezoelectric constant

e’ = 2 V’cz.ezz – Czz’ + piezoelectric terms.
co
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Application of Acoustic Surface-Wave Technology

to Spread Spectrum Communications

DELAMAR T. BELL, JR., JERRY D. HOLMES, AND RICHARD V. RIDINGS

Invited Paper

Abstract—Spread spectrum transmission is being proposed for an
increasing number of digital communication, navigation, and radar
systems. One of the reasons is the simpficit y and availability of sur-
face-wave devices (SWD) for performing the necessary signal gen-
eration and processing. The properties of spread spectrum signals,
the operation of SWD’S, and their advantages and limitations when
used in communication systems are discussed. Spread spectrum
terminology and basic concepts are defined in terms common to both
systems engineers and device designers.

1. INTRODUCTION

S
PREAD spectrum transmission is a form of signal pro-

cessing which trades transmission bandwidth for en-

hanced detectability and interference rejection in

various digital communication, navigation, and radar systems

Manuscript received November 2, 1972; revised November 27, 1972.
The authors are with Texas Instruments Incorporated, Dallas, ‘1’ex.

75222.

[I]. In this paper, we consider the advantages and limitations

of the application of acoustic surface-wave technology to

spread spectrum systems. As a continuing theme to this dis-

cussion, we shall consider techniques for transmitting a digital

data signal occupying a bandwidth considerably larger than

required for the specified data rate. Three principal reasons

for artificially enlarging the bandwidth of an information

signal will be discussed in SectIon 11. First, spread spectrum

techniques permit a communication link to exhibit an attenu-

ation against average power limited interfering signals that

are not correlated with the particular waveform used to

spread the spectrum. Such interfering signals might be de-

liberate jamming, random natural events, or even other users

of the same spectrum. Second, signal-to-noise improvement

even against receiver noise may be obtained by certain sys-

tems which make use of several codes; i.e., a given message

may be communicated with ~ given reliability with less energy


