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- \interference removal by Fourier transforming the rece:wed signal, passing the
2 resulting waveform through either a notch-filter or a hard limiter, and then

~inverse transforming the labter signal.

o

In this paper, a variety of extensions of previous results will be demonstrated.
| One of the key limitations of processing signals in the Fourier transform domain
with SAW -devices is the fact that only finite segments in time of the input-
waveform can be transformed by the device. It will be shown that by separating
the Gata into two parallel bit streams, this problem can bé avoidéd. .

To illustrate ‘the interference rejection properties of the device when used as a

the narrowband- interference rejection referred t0 above. Probability of error
curves for a system employing a 7 bit Barker encoded. binary PSK waveform embedded
in additive Gaussian noise and operating both with and without the "presence of & ,
narrowband Jjammer will be presented.y However, because of equipment limitations
these latter measurements were noc madje with contiguous data.

The relavance of this type of technology to avionics is relatively, clear., These
devices are light enough and small enough to be used on board aircraft, and the -
ability to receive contiguous~time digifal signals accurately and securely ig -

certainly of prime importance in avionicg.
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TRANSFORM DOMAIN PROCESSING FOR DIGITAL COMMUNICATION SYSTEMS

- USING SURFACE ACOUSTIC WAVE DEVICES*

L. B, Milstein
Department of Applied Physics and Information Science
University of Celifornia, San Diego
1a Jolla, Californis

D. R, Arsenault and P, Das
Electrical and Systems Engineering Department
Rensselaenr Polytechnic Institute ,
Troy, New York

SUMMARY

The use of surface acoustic wave (SAW) devices in communication systems has receatly been.receiving s
reasunable amount of attention, This is because SAW devices can be used to perform accurate real-time
convolutions ol broudband waveforms, thus enabling them to function efficiently as matched filters, Fourier
transfommera, etc. In particular, they appear to have a tremendous potentlal in spread spectrum systems.

In the past, these’ devices have beer shown to be capsble of narrowband interference removal by Fouzier’
transforming the received signal, passing the resulting waveform through either a notch-filter or a herd
limiter, and then inverse transforming the latter signal.

In this paper, a variety of extensions of previous results will bve demonstrated. One of the key limitations
of processing signals in the Fourier transform domain with SAW devices 1s the fact that only finite segments
in time of the input waveform can be transformed by the device. It will be shown that by separating the
data into two parallel bit streams, this problem can be avoided.

To illustrate the interference rejection properties of the device when used as a resl-time Fourier trans-
former, experimental result’ will be presented illustrating the narrowbaud interference rejection referred
to above, Probability of error curves for a system employing & 7 bit Barker encoded binary PSK waveform
embedded in additive Gaussiaii noise and oporating both with and without the presence of a narrowband jammer
will be presented, However, because of equirment limitations these latter measurements were not made with

contiguous data,

The relevance of this type of technology to avionics is relatively clear. These devices are light enough’
and small enough to be used on board aircraft, and the ability toreceive contiguous-time digital signala
accurately and securely is certainly of prime importance in avionics,

L INTRODUCTION

This paper is concerned with the detection of digital signala in the presence of additive:Gaussian noise
and interference. Classically, analog filtering techniques are performed by convolving the signal to be
filtered by ‘e lmpulse response of the filter. Recently, a new approach to analog filtering (Milstein,
L.B., 1977) ko ¥ o1 suggested, one thet relies on tho ability of sowe device, in this case, a surface
acoustic wave (Si! device, to perform a real-time Fourler transformation {und/or Fourier inversion),
thereby enabling one to {iltev in the “frequency domain" by nultiplication of appropriate Fourler trans-
forms rather than in the “time domuia" by convolution, This filtering in the frequency domain allows one
the flexability of employing filters which could not be implemented in the time domain (i.e., are
unrealizatie), In particular, recelvers using ideal bandpass filtering and ideal notch filtering have been

investigated (Das, P., 1977).

In this paper there will be a review of SAW devices in the next section, follownd by a survey of some of the
techniques of implementing transformations with SAW devices, The actual receiver under consideration will
be presented in Section 4 and, in Section- 5, experimental results will be presented showing how the recelver
is capable of suppressing narrowband interference (modeled as a sine wave). Finally, Section 6 will
sumarize the results that have been achieved to date and indicate the directions that this technology

appears to be taking in the future,
2, REVIEW OF SURFACE ACOUSTIC WAVE TECHNOI OGY

Surface acoustic waves have been well known and well studied by the seiamologists since Lord Raylelgh's
discovery of this mode of wave propagation in 1895. Only in the last two decades (Vltrasonics Symposium
Procecedings, 1972-1976), hovever, has the importance of SAW in the electronic industry been realized.

This is due to two main factors. First is the availabili+y of piezoelectric substrates like lithium
niovate (Lilv0.), and lead zirconium titanate (F2T), and seccnd is the easy gencration and reception of SAW
on a piezoelecérie substrate using interdigitsl transduces. Thus, one can easily make a delay line with
an insertion loss of a few dBs, tensofmicroseconds of deiay, and & center frequency vhich varies from

10 Miz to a few gigehertz. <. %s to be mentioned that one can also make & delay line using bulk wltra-
sound (i.e., using & device wherein the wave travels through the entire volume rather than Just near the
surface), but there are two very important reesons why a SAW delay line is more attractive. First of all,
the SAW can be very easily tapped o i piezoclectric substrate by one interdigital transducer (or a set of
transducers) to make a tapped delay line. In addition, one can put independent tapping welghts on the pick-
off points. This makes the realization of transversal or finite impulse response (FIR) filters with pre-
specified characteristics (within certain limitations very simple. Thus, using the well-known techniques
of digital filter design, one can design a single mask which, employing the usuel process of photolithography
(well developed by the integrated circuits industry), can be used to manufacture these filters with signi-
ficant reduction in cost.
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SAW technology includes not only Rayleigh waves, but all the waves which can propagate on a solid surface
somewhat confined near the surface, For Raylelgh waves the confinement is of the order of one wavelength
(for Lilb0, at 10 Miz, A ~ 30 u), but for other waves, 1ikeé Blustein-Gulayev waves, the confinement
length may“be much larger, Say € ), where ¢ is the effective .relative dielectric constant which, for
example, is approximately 30 for Li0,. RXyle:gh waves cn a perfect surface of piezoelectric inswlator
are non-dispersive and non-dissipative; but in actual solids the dispersion and loss characteristics become
of importance in the giganheriz region., For frequencies less than 500 Miiz, of much more jmportance iz the
alignment of the crystallographic axes with the direction of wave propagation. This is because in an
anisotropic solid, the directions of the energy and the wave vactors are collinear only in certain spacified
directions and for large misalignment of the vectors, significant amounts of energy travel at an angle
away trom the desired direction, Also, for high frequencies, diffraction loss may become significant.

An oscillator uan be made using a SAW delay line and an external amplifier. The § of this delay line
oscillator is generally of the order of a few thousand. For higher Q oscillators, one uses so-called SAW
resonators. The resonators are wade of one or two interdigital transducers with many metal fingers or
grooves to be used as reflective arrays for the planar cavity. With proper care, oscillator Qe of the
order of 60,000 havo heen reported (Bel1, D.Tv, 1976).

The basic advantage for the SAW devices discussed avove is that they use planar technology and thus cin be
cheaply mass-produced. For the tapped delay line applications, ons major handicap is the rather large
temperature coefficient of LiNvO, or other high coupling material which has low insertion loss. If one

is willing to sacrifice the ei‘!‘iéiency, ST-cut quartz is available vhich has wero first order temperature
coefficient, Finally, there ia another class of SAY-devices which use acousto-ulectric interaction of SAW
and free carriers on a semiconductor surface in & sandwich structure of semjconductor on pieroelectric
substrate (i.e., silicon on LiNbOS). This ia discussed below.

SAW propagating on a plezoelectric substrate (3.0, deday 1ine) interacts with carriers in & neighvoring
semiconductor. ‘This interaction takes place even though the plenoclectric and semiconducting media have
their surface mechanically isolated by an air gap., The acouato-glectric or space charge coupling is
achieved through the electric field which accompanies the surface wave. This wave exists outside the
plezoelectric substrate and can penetrats inside the semiconductor and thus induce space-charge.

Accuatic surface wave convolvers are real-time analog ultrasound signal processors using this interaction.

A s3licon-on-lithium niobate (LiNGO ) structure (a so-called aeparate media structure) is the implementa-

tion post used, Devices of this tyée incliude (in addition to convolvers) correlators, match filters,

Fourier transformers, ambigulty function generators, and phase comparators (Bers, A., 1974) (Ingebrigtsen,

’ié’ 635975)(Demnoulﬂo ., 1976)(Dbas, P., 1977)(Das, P, 1672) (Wang, W., 1072){0tto, 0., 1972)(Kino, G,
70)

To illustrate the operation of this device, consider the altuation in Fig. 1, where an RF signal f(t.)ed“"‘
ia applied to one in S‘Lt,mnaducor to gonerate a traveling wave. At the other end of the device, the
ivput applied ia g(tgg *. These two waven, while traveling under the semiconductor, induce a propagating
electric field and a apace charge which can be represented at any point x and t inside the wedium (to
within & multiplicative fuctor) by

£t - §}°3(mt - k) cna alt + _:_)ed((nt; + kx)
where k is the propagation con.siunt of the wave and v {7 its valocity. In overlapping, wiesc waved inter-
act and the surrent density inside the semiconductor consiate of the £ idamenial aad higher order harmonices.
The output iz proportional to the integral of the current denalty wich respect to x. Thus, if only the
second harmonic term ia detected, the output is proporticnal to

/2 trLfav
[ee-BateHa = v [ oo ser - s ()
-L/2 t-1,/2V

vhere L is the physical length of the device, For time-limited signals, with T = L/2V, the above expres-
aion represente eonvolution, except for an output time compresaion factor of two; thus Mg ) deplets a
convolver.

An important feature of these real-time analog sigaal processors is that they ere progravuable in the
senge that one convolver can be used for many types of signals. This certainly is a great advantage over
the tapped delay line correlators discussed earlier, as the latter are capable of responding to & fixed
signal form only.

Finalls, cne other class of space-charge-coupled devices has been developed rocently, the so-called

.smory Or gtorage devices (Bers, As, 197h) (Ingebrigtsen, K., 1975) (Defranould, Ph., 1976)(Das, P., 1971,
which can parform the signal processing functions mentioned earlier with a stored signal in the charge
pattern of a vidicon diode array placed on a LiNuo, delay line. The storage device is shown in Flg 2.

To store the signal £(t), it is applied at input L¥us an envelope modwlating a carrier at frequansy o
Another short input pulse (sometimes referred to 4s & vyrite-in" pulse) at frequency w is applied either
at input 2 (case 1) or at the output terminal (case 2) auch that the waves generated by the signal and the
write-in pulse interact to produce a DO current. This DC curvent produces a trapped periodie charge
density due te the charging of capacitors associated with the dlode srvays. The period of this charge is
(1/2k) for case 1 and (l/ﬁ for case 2,

The charge pattern may remain stored from seconds to ten minutes depending on the type of diode structure
and the ambient temperature. To read out the stored signal, a read-jn short pulse at frequency oo (case
1) is applied at elther terminal 3 or I, Alternately a short pulse at frequency w (case 2) can te applied
to elther termiuial 1 or 2. The stored signal is recovared at the output teyminel. To convolve a signal
g(t) with the stored signal, the short read-in pul.e is replaced by g(t) and applied at either input b or
input 2. Alternately, to correlate, g(t) is applied st either 3orl.

[O—
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{n suzeary, resewrch in this-area haa brought real-time signal proceasors from the drawing board to the
actusl application-stage. Flgure J shows a complete uwnit shich has veen fabricated and teated with the
following specificationa: 100 Mz convolver; 10 psec interaction timey RS Mie bandwidth; ansertion loas

L0 4B, '
3 FOURIRR TRANGFORMATION USING SAW DEVICES

Fowrder k.mxg;romaum\ 1s acetrplished in renl-time LY A SAW device in the followlng manner: If n signal
r(n)e"(‘""m‘ )(ghah 1s, & vaveform £(t) modwiating & Linear N on chirp waveform) ia vonvolved wifh the

algne), QJ(ww.\L ), the rvesult of that convolution will be the Fourier tramaform-of £{t)(Milatedn, L., 1977)
(Das, Po, Y9TT). “warefore, 3 tese two waveforms are usad Aa the tvo Inputa 1o the SAW convalver
deacrdted in the pravious necticn, the couvolver oubput, sasuming £(b) ia time-)imited to some velwe T £ A,
whore A is the intoraction bime of the device {and equala the pliyslenl length off the device divided by e
voloeity of propagation of the SAW in ihe devize), will be F(w;, the Pourler teansform of £(t), aver the
raige walRAT, SA)(Midatedn, h., 2977).  Altervately, rather than use the convolver, if one Implementa a
wApped delay line with tap cooftiolents given by aweples of She unmodwlated chirp signal apaced (uhe)
segonda npart, whera-m 14 tga vandwidth of the chixp waveform, one can obtain Fw) &a the output of*the

deday line when x‘(tz)o“' OHNT) in the dinput,  In edther caze, the rad{an freguency vardable w will be &
Unear function of time, 50 that M) will be generated ab i device output in yealstine.

The sbove tachnique is sutficiont only if the waveform i3 btime Jimlted to w amal) enough value. Whaw the
wavelom 14 a sequence of contiguous pulaen aan da typleal of moay dlgital communication aystema, sowme
means ol alterdng the procsdure $i clewrly necossavy, and one aueh achiome 1a deacribed velow

Mnsically, the teclnique conadsta of dividing tha dnput alternately dnto two duta atreams, progesaing each
duta atrenm separately, and then combining the results ab the end.  Conceptually, It 1o a atrealghtfoveard
Lachnigue, bt from un inplementution polnt of view there ware n varlely of awbitistlen Juvolving awch
things as the acourate generation of constanh envelopa ebhirps in the two parallel Lranches and minimine~
tion L crosatalk affects in dnveras transfopming that had to be addreaand,

Flgurg W(a) ahowa a dabailed blook ddmgram of the ayatem and Blg, B(L ahowa the aignala ab different pointa
in the syatem, A ohlxp clock plus w delayed vorsion of that elock cealrols the aystem as follows: ‘he
dedayed clack Y. uged L0 trdgger a flip-flop shdch in fwen turiggera tvo onteof'-phase Impulae genexatora.
Tase irpad». s wodulate an RF carrder and then generate two oul-of«phupe chicp atreaama after paasing

through the twe chirp CiXters, A sacond Slip«Clop dg trdggored by the non-deluyud clock and ia uged o
gate the Lwo chivp streams 80 thab ovarlapping does nel ogeur, e streama arg changed o the opposite
a)opa by miviug with fun  The edgoal a(t) 18 thon made to modwlate these atveams, The wodulated chivps ave
fed nto two chirp fdltera trom which emergea two oub-ofwphase Fourder tranaform atveama. Mixing again with
S0 to obtaln the oppoaite slops, swuming the two sbreams togolher, and feedliny this signal Into another
chdrp fdtor glves the oviglnal continuoun aigual wt the output, ‘“hy cut~of«phnge ohirp gtremma ura thun
swsied together and mixed with the rocovered algnal Lo eliminati the eidrp careler. Synchrondsation s
obtalnad by alightly chaunging the ehiyp atvean Creguency, wiich s Indopondent of the algakd freguenny,

The slgnal can ba monitored by tvriggerdng on the algual clock, wheraas thae chirpa are wonilored Ly
triggerdng on the chirp cloek.

Flually, ae deacribed dn (Milatodn, Le, 2977), (Arsenaudt, Di, 1977), txo Murther points ave worth
emghinsdadng,  ‘the firat in obvious, merely ueing that singe one obiwing a tvansform valld only over
finite range In frequency, one uar, ouly luverae tranaform over that vapge u rrequency so thet ln general,
one oblaing at the oubput of an dnverae Lranatorm tha deslred inverye convolved with & sin x/x tyve
vedghting Dastion.

s second point 3a that since dn edbhor the rorward tranatorm or inverae tranatorm casq, the tranaformas
tion only appeara al the output of the dovice when the fuput wavefora {a twilly contadned §n the device, it
the nomlnal carndor frequency of Loth the il and dcwnward chivpa are the samy, the values £(0)(and
frmediate vicinity) snd F{O)(and dmodinte vieinity) cennot be obimined. Thorefors, appropriste tiwme and
froquency ahifting proceduren have to bu employed (Mllateln, L., 1977) and (Avsenault, Do, 1G77).  Altes
nately, 40 F(0) 12 desired, b can be obtained by waipg different carrler frequencles for the opposite
going ohirps, lowever, this then pate the entiva vange of frequenclea for which an acourate tranaform s
ovtained fn the vicinity of Lmseband yathor than at RE.

h, RECKTIVER STRUCHURR

he general form of the rocedver ia ahown dn Flge 5(8). It conalats of a Fowrder tranafemor, & wnlti-
pller, an dnverse Fourder transfurmer, and w matched filier. Tu vasence, the filterdng ty the trav.form
fuebion Hlw) a done by nulidplication followed Ly dnverse tranafornation rather than by ~onvolutiw

wids altiplication, while oatensibly bLelng perkomed in the "frequency domadin”, 1a of course, acecupliahed
by the SAW device In realstine.

Alternately, the receiver may be dmplemanted as shown in Fig. 50u) (Das, v, 1917){0to, 0., 1070), whereln
the watohad Filterdng 48 pevformed by dnverse transforming the produet of the tranaforts of tha flltered
put waveforn and the dmpalae rasponse of the watohed Lidtex.

To illvatrate the above ldeas, Figs G aliows results of nurrowtsnd interferonce romoval when a(L) is o
13-bi4 Darker code sequancgs  (Actually, the code waa gomposed Of ONEs and SERO2 rather theo b CBES. ) The
interference 3n this cage wag A sing wave, and it was filterad out by wultipication In frequency by o
rectangular palase (1,04, & lowspass ke,

I\ can be fgen froa the figure that the interferance has been effeciively elimivated. ‘e aiarortlion seen
in the final trace 1a due dn Jarge part to the tandwidin of the flmal video Pilter. As an {noidental
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result, if Eruces 1 and 3 are compared with each other (also traces Y4 and 6) one can see the fidelity with
which the Fourier transforms can be taken.

Figure 7 shows the actual implementation used to generate the above results, ar corresponds to the block
diagram of Fl3. 5(8). The Fourler transforms were implemented using SAW delay lines with-a chirp impulse
response built into the tap weights. However, the finul matched filtering operation was performed using
a silicon-on-lithivm nicbate convolver.

To demonstrate the feasibility of Fig. 5(b), the receiver shown in Fig. 8 was built and results are shown
in Figs. 9 and 10. Figure 9 shows the output of a filter matched to a 255-bit PN code (agair implemented
with ONEs and ZEROs) when the input was that same code under interference-free conditions. When a narrow-
band interferer (specifically a periodic triangular waveform) was added, the filter output is shown in
Fig. 10.

T

5. EXPERIMENTAL RESULTS

The receiver structure shown in Fig. 5(b) can be implemented using less components as shown in Fig, 11
(otte, O. W., 1976). The difference between this implementation and that of Fig. 8 is that no time-
reversed signal is required for corrclation. Also it is to be noted that the output of the receiver is
dechirped. This is shown in Fig., 12 where toth the correlation and dechirped correlation of 7-bit Barker
code signals are shown. The performance of this receiver in the presence of high level jamming is also
shown in Fig. 13.

To test the performance of this recelver, the probability of error curve ggs measured using the block
diagram shown in Fig. 14, The signal used in the error-analysis was a (2% - 1) bit PN code generated by
a 2h-bit shift register. Each +1 bit of the signal was encodedowith.a T-bit Backer code having dechirped
correlation peak shown in Fig. 12, whereas for the O-bit, a 180" phar~ shifter was used to obtain a nega-
tive correlation spike. This was done by inverting the output of the T-bit Barker code genera‘or with
every +1 bit of the PN code generator and leaving it unchanged with a zero bit. The other output of the
‘{~bit code generator was used in the reference channel, The correlation output was applied to the thres-
hold detecting and error-counting circuit shown in Fig. 15. The threshold level wes set to zevo and the
output of the zero level detector was compared with the input signal., If there was an error it was
counted in an 8-segment decade counter. The clock frequency for the signal was 2 Kilz and the 7-bit Barker
code was 23 usec long (uniortunately, equipment limitations prevented these measurements from Leing per-
formed with contiguous time data). The center frequency and bandwidth of the chirp filters were 15 Miz and
6 Miz respectively. The jomming noise was generated by using a sinusoidal oscillator. The RMS nolse
voltage was measured by a Dumont type 405 high frequency RMS voltmeter. This voltmeter was found to have
high frequency resonances end to eliminate this, a 6 Miz low pass filter was Inserted at the outpuk of the
noise generator, Since tne system bandwidth was also 6 Miz, this still could be looked upon as worae or
less white nnise.

Figure 16 shows the probability of error curves obtained for the system. Curve B was obtained us.ag
0.145 volt RMS noise and 0.2 V peak to peak signal. Curves C and D show the degradation of the renedver
in the presence of different janmer levels. Curves E and F show the improvement obtained by selesnive
gating in the Fourder domain, Curve A shows the probability of error for an optimum receiver.

Comparing curves A and B, one finds that the present receiver is infexior 4o the optimum one by 3.5 JB.
The antijaming capability 1s 0.5 dB and 2.5 dB for the low and high ig¢vel jammers reapectively. These
results are preliminary and better performance can be expected by optimizing the system. For cxample, it
is expected that curves B and F should be nuch closer to each other than shown in the figure. The reason
this was not so in the present system was due to an improper gating of the jamming signal in the receiver.
This sesulted in spreading of the Jammer in the frequency domain and thus could not be removed completely
without desvading the signal itself,

6. DISCUSSION

Different !aplementations of a spread spectrum recciver using SAW devices as Fourder transfort rs have

veen disew: ted, For a particwlar implementation a provability of errov curve was obtained. Thege are only
preliminayy results and no attempt has been made to compare them with theoretical predictions. The results
presented in this paper are characteristic of the behavior of SAW devices as signal processors showiag

thelr superdority in situationu that other devices, at present, might find troublesome to contend with.

The fact that these devices allow access to the jeal-time Fourder transform of the signal as an auirmatic
consequence of the correlation proaess (as has been demonstrated in this paper) allows one to employ such
poverful tuchniques as filterdng by transform gating and noise optimization or ‘'prewhitening' by mudtiplying
the transform by a function related Yo the nolse characteristics,

Cne very important advantage in the use of SAW devices for signal processing is thepossibility of fabrica-
ting entire receivers, and the Jike, on a single substrate, For instance, all. the chirp filters depicted
in the correlation system of Fig. 1l can be fabricated as a single monolithic unit. From this one can
envision d amatle decreases in the bwlk of such systems, At the moment it seems plausible to state that
the dynam:c range of such systems, as have been discussed in this paper, is ultimately limited by other
system componeuts auch us mixers since SAW devices are known to possess wide dynamic ranges, Although SAW
devices may require high level inputs this does not present too much of a problem due to the present
availability of excellent wideband high-gain amplifiers.

Finally, it should be mentisned that slthous: che Fourder transform has Leen stressed .olely in this paper,
other transforms are also implementable waing SAW devices (Arsenault, D.; 1977), opening up new avenues
for application.

*Pm‘t*.ie\lly supported by U. 8. Army Research Office Grant No. DRAG-29-77-G-0205.
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