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development as a 128 tap Phase Shift Key (PSK) signal encode r and corre lator
under NESC Contract N00014-75-C—0978. While the signal processing cap-
abilities of the single acoustic channel PSK Diode Correlator rely on
discrete tap programming in 0 and 180 degree relative phase increments,
the dual acoustic channel PFFM described here utilizes continuous tap
programming in both amplitude and phase. Each acoustic channel of the
device consists of a P diode—tapped signal processing region and two Input
transducer ports. The input signal and cw reference voltages are applied
to the input ports at center frequency f1 and f~, respectively. A low
power, wide bandwi dth nonl inear mixing process bccurs at each diode tap and
the di fference frequency signals from all taps are summed at a common
electrode comprising the filter output port. Rapid tap amplitude and
biphase coding is achieved by controlling magnitude and polarity applied to
the diode mixers located at each delay line tapping transducer. Continuous
tap amplitude and phase coding of the dual acoustic channel filter results
from the additi on of the difference frequency outputs of the real and
imaginary channels combined in phase quadrature.

The Programmable Frequency Filter Module, as a genera’d lzed transversal
filter having equal tap spacing, Is capable of a wide range of signal
processing operations. These incl ude adaptive bandpass and bandstop
frequency filtering with variable bandshape and center frequency,
programmable encoding and matched filter correlation of a wide variety of
phase and/or ampl itude coded wavefonns such as PSK and chirp signal s , and
operation as a Chirp Z Transform (CZT) processor having an electronically
variable chirp slope. These operations are studied and demonstrated
experimentally.

The design , fabrication and testing of prototype 128 tap devices and a
matched 64 tap PFFM pair are described which utilize lithium niobate delay
lines and silicon on sapphire diode and resistor arrays. These devices
operate with signal and output frequencies near 70 and 30 MHz respectively
and have delay line tap spacing corresponding to a fil ter sampl ing
frequency of 9.8 MHz. An improved balanced mi xer tap design is utilized
which Is capable of a tap programming dynamic range in excess of 40 dB
while minimizing the tap phase error. Perturbation techniques are
described for elimi nating the residual phase errors associated with the
tap circuit design.
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ABSTRACT

This report describes an experimental and theoretical study of nonlinear
tapped delay lines for use as an electronically programmable amplitude and phase
weighted transversal filter. The Surface Acoustic Wave (SAW ) delay line device
studied here, wh ich is called the Programmable Frequency Fil ter Modu le (PFFM) , is
a hybrid , integrated circuit device which utilizes SAW taped delay lines and
attached microelectronic diode and resistor arrays. The PFFM is. based on the UTRC
PSK Diode Correlator which underwent basic development as a 128 tap Phase Shift
Key (PSK) signal encoder and correlator under NESC Contract N00014—75—C—0978.
While the signal processing capabilities of the single acoustic channel PSK Diode
Correla tor rely on discrete tap programming inft’and 18,G’degree relative phase
increments , the dual acoust ic channel PFFM described here ut ilizes cont inuous tap
programming in both ampli tude and phase. Each acoustic channel of the device
consists of a p diode—tapped signal processing region and two input transducer
ports. The input sig~ql and~~W reference voltages are applied to the input ports
at center frequency 

~hand ~
), respectively. A low power , wide bandwidth

nonlinear mixing process occurs at each diode tap, and the difference frequency
signals from all taps are summed at a common electrode comprising the filter
output port. Rapid tap amplitude and biphase cod ing is ach ieved by con trolling
magnitude and polarity applied to the diode mixer located at each delay line
tapping transducer. ~Continuous tap amplitude and phase coding of the dual acoustic
channel filter resultI.$roin the addition of the difference frequency outputs of
the real and iniaginary c~a~nels combined in phase quadrature .

-

The Programmable Frequency Filter Module , as a generalized transversal filter
having equal tap spacing, is capable of a wide range of signal processing operations.
These include adaptive bandpass and bandstop frequency filtering with variable
bandshape and center frequency , programmable encoding and matched filter correla-
t ion of a wide variety of phase and/or amplitude coded waveforms such as PSK- and
ch irp signals, and operation as a Chirp 2 Transform (CZT) processor having an
electgronically variable chirp slope. These operations are studied theoretically
and demonstrated experimentally.

The design, fabrLat ion and testing oof prototype 128 tap devices and a
matched 64 tap PFFM pair are described which utilize lith ium niobate delay lines
and silicon on sapphire diode and resistor arrays. These devices operate with
signal and output frequenc ies near 70 MHz and 30 MHz, respectively , and have delay
line tap spacing corresponding to a filter sampling frequency of 9.8 MHz. An
improved balanced mixer tap design is utilized which is capable of a tap pro—
gramining dynamic range in excess of 40 dB while  minimizing the tap phase error .
Perturbat ion techniques are described for eliminat ing the residual phase errors
associated with the tap circuit design .

i
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Applicat ion of the PSK Diode—Correlator for
Programmable_Frequency Filtering

1.0 INTRODUCTION

1.1 Program Scope

This report describes an exploratory research and development program directed
toward the development of a state—of—the—art Surface Acoustic Wave (SAW) Programmable
Frequency Filter Module (PFFM ) for use as an electronically variable bandpass,
bandstop and correlation matched filter. The PFFM is bRsed on the UTRC PSK Diode—
Correlator , a unique SAW device that utilizes nonlinear mixing phenomena in a
hybrid semiconductor tapped delay line configuation . The basic development of a
128 tap programmable PSK Diode—Correlator/Encoder Module which could be cascaded to
process biphase code lengths of 1024 chips or more at 10 MHz chip rates was carried
out at UTRC under NESC Contract N00014—75—C—0978 (Ref. 1). While the signal
processing capabilities of the PSK Diode—Correlator relied on discrete tap program-
ming in 0 and 180 degree relative phase increments, the dual acoustic channel PFFM
described here utilizes continuous tap programming in both amplitude and phase. A
much wider range of signal processing applica tions results, includ ing the encoding
and matched filter correlation of a wide variety of phase and amplitude coded
waveforms such as PSK and chirp signals. As a generalized transversal filter
having equal tap spacing , the PFFM is also capable of adaptive bandpass and bandstop
filtering with separate control of the filter bandwidth and center frequency . A
third application area involves the use of the PFFM as a Chirp Z Transform (CZT)
processor. The CZT is performed by programming the PFFM taps as a chirp filter
whose response is related to the discrete Fourier transform of the video modulation
applied at an input port. By electronically varying the chirp slope, the rate of
the CZT response may be altered to best suit a particular system’s requirement.

The signal processing capabilities of the PFFM take advantage of a powerful
nonlinear mixing process occurring at each of the filter taps. The output from
each tap of a single acoustic channel device is electronically programmable in
amplitude over a 40 dB dynamic range and in 0 or 180 degree relative phase.

Continuous phase programming is achieved in the dual acoustic channel PFFM
by combining the outputs from the separately programmable channels in phase quad-
rature. The resulting processor configuration offers the following important
advantages:

* High processor bandwidth (10 to 100 MHz),

* Programmable tap control by application of mA range dc bias currents to the
integrated circuit, biphase mixer associated with each tap,

~ High tap reprogramming speed (<1~sec),

* Small size and power dissipation,

1—1
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* Low coat hybrid microelectronic construction ,

* Long code processing by module cascade,

* Large input/output dynamic range , and

* Accurate signal processing performance.

These advantages , coupled with the diverse applicat ions ment ioned previously,
offer significant potent ial for satis fying the requirements of present and future
communication and navigation systems . The present program has been directed toward
the development of a module having 64 amplitude and biphase programmable taps (32
complex tap weights) with 10 MHz processing bandwidth. However, straightforward
development of the hybrid SAW/integrated circuit configuration would considerably
extend the processing capability to 100 MHz bandwidths, well above the capability
of competitive programmable charge transfer devices.

The goal of the program has been to demonstrate the important advantages
and operational capaL.ilities of the UTRC Programmable Frequency Filter Module as a
general purpose filter module. The program consisted of two major tasks:

Task I was directed toward the detailed characterization and utilization of
the two Government Furnished Property (GFP) 128 tap PSK Diode—Correlator modules
developed under the orevious Navy contract as a prototype PFFM. A photograph of
one of these 128 tap modules is shown in Fig . 1—1. Under this task, a new balanced
mixer tap design was developed which extended the tap programming dynamic range
while reduc ing the tap phase error .

Task II considered the design and operat ion of a matched PFFM pair , each
consisting of 64 amplitude and biphase programmable taps of the improved balanced
mixer design . Complex tap coefficient values were achieved by the quadrature
combination of two 32 tap real and imaginary channels. A photograph of one of the
four 32 tap channels of the matched PFFM pair is shown in Fig . 1—2.

The program successfully demonstrated that the PFFM could be configured and
operated as a state—of—the—art generalized transversal filter capable of programmable
bandpass and bandstop frequency filter ing , dispersive and nondispersive signal
encoding and correlation , and programmable CZT processing.

1.2 Method of Approach

The nonlinear interaction between surface acoustic waves propagating within
a dIode—coupled tappe.4 delay line has been utilized for achieving a number of high
speed , programmable signal processing functions. Early applicat ions of the nonlinear
phenomena have inc luded electronically variable radar signal convolution , correlation ,
and real t ime Fourier transformation of video input signals (Ref. 2—7).

The applicat ion as a programmable transversal filter for biphase PSK coded
signals resulted from an improved diode mixer tap configuration (Ref. 8) which
permitted electronically controlled phase reversal of the nonlinear output signal
at a given tap. These PSK Diode—Correlator devices have been developed in the form
of 128 tap programmable modules under the previous Navy contract (Ref. 1) and have
formed the basis for the present applicat ion to programmable frequency filtering .
This taore general application follows from the capability for electronic amplitude
weight ing as well as phase reversal at the PSIC diode taps.

1—2
_______ ____ -.
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The P5K Diode—Correlator thus performs as a single channel Programmable
Frequency Fil ter Modu le (PFFM) having posit ive and negat ive real coeff ic ient
values. As such , several important filter types may be rea l iz ed including var iabl e
bandpass filters and correlat ion matched filters for amplitude and/or biphase coded
waveforms . The filter synthesis capabilities are cons iderably extended by combining
the output of two single channe l PFFM’s in phase quadrature thus providing complex
tap coefficient values .

The bas ic single channe l PFFM structure is that of the PSK Diode—Correlator
shown schematically in Fig. 1—3.

The device is based on the hybrid combination of a high quality piezoelectric
tapped delay line and an attached integrated circuit array of semiconductor diodes .
Two surface acoustic wave transducers are provided on the LHS of the piezoelectric
substrate for excitation of acoustic signals which are directly proportional to the
appl ied input signal , Vj (t ) exp (j w 1t), and to a local oscillator reference
signal , ‘i2( t ) exp (j w 2t). The two acoustic signals trave l to the rigiit toward a
special inc l ined tapping and nonlinear signal processing array which consists of
broad bandwidth SAW transducers and attached semiconductor diode pairs. As shown
in Fig. 1—3 , the diode pairs are arranged in arttiparallel , and the P transducer—tap/
diode—pair circuits are connected in parallel with an output port where a signal
V3(t) exp (jw3t) is to be received . The operation of the device is based upon
the properties of small signal , product mixing obtained when voltages induced at a
given tap due to the presence of acoustic waves I and 2 cause currents to flow
through the diode—pair attached to the subject tap. Nonlinear mixing in the diode
wh ich is forward—biased produces a current and voltage with sum or difference
frequency (u3 u2 ± w 1) which is accurately proportional to the product of
waveforms V1(t) and V2(t ).

By designing the individual tap circuits to have relatively high series
impedance (say 1000 ohms), a sample of the product signal developed at a given tap
can be supplied to the Port 3 output load circuit with a minimum of interference
from loading and spurious signal excitation due to the other P—I taps circuits in
paralle l at Port 3.

The PSK devices have been designed for use with input signals at — w1/2 w
70 MHz , local oscillator reference signal near f2 100 MHz , and Port 3 output
signal at the difference frequency, f3 = 30 MHz . The vo lt age re lat ionsh ip at the
three ports is well represented by the serial product expression

V3(t) e,ip(jw3t) = H
T ~~~~~ g~~~V, (t ,) V2

(t2) exp (jw 2t2—jw ,t ,) (1— 1)

p:O

where the t ime variables are defined by

t,:t-t 0,-p~T (1-2)

t2 t t ~~~p~ T (1-3)

1—5 
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and t is the input time coordinant , t01, t02 are the acoustic transit times
between transducers 1 and 2 and interact ion region tap 0, and AT is the transit
t ime between adjacent interaction region taps. The factor HT is a three port
transfer function which represents the frequency reponse due to acoustic excitation
at Ports 1 and 2 and due to acoustic detection at any one of the identical inter—
action region taps. The factor gp is an electronically programmable weighting
coefficient which represents the relative product term output from the pth tap.
This factor can be adjusted over a wide amplitude range by adjusting the current
1bp applied to the pth diode—pair . The sign of gp corresponds ~o the sign of
applied bias current . It is convenient to define HT 80 that g

~ 
varies over

the range —l.~. gp < + 1.

in order to simplify analysis with Eq. (1—1), it is also convenient to
redefine the input time frame so that t 0 occurs when the input signal reaches
tap 0. Thus, in this case ,

t,:t-pAT (1—4)

and
t2 t t OS pOIT ( 1—5 )

where t os is the o f f se t  t ime between input Ports 1 and 2. Since the reference
• s ignal V2 ( t )  e x p (j w 2 t )  is used as a CW local osci l lator , we can define V2 ( t )  — 1 with

no loss in generality. Then , remembering that  w 3 — — w~~, Eq. (l 1) reduces to
the waveform expression

p-I
V3(t) H~ . 

~~ gp exp (-jw 3p1~T) V~’(t-pA1) (1—6)

P:O

where H4~
. 
~ HT ex

p (—jw~ t~~ ). Equation (1—6) is recognized as the serial product
convolution of gp exp (—jw3pAT) with waveform V*l(t).

The strikingly simple form of Eq. (1—6) reveals several important features of
the PSK Diode—Corre lator configurat ion which illustrate its usefulness as a
Programmable Frequency Filter Module (PFFM) :

• The factor h~ g~, exp(—jw3pAT) is an electronically programmable filter
impulse response ~unct ion,

• If V1(t )  is a CW signal , r~q. (1—6) gives the Fourier transform of tap
• coef f ic ients  Bp and is therefore equal to the serial product frequency

filter response function ,

• If the interact ion region taps are equally spaced (as assumed above), the
t ime and frequency response of Eq. (1—6) is exactly the same as would be
seen for a linear interd igital SAW transducer with t ime T equi—spaced taps

1—7
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and elec trode apodiza t ion corres ponding to tap coeffic ients g~,, excep t
that the output carrier frequency is shifted from f1 to f3,

• If the spacing between interaction region taps of the single acoustic
channel PFFM shown in Fig . 1 were chosen to represent a nonlinear phase
function versus tap t ime position t~, ( i . e . ,  a radar chirp variation , etc.),
Eq. (1—6) could represent ~~~ type of dispersive or nondispersive SAW
transducer — with electronically variable tap weighting coefficients.

Thus, the electronically programmable characteristics of a single Diode—
Correlator PFFM will be quite general and can be utilized to synthesize a great
variety of filter characteristics realizable using positive and negative real
coeffic ient values. However, as will be described in Section 2, the dual acoustic
channel PFFM , shown schematical ly  in Fig . 1—4 , provides both rea 1 and imaginary
tap coefficient values , thus permitting dispersive or nondispersive filtering
within the same equi—spaced tapped transversal filter.

1.3 Summary of the Report

The following report begins in Section 2 wi th a description of the PFFM
operat ing princ iples and its applicat ions as a programmable transversal filter. A
theoretical analysis of the tap weighting characteristic s is given in Section 3
which also compares the experimental amplitude and phase response of the prototype
and optimized diode mixer tap configuations . Section 4 describes the design ,
fabricat ion, and characterization of the prototype 128 tap and the 64 tap dual
acoustic channe l devices. The signal processing performance of these devices is
demonstrat ed in Section 5. Experimental results for bandpass and bandstop filtering ,
PSK and chirp matched filtering , and CZT processing are presented . Section 6
provides conclusions and gives recommendations for further development .

~~I 1T~ ~• i i~i~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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2.0 APPLICATIONS OF THE UTRC SAW PROGRAMMABLE
FREQUENCY FILTER MODULE

2.1 Introduction

In this section, the applicat ions of the Programmable Frequency Filter Module
• are summarized for use as a programmable bandpass, bandstop or correlation matched

filter for dispersive or nondispersive waveforms.

2.2 Application to Programmable Bandpass and Bandstop Filtering

The PSK Diode—Correlator , as shown in Fig . 1—3 , is bas ically a programmable
bandpass filter wh ich accepts input signals at frequency f1, prov ides filtering
by applying the acoustic s ignal to a series of P mu l t i p l i e r  taps , and super
heterodyne t rans la tes  the filtered signal to output frequency f3. The center
frequency of the f i l t e r  is tuned by s imply adjus t ing the local osci l la tor  frequency
f2, and the complex filter frequency response (bandshape , skirt selectivity,
e t c .)  is controlled by ad jus t ing  the set of bias current s that  control the tap
coe f f i c i en t s  E p .

A s imple way to assess the overall usefulness of a given P tap  Diode—Corre lator
as a PFFM is to consider the CW s ignal frequency response when the tap coupling
coefficients are equal (say g~~l). The Port 1 to Port 3 t ransfer  funct ion then
has a sin x/x type of frequency response,

V3IV ,: H 1. exP [-i2(P-I)f 3/f.] ~~~~~~~~~ 

~ 

(2-1)

which is expected for a bandpass transversal filter with equal tap weights. The
quantity f5 introduced in Eq. (2—1) is a device sampling frequency defined by
f 9 1/AT . The 3 dB bandwidth obtained with  the sin x/x f i l t e r  is close to the
minimum bandwidth obtainable with a given P tap filter . Thus, the mit1imum f i l t e r
bandwidth is expected from (2—1) to be near

mtvimum
b0fldW dft ~~~~ 

~~~ (2—2)

In addition , the filter output described by Eq. (2—1) has a series of identical
harmonics centered at multiples of f8 which can be selected by design of input
transducers at frequencies fj, f2 and choice of output port filter . As a
result , the maximum usable bandwidth is near

maximum
• usable = 

(2 3)
bondwidth

2—1
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Consequently ,  the ratio of maximum programmable filter bandwidth is close
to

maximum bandwidth —— P
minimum bandwidth

Obviousl y,  a wide range of f i l t e r  character is t ics  can be created by programming
the PFFM tap coefficients to specific values . Tancrell (Ref. 9) has shown that a
number of very useful bandpass filter response characteristics can be obtained
with fixed interdigital electrode transducer filters by properly choosing the elec-
trode tap coefficients. We can use these same coefficients in the Diode—Correlator
PFFM by electronically programming the diode taps.

While the bas ic Diode—Correlator PFFM appears best suited to bandpass filtering,
a similar configurat ion can be employed to provide convenient control of bandstop
or notch filtering. Figure 2—1 shows how this is done using one of the PSK
Diode—Correlators as a bandpass filter in combination with a second delay line .
Al terna t ive ly ,  th is could be done more effectively using a single SAW substrate.
In Fig. 2—1 the input (f1) and local oscillator (f2) signals are applied to
two parallel acoustic paths; one path has a P tap programmable interaction region
ident ical to the bandpass PFFM discussed earlier , and the second path has a single
output transducer with attached diode multi plier. After filtering , amplif ying and
combining the outputs of these two channels , we have produced a combined filter
response of the form

e~
9P HpOp + e

_
~~H, 

(2-5)

where subscripts P and 1 refer to the acoustic paths with P and 1 taps , respec t ively.
Qp represents the frequency dependent response of the bandpass filter channel.
The combined input and multi plier tap transfer functions are denoted by H~ and
H1; these two functions can be made nearly identical by careful SAW transaucer
design. Moreover , the phase delays for the two delay paths can be made to differ
by exactly ‘ radians (0 p e1+T). With careful design , the combined filter
response will be given by

9 
1 (2—6)

v3/V,~~ e~ IH ,[fr Qp(f 3/fs)J .

This type of filter will provide high insertion loss at an output frequency
which is a multiple of F5, but can be designed to pass all other frequencies in
the band with very little perturbation . Since the frequency of “notch” attenuat ion
is con trolled by

• f3: f2— f,, ( 2— 7 )

2—2 
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the “notch” frequency as seen in the input frequency band is controlled by simply
adjusting local oscillator frequency f2. By designing the bandpa.s response at
f1 and f2 to be flat over a bandwidth equal to F5, it should be possible to
create very uniform notch characteristics over this same bandwidth .

2 .3 Application as a Generalized Filter for Amplitude
and/or Phase Modu la ted Signals

In the filters just described we have assumed that the P tapped region
was fixed in tap spacing at the t ime of fabricat ion and that the desired PFFM
charac terist ics were obtained by ad just ing the tap coefficients 

~~ 
in some

prescribed way. This type of filter provides an impulse response for equi—.paced
taps of the form

v3(n: .12WPf 
(2—8)

where Ep may be positive or negative but must be real valued . The most general
filter would , of course , have a similar form where the tap coefficients are
comp lex:

P-I
v3(t) = E Cp 5-j2wpf 1/f5 (2—9)

with CD A.~ + j 3,,,. Such a filter can be built by combining two precisely
matchea P tap Diode—Correlato rs as is ill ustrated schemat ically in Fig. 1—4.
There the input signal (F 1 ) and the local oscillator (f 2) are applied to
ident ical dual acoustic path transducers as was done for the notch filter , and the
output of each P tap interaction region is combined in a hybrid coupler to provide
the correc t phase offset between “real” and “imaginary” component channels.

• The PFFM in Fig. 1—4 has applications in a wide range of dispersive and
nondispersive filter operat ion. For example , suppose a dispersive pulse compression
filter of the Ch irp— Z type (Ref. 10) is desired . The impulse response function
for this type of filter is given by

‘
~TE •~~ P’/~ 5 j2 ipt~~I5 

(2-10)
p:O

A 

where it is assumed that F3 — (integer)f 5. This very ~omp lex rea~onse is
ach ieved by programming the “real” channe l coefficien ts as cos(Tp ’/P) and the

• ‘imaginary” channel coefficient s corresponding to sin (wp 2/P).
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Perhaps the mos t attractive feature of the device diagrammed in Fig. 1—4
is the fact that such a relatively simple module could be utilized as either an
encoder or matched filter correlator for diverse and rapidly programmed sys tem
transm ission modes. Thus , the same units could be equally well used for PSK ,
chirp , and many other types of signal modulation .

a

a

I

_________________ 
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3.0 PFFM TAP WEIGHTING CHARACTERISTICS

3.1 Introduct ion

In this section , the theoretical and experimental dependence of the PFFM
tap weights on tap dc control current is investigated . An equivalent circuit
model of the diode mixer tap is used to develop the tap amplitude and phase
weighting characteristics. This model is then ued for comparison with the experi-
mental data for the tap configuration studied . In addition to the single sided
diode mixer tap utilized in previous PSK diode correlator designs (Ref. 1), a new
balanced mixer tap geometry is investigated . This new design is shown to overcome
many of the previous tap weighting error sources by discriminating between the
desired nonlinear output signal and the fundamental frequency and spurious signal
components normally present at the output port . Good agreement between theory and
experiment is found for the balanced mixer tap design over a 40 dB tap control
dynamic range .

The phase of the tap output is found to vary slowly as a function of tap
weighting in a predictable manner. While the 15 degree variation observed over a
35 dB control range represents a modest programming error , this error source is
shown to be eliminated by using perturbed complex tap weighting coefficients.

3.2 Equ iva lent Cir cu it Mod el for  th e PFFM Tap

As described in Section 2, the most general PFFM configuration of Fig .
1—4 consists of a dual acoustic channel geometry which permits both continuous
amplitude and continuous phase contro l of the dual channel tap outputs. This
continuous weighting is provided by quadrature addition of the separately programmable
real tap weights of each channel. The analysis of the single channel tap circuit
which follows is thus quite general and applies directly to the case of complex
filter tap weighting as well.

A schematic view of the pth tap of a single acoustic channel is shown in
Fig. 3.1. Input signal and reference waves at frequencies f1 and f2, respec-
tively, are detected by the pth interdigital transducer tap . The detected voltages ,
V~1 and are applied to an antiparallel diode pair which is in series with
tl~e tapping transducer and the output load resistance , RL.

Nonlinear sum and difference frequency components at frequencies f3 £3 +

are generated within the forward biased diode (Refs. 1—8) and subsequent ly filtered
to select the difference frequency component . Earlier  nonlinear diode—coupled
delay line devices have used a single bias dependent diode mixer to control the
amplitude of the generated difference frequency signal. However, by using two
diodes in the ant iparallel connection shown in Fig . 3.1, both the amplitude and
phase (+ 180 degrees) of the tap nonlinear output are controlled by the dc bias
curren t , 1bp-

3—1
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The relat ionship between the generated nonlinear output voltage from the
pth tap and the dc bias applied to the diode mixer is determined by us ing the
equivalent circuit representat ion of Fig. 3—2. The interd igital delay line tap is
represented by voltage Vgl and V82, corres ponding to tap excitat ion at
frequencies f1 and f2, and a frequency dependent transducer impedance, Z81, given
by

Zgi P01+ (3—1)

Rai is the tap radiation resistance and CT is the tap capacitance. The sub-
script. i, corresponds to the value of these quantities at radian frequency

— 2wf j. A shunt capacitance , CSH, accounts for the fringing capacitance
to ground resulting from wire connectionb and the tap bonding pads . The diode rf
circuit includes a current independence resistance , R5, in series with a parallel
impedance , Zb ,

z .= (3—2)
bi Gb+jwj(Cb+ CJ)

where the subscript , b , refers to bias dependent quantities., Gb and Cb are
the forward biased diode rf conductance and capacitance , respectively (Ref. 11)
given by

(3—3)

and

Cb:

where Vq is the thermal voltage (equal to .040V at room temperature) and
t is the minority carrier lifetime . The fixed capacitance , Cj ,  represents the
paras it ic diode capaci tance of the reverse biased diode which is ass umed cons tant
to first order

The current generator at the difference frequency, f1, is given by (Ref. 5).

[Gb
+ 

.w C]
— 2V VD, Dt 3—5

q

The impedance Z~/(P—l) represents the effect of the (P—l) parallel taps.

The Port 3 voltage at frequency f3 which is induced across RL due to the
pth diode—tap is found to be

Vgp Hp V91 V92 (3—6)

. • _ _ _ _ _ _ _ __ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _
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where

- 
RL ZbI Zb2 Zb3 [Gb +jW3 Cb]

• 2Vq U1 U2 (2 p1+ ZL 1) (Z p2
+ Zc2)(Zp3+PRL)

Uj = 2�. + jW~ C~~ ~~

and 
Zp~:~~~~~~h1)/ [Ui +R 5 + Zb1}

- 1( P— i )  I
Z L V V [z ~~~ +~~~~

The Port 3 mixer transfer coefficient for the pth tap , ~~ g iven by Eq.
(3—7) contains the desired amplitude and phase dependence of the tap output as a
function of dc bias current . The bias dependence is more explicit if we consider
a simplified case in which

Gb>> wBCb; C~p~ =0 and , RS , Pa, 
w

1

C W ,C j

Equation (3-7) then becomes

2Rb
Hp~~ j~~

- (sb-’- 1X I)(R b+ jXt)(Rb +PR L) (3-8)

where 1(b h G 1, Vq/Ib is the diode resistance and X1 _l/W ].CT is the tap reactance.
The magnitude of H~ is maximum when the dc b ias , 1b ’ approach the value ‘bo for which
Rb X1, X2. For tb << 1bo ’ we find a linear dependence on bias cuvrent ;

Hb Q ± I b (3—9)

while , F or 11, >> 1bo’ we f in d a nonl inea r dependenc e;

Hb 0 ± (-j~~~ (3—10)
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Both of these bias current ranges have been utilized experimentally to control
the tap nonlinear output and therefore the filter tap weight , over a broad
dyn amic range . The opt imum range for experimental filter synthesis , as described
later in this section and in Sect ion 5, depends on second order phenomena which
contribute to tap weight ing errors at low output levels.

It is useful to express the voltage generators Vgi in terms of the available
acoustic power that they represent . Since interdigital transducer—taps are
bidirec t ional and we assume peak voltages in all equations , the rela t ion be tween
tap generator voltage and acoustic dr iving power is

p = 
J.!2!J 2 (3 11)

°‘ 4 N0,

where Rai is the tap radiat ion resistance at frequency F1. Consequently, the
Port 3 nonlinear output due to excitat ion at the pth tap can be written ,

V3~ 4 H p r.J’RøiR @gP0iPø~ (3—12)

and the output power

______ 
(3—13)

2
~L

Finally,  for convenience , it will be helpful to define a relative tap output
coefficient gp which is normalized to unity at a specific value of tap bias
current , 11,~ . Thus,

V~p AoQp (3-14)

where

Ao~ ~•t ~oI P0g M~ , (3 15)

~o 14P(~bp Ibo) (3—16)

0

and

14
• Qp = (3 17)
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3.3 Experimental Tap Weigh t ing Charac teris t ics for
Single Sided and Balanced Diode Mixe r Tap Configurat ions

Two basic tap designs have been investigated under this program. The first ,
a single sided m ixer tap design , is that shown in Fig. 1—3 and was utilized in the
construction of the 128 tap PSK Diode—Correlators (Ref. 1). This initial tap
design has been shown to prov ide accurate PSK signal processing and has an advantage
in construction simp l ic i ty since it requ ires only one antipara hlel diode mixer
pair per tap. A new balanced mixer tap design has been deve loped under this
program and is shown to provide superior tap weigh t ing performance , part icularly
for h i gh dynamic range tap weights. The main properties of the balanced mixer tap
include:

* Suppression of fundamental input F requency components at the tap output.
Thi s suppression should improve in ter tap isola t ion by reducing unwanted mixing of
the fundamental signals at taps of an array other than that at which they are

• direc tly received. Re—excitat ion by other taps of the array will also be reduced. •
- -

Fundamental frequency suppression will also relax the tolerance on the system
bandpass filter located at the PFFM output difference frequency.

* Suppression of residual difference frequency signals which are either
genera ted by means of the piezoelectric nonlinearity of the acoustic substrate or
subharmonic s of the input fre quencies direc t ly launched at the input transducers.
This residual signal will introduce both ampli tude and phase er ror in the nonl inear
tap output. This is particularl y significant at low tap weights where the bias
controlled mixed component within the diode mixers is comparable to the residual
fixed differe nce frequency component . Eventuall y, the residual signal would
dominate, limiting the lowe r end of the output programming dynamic range and
introducing phase error in the tap output .

Figure 3—3 shows a schematic diagram of the diagnostic y—z lith ium niobate
delay line used to compare the operation of the balanced mixer tap and the previously
used single sided tap. Input signal and reference was at frequencies f

~ 
— 70

MHz and f 2 — 100 MHz , respec t ively,  are launched by means of wide aper ture
interd igital transducers which , for s imp lici ty ,  are represented by three quarter
wavelength electrode lines. The actual transducer design used for f1, f2 was
more complex ; parallel segmen ts having sp lit eighth wavelength electrode design
and low series resistance loss were used to achieve low conversion loss, The
signal and reference input transducers had an acoustic length corresponding to
N — 2 and 3 interdigi tal periods , respect ively . The upper tap of Fig. 3—3 was
ident ical to that used previously in the prototype PFFM module (Ref. 1) and
cons is ted of N — 1/2 interdigi tal periods with eighth wavelength fingers at the tap
center frequency of 85 MHz. At a single side of the transducer tap was loca ted a
silicon on sapphire ant iparallel diode pair which provided mixing of the received
signal. at f 1 and F2 . Amp l i tude and biphase weigh t ing of the mixed signal was
provided by control of the amplitude and polarity of the dc bias current applied
to the diode pair.
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The balanced mixer tap is simply a parallel combinat ion of two single sided
taps having reversed interdigital finger location . The relative phase of the
received signal is reversed at each side for equal bias applied to both diode
pairs. However, since the received signals are multiplied within the diode pairs,
their difference fre4uency outputs add in phase.

The difference frequency output power level versus input power to the delay
line is plotted in Fig . 3—4 for both tap configurations . The 6 dB h igher output
of the balanced mixer tap results from the in phase addition of the mixed outputs
from both sides. Saturat ion onset is observed for input power levels near P1 —

P2 14 dB with the bilinear relationship satisfied over an output dynamic range
of greater than 45 dB . The relatively low single tap input/output conversion
efficiency results of course from the 7 to 1 ratio of input transducer to single
tap transducer aperture of this diagnostic device.

Figure 3—5 shows the detected power levels of the input frequency components
relative to the difference frequency output for both tap configurations . The
pulsed measurements were performed over a broad frequency range by varying f1
and f2 together while maintaining a constant difference frequency of 30 MHz.
Diode bias was maintained at .02 mA per diode pair for max imum nonlinear output .
The frequency response of Fig . 3— 5 is plot ted versus input signal frequency, f j ,
and is weighted predominantly by the input transducer frequency response. Relat ive -
to the single sided tap, the balanced configuration exhibits a fundamental frequency
suppression in excess of 18 dB over the bandwidth measured . In theory , the
suppression would be perfect for equal amplitude and zero phase error at the
fundamental frequencies; however , slight diode and transducer nonuniformities
versus dc bias and input frequency contribute to the degree of suppression achieved.
For example , a 6 degree phase error alone , or a one dB amplitude error alone would
result in 18 dB suppression.

Tap output power level versus dc bias current is shown in Fig. 3—6 for both
tap configurations for the magnitude of dc bias current greater than tbo’ i.e.,
that required for maximum nonlinear output . This bias range appears to provide
greater tap programming dynamic range and we ighting accuracy than for bias $~particularly for the balanced configuration . Data for both positive and negative
bias polarity is presented . The residual spur ious signal level at the difference
frequency caused by mixing within the LiNbO3 delay line itself is also noted .
This residual level was measured with the diode mixers electrically bypassed . It
is part icularly interesting to note the effect of the residual level at F3 on
the single sided tap response. As the tap output is decreased with increasd bias
current , the bias dependence for positive and negative current separate , and do
not follow the (l/I 1,)4 output  powe r dependence predicted theore t ica l ly .  A
null is observed for negative bias when the difference frequency output from the
d iode mixer is equal i% amplitude to the out—of—phase residual level. For positive
bia s, the tap ou tpu t  smooth ly approaches the spur ious level because of the nearly
in phase addition of the diode mixed and spur ious components at f3. However ,
for the balanced mixer tap, the residual leve l is suppressed beyond the measurement
noise level , resulting in a near theoretical (l/I1,)~ output power bias depen-
dence over a programming dynamic range of greater  than 40 dB. The response for
both bias polarities nearly overlay allowing accurate tap weighting via the
theoretical bias law.

3—9
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The phase dependence on tap weighting, corresponding to the amplitude
dependence of Fig. 3—6, is shown in Fig . 3—7. The effect of the residual spurious
difference frequency signal is also observed here for the single sided tap at low
tap weight ing. As the tap weighting is lowered , the phase for both positive and
negative bias tends toward a common value , i.e., that of the residual signal.
Suppression of the residual level within the balanced mixer tap removes this error
source. As shown in Fig . 3—7, a phase reversal of 178 to 180 degrees over a 40 dE
tap weighting range is observed when changing the bias polarity, as compared with
134 degrees for the single vary ing phase variation versus tap weighting due to the
bias dependent change in diode impedance relative to tap capacitance. However,

• for tap weighting less than —6 dB , the relat ive phase error lies within 15 degrees
over a 35 dB dynamic range .

The predicted phase dependence on tap weight , as obtained from analysis
of Eq. 3—7, is in close agreement with the experimental results of Fig . 3—lb . Th~
predicted phase variat ion over the 40 dB programming range is near 20 for the
experimental tap parameters and results pr imarily from the variation of the diode
rf conductance with dc bias as compared to the fixed tap reac tance. Techniques
for reduc ing this phase error can be considered , for example , by placing a shunt
element in parallel with the diode , however , at the expense of reduced tap effic iency.
However , since the phase error is predictable , as described in Section 3.4, we
may use perturbation techniques to compensate for this error source. Measurements

- • of tap to tap uniformity, i.e., output power versus applied dc bias current , have
been performed for 26 representative taps of the two 128 tap PSK Diode—Correlators
(Ref. 1) (devices M229 and M230) which have been employed for prototype PFFM
demonstrat ion .

The data taken for device M230 for positive tap bias and 15 dBm input power
levels is shown i.n Fig . 3—8. Good repeatability of the tap to tap bias dependence
is observed when the output of each tap is normalized to its maximum output .
Random variat ions of + 1.5 dE in maximum output are observed . This data was
taken using short acoustic input pulses and recording the tap weighting bias
dependence for every 5th tap while all other taps are turned off with 0 applied
bias. The data for device M230 was essentially identical . For the device operat ion
described in Section 5, each tap is ind ividually programme d by se t t ing i ts measured
impulse response leve l to the prescribed value , thus minimizing tap nonuniformity
e f f e c t s .

3.4 Perturbat ion Techniques for Reduc ing Tap Phase Errors

As described in Section 3.3, a moderate phase error of within 20 degrees over a
40 dB programming range is found both experimentally and theoret ically for the
balanced mixer tap . Since this error is caused by fundamental parameters of the
tap circuit , it is prt’dictable and can be corrected using perturbation techniques.
If we assume that the tap amplitude can be programmed to a high degree of accuracy,
wh ich is a reasonable assumption for the balanced mixer tap, the tap amplitude
wei gh t ing  may be cont ro l lably  perturbed from the ideal , zero phase error case.
For eventual microprocessor control of the tap coeffic ient programming , the error
correc t ion law may be incorporated with the 1/lb2 tap weighting law to
directly compensate for the inherent tap phase dependence on bias current .

_ _ _ _ _ _ _  - 
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In the ideal , zero phase error case, the pth complex tap weighting
coeffic ient values of the dual acoustic channel PFFM is given as

C~ : A + jB 
(3—18)

where ‘ I S A ~~I

and •~I - s :B sI

If the phase er ror ver sus tap we igh t is given by 8
~A 

and aQg, then the
• uncorrected tap weighting

C~~s A.J641A 
+ (3-19)

would result. However, if we assume that perturbed real coefficients values
a, b exist such that

~~~ oe~~~ °+ jb.JAØ 
~ c~ 

(3-20)

then the resulting complex tap weight is that of the error free case. Since
the perturbed values a, b are not known before hand , the phase error associated
with them is al8o unknown. However, since the error is slowly varying, one could
assume that , to f i r s t  order

A$b~~ A#R (3-21)

and A#O m A4A

If further accuracy is required , an iterat ive approach could be used to determine

~~~ and 
~‘b’ 

If we solve Eqs. (3—18) and (3—20), we find for the perturbed tap

A I I+(BI~) ton 641 1
0 *  cos A~~ [ i+ s a n ~~~*tana. ,J 

( 3-22) 
- 

- 

-

and

bs 1_ I— (A/B)t0n A~~ 1 (3—23)
cosA 1 [ +tana4~ton~4 J
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4.0 EXPERIMENTAL PFFM DESIGN AND CHARACTERIZATION

4.1 Introduction

In this section , the design and fundamental operating characteristics
of the experimental PFFM’s are described . The 128 tap PSK Diode—Correlator
devices developed previously (Ref. 1) have been utilized as prototype PFFM’s and
their construction and characteristic s are reviewed . These prototype devices have
the single sided diode mixer tap design described in Section 3. The design and
operat ion of the two deliverable 64 tap dual acoustic channel PF’FM’s are described .
Th?se dual channe l devices utilize the improved balanced diode mixer tap design
also described in Section 3. This improved design has been shown in Section 3 to
increase the single tap programming dynamic range to near 40 dB while minimizing
the tap phase errors.

4.2 PFFM Configuration and Design Parameters

4 . 2 . 1  Prototype PFFM Desi gn

A schematic diagram and photograph of one of the prototype 128 tap PFFM is
shown in Figs. 4— 1 and 4—2. Both the signal and reference waves are launched from
the same side of the nonlinear diode—tapped interaction region. The input transducer
comprising Ports I and 2 were series tuned and represented schematically in Fig.
4—1 by three quarter wavelength electrode lines. The actual transducer design
used for f1 and f2 was mor-’ complex ; parallel segments having split eighth
wavelength electrode design and low Series resistance loss were used to achieve
low conversion loss.

A slanted tap configurat ion (Ref. 12) was adopted which differs from the in—line
tap geometries used in previous Diode—Correlators. The prior in—line tap design
suffered from excessively high intertap reflection and wave piopagation losses
because of the large number of ~lectrodes in the acoustic wave path . Even with
reflection cancelling eigh t wavelength fill—in electrodes located between taps
(Ref. 13) the in—line geometry on LiNbO3 resulted in losses as high as 0.15 to
0.20 dB per tap for wave frequencies near 100 MHz. Losses of this magnitude
result in severe nonuniformity of the signal processing interac t ion and are
unacceptable for the present application .

The taps are spaced by ~L — .014 inch corresponding to an intertap sampling
frequency of f5 9.81 MHz. This spacing is chosen equal to an odd number of
quar ter  wavelengths at the s ignal and reference transducer center frequencies so
that acoustic reflections would cancel. Each broadband tap consisted of four
eighth wavelength electrodes and had a center operat ing frequenc y of 85 P*Iz.

The taps were successively offet in the transverse direction by an ount
— .004” so that that tap width , W~ .087”, was a fraction of the input

transducer bc ’3m width , W0 — 0.61” . A given tap experiences decrea sing
ref lec t ions  from 22 following taps , or only 11 on the avera ge . This reduction in

4—1
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propagation losses was countered by increased input transducer losses since the
taps intercept only a fract ion of the input acoustic beam width. However, the
overall correlation insertion loss was still reduced relative to an equivalent
in—line geometry since the total power division loss for both input and reference
waves , given by 20 LOG W~ /W0 — 17 dB was lower than the in—line propagation
losses for 128 taps .

The active tapped interaction region was preceded by a series of dummy taps
so that wave propagat ion characteristics prior to each act ive tap would be iden-
tical . The difference frequency output at f3 — f2 — f j  — 29.4 MHz was taken at
the common bus electrode comprising Port 3. Tap to tap phase coherence was satis-
fied with f3 nf 5 correspond ing to n — 3 cyc les per intertap transit time at the
d ifference frequency -

Nonlinear mixing of the signal and reference waves occurs within the silicon
on sapphire diode array mounted on the delay line adjacent to the tap electrodes.
Each nonlinear tap is phase coded by means of the polarity of diode bias current
applied through its bias resistor Rbp = 3000 ohms. Silicon—On—Sapphire (SOS) has
been chosen for the substrate material in order to provide high diode isolation
and to simplify the thin film resistor fabrication . For the 128 tap devices con-
sidered here , the .010” element spacing requires a 1.3” array length possessing
highly uniform diode and resistor characteristics. This requirement has been
satisfied with measured diode characteristics uniform to + 1/2 percent and typical
bias resistors Rb 3000 ohms + 6 percent . The detailed fabrication process of
these and similar arrays has been previously reported (Refs. 1, 5, 6).

The SOS diode array elements were ultrasonically wire bonded to the adjacent
delay line taps using .001 inch aluminum wire . The associated SOS bias resistor
array was bonded to the mutt iconductor printed circuit board shown in the upper
portion of Fig. 4”2. A matching connector was developed to allow ind ividual bias
control of each diode tap.

in addition to the signal processing region described above, a separate
delay channe l was fab ricated on the saiie 2.5 x 1 x .040 inch yz lithium niobate
substrate as shown in Fig. 4—2. This delay channel permits cascad ing of modules
thus extending the time—bandwidth product signal processing capabilities (Ref. 1).

4.2.2 Dual Acoustic Channel PFF1I Design

As described in Section 2, the dual acoust ic channel PFFM consists of two
separately programmable single acoustic channel devices having their nonlinear
output signals summed through a quadrature hybrid connector . The new single
channe l design developed under this program is shown schematically in Fig. 4—3.
This design d i f f e r s  from that of the prototype PFFM in that a balanced mixer tap
configuration is used to achieve the improved tap weigh t ing characteristics which

~~~~ were described in Section 3. The reference frequency transducer at f2 in this
case consisted of N — 3 interdigital periods. In other respects, the design
geometries and operating parameters are as described for the prototype devices.
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A photograph of one of the 32 tap single acoustic channel PFFM is shown in
Fig. 4—4. The device is constructed on a 1 x 1 x .040 inch yz lithium niobate
substrate. Each of the four single channel devices constructed under this program
was fabricated on precisely oriented substrates which were obtained from the same
lithi um niobate boule.

The orientat ion of the thin film metallized pattern to the crystal x reference
edge was matched for substrate pairs to within 2 minutes of arc . All substrates
were inetall ized wi th  1500 ~ of aluminum dur ing the same sputtering run in order
to further match the ind ividual substrate properties.

The susuning lines of each half of the balanced mixer tap array , as shown in
Fig. 4—4, are electrically connected at a single output port . An additional
single balanced mixer tap is loca ted be tween the arr ays and is posi t ioned at the
phase center of the tapped interact ion region. This additional tap is included
for bandstop filter applications , as described in Section 2, and also provides
diagnostic information concerning tap performance.

Indiv idual dc bias current is applied to each tap of the diode arrays by
means of the 32 pin bias connectors shown in Fig . 4—4 on each side of the delay
line . The two sets of bias lines are then externally connected to a single 32 pin
connector so that a single dc bias is applied equally to both SOS bias resistors
at each balanced mixer tap. For experimental convenience , a miniature potentiometer
controlled circuit was used to ind ividually program the magnitude and polarity of
bias current applied to each tap.

A photograph of the matched pair of 64 tap dual acoustic channel PFFM’s
constructed during the program is shown in Fig . 4—5. As described earlier , the
matched PFFM pair consists of the four single channel devices described above with
additional external 90 degree hybrid connectors. These devices have been designated
as M406, M407 and M4l5, M416.

4.3 PFFM Experimental  Parameters

The nonlinear characteristic s of the prototype and optimized PFFM devices
were measured first by using a pulsed CW input signal , equal in durat ion to the
interaction region t ime delay and a CW reference signal. The triangular correlation
output between the CV input signal and the equally biased taps is shown in Fig .
4—6 for a prototype 128 tap PFFM M230 and a representative single channel .32 tap
PFFM , 14406. The difference frequency outputs shown are filtered prior to detection
to eliminate undesirable input frequency components. Triple transit spurious
signals are suppressed by 50 dB and 40 dB, respectively, for 14230 and M406.
Direct electromagnetic feedthrough suppression is near 60 dB for both devices.

shown in Pig. 4—7 where the output power, P3, is plotted versus equal input
signal and reference power levels , P1 and P2.

A 

14406 and 14229 Single Channel insertion loss and dynamic range information are
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Diod e tap bias of 1bp .02 mA per diode pair is chosen for maximum output
under nonsaturat ing small signal conditions . The bilinear relat ionship, P3 —

~t~ l~2 
(Ref. 14), is seen to be well sat isfied for both devices over a

output dynamic range in excess of 40 dB. The output to input signal insertion
loss, P3/P 1 is m inimized by increas ing the local oscilla tor power level P2.
At P2 — 24 dBm, the insertion loss of the 128 tap and 32 tap devices are 40 dB
and 45 da, respective ly,  at input signal power levels below 15 dBm. At large input
power levels , the insertion loss increases s l ight ly  due to diode saturation.

The actual filter insert ion loss depends on the particular application and
tap ampl itude weighting which reduces the filter output power level from its
maxiimnn va lue. As discussed in Sec t ion 5 , the broad bandwid th f i l ters have hi ghe r
insert ion loss than the narrow bandwidth filters because of the greater amplitude
weighting required in the broad bandwidth filter case.
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5.0 EVALUATION OF THE EXPERIMENTAL PROGRAMMABLE FREQUENCY FILTE R MODULE S

5.1 Introduction

In this section , the performance of the experimental programmable frequency
filters are described . Results are presented for several representat ive filter
applications . These include programmable bandpass filtering with adjustable
bandpass and center frequency, tunable bandstop filtering , and correlation matched
filtering and encoding of PSK and ch irp signals. The application to Chirp Z
Transform (CZT) processing is also described and experimental transforms are
presented .

5.2 Experimental Bandpass and Bandstop Filtering

Two classes of bandpass filters have been synthesized . The first of these is
a Hamming , or cosine on a pedestal , weighted filter for which all the taps
are amplitude weighted but possess the same phase. The weighting distribution has
the form (Ref. 15)

g1~ w(p) 0.54 + 0.46 cos t(p) (5~- l)

where
p :0~~~p _ I

and
t(p) z~~ +i(I+2 p)p (5-2)

Equat ion (5—2) is appropriate for an even number of P taps.

The second class of filter has amplitude and biphase weighted taps is a
Hamming Sin X/X distribution (Ref. 9) with

Qp :W(P) x(p) ‘

where
X( p) :— 2y + .~~~(I+2p). (5 4)

The individual tap weighting was accomplished by varying the tap bias currents
• through miniature potent iometer c i rcui t s  in a special purpose variable bias

connec tor constructed for this applicat ion. Bias could be varied continuously
from posit ive to negat ive values appropriate to the desired tap we ight distr ibut ion .
For a given fi l ter  experimentally synth esized , the theoretical response of the ideal
filter having the same tap weights has been computed . The response for the nonideal
f i l t e r  having the amplitude and phase characteristics of the experimental devices
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has also been simulated on the HP 9830 computer. A functional relationship
between the experimental tap amplitude and corresponding phase error has been
obtained using a least square polynominal fit to the data. Each tap is thus
assigned the phase error appropriate for the computed amplitude and polarity. For
ideal tap weights lower than the minimum experimental weight , the minimum weight
appropriate to the tap polarity is used .

Figure 5—i shows the computed filter frequency response for a 128 tap
Hamming weighted filter with and without tap errors. The response with tap errors
included is based upon the experimental tap characteristics of device M230. As a
result of these errors , a degradation in sidelobe response to 33 dB from 42 dB for
the ideal filter is predicted , however , the fractional bandwidth is unaltered . The
experimental tap weight ing and optimized frequency response is shown in Figs . 5—2
and 5—3. The near—in sidelobe level of 32 dB compares well with the predicted
response , however , additional sidelobes located near + f5/2 relat ive to the
center frequency are only 21 dB down . In comparison , the response for device M229
showed near—in sidelobe levels of 27 dB for negative bias . This higher sidelobe
level is partially caused by 3 inactive taps of M229. The experimental 3 dB filter
bandwidth of 100 kHz, equal to 13 percent of the filter input frequency, f1
71 .9 MHz , is equal to the theoret ica l  3 dB bandwidth of the ideal Hamming weighted
filter.

The computed response for a 32 tap Hamming~Sin X/X weighted filter is
shown in Fig. 5—4 for the ideal and nonideal tap characteristics. This filter has
a 3 dB bandwidth ten t imes that of the previous example. A predicted near—in
sidelobe response of 50 dB for the ideal case is degraded to 25 dB with tap errors
included . The experimenal tap weights and frequency response for this filter is
shown in Fig . 5—5. A 20 dB near—in sidelobe response is experimentally found , with
fu r the r  out s idelobes of 16 dB. The 3 dB bandwidth of 1.0 MHz is in agreement
with the predicted bandwidth and results in a fractional bandwidth , Af/f 1 a 1.4
percent -

In addition to the variab le passband characteristics of the PFFM, the
filter center frequency is also continuously variable by tuning the reference
oscillator f2. Filter tuning over an 8 MHz range is shown in Fig. 5—6 for the
two bandpass filters decribed above. The bandpasa characteristics remain essent ially
unaltered when tuning , however, optimum sidelobe response is found near the design
center frequencies of 71 and 100 MHz corresponding to odd multiple of quarter
wavelengths between taps at f1 and f 2 ,  respectively.  The filter response at
frequencies corresponding to exactly full wavelength multiples between taps , i.e.,
f1 — 68.7 and 78.5 MHz, tap reflections add up coherently result ing in severe
distortions of the bandpass response.

A calculation of the response for a 128 tap tunable notch filter having
the configurat ion shown in Fig. 2—1 is plotted in Fig . 5—7 for the case of Hamming
weighting. A 3 dB notch bandwidth of t~f/ f 1 .019 is predicted for both the
ideal and nonideal tap weighting . Passband ripple of .047 and.212 dB are predicted
for the ideal and nonideal filter , respectively.
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The experimental notch filter response is shown in Fig. 5—8. At 71 MHz,
a notch of 30 dB is found . The 3 dB notch bandwidth of .18 MHz agrees with the
predicted bandwidth. Variable notch frequency control is also shown in Fig. 5—8
over a 4 MHz range. Since this prototype dual channel device was constructed
using one of the prototype 128 tap PFFM ’S and a separate single diode—tapped delay
line , the bandpass characteristics of the two channels were not ident ical nor were •

the acoustic propagation paths precisely matched . However, the results obtained
under these nonoptimum conditions suggest that very precise notch control and
frequency response can be achieved using a single SAW substrate for both acoust ic
channels .

Table I summarizes the characteristics of the filters synthesized experimentally
using the 32, 64 and 128 tap prototype PFFMs. In addition to the filters described
earlier , two other bandpass filters are listed , namely 32 tap Hainndng Sin X/X
weighted filters. For each filter , the 3 dB bandwidth , passband ripple and
near—in peak to sidelobe ratio are given , followed by the skirt steepness measured
at the filter 3 dB points , and the filter insert ion loss relative to the peak
output of the filter having all taps biased equally.

Best agreement between experimental and theoret ical filter characteristics
is found for the 128 tap 1 MHz bandwidth filter . For this filter , the minimum
tap weight is —22 dB relative to the maximum weight so that all tap weights lie
within the most accurate programming range . For the filters having fewer act ively
weighted taps , the residual contributions from the “off” taps programmed with 0
bias are sufficient to add coherently at the filter center frequency to produce a
low level sin X/X frequency response in addi t ion to the desired f i l t e r  response .
This residual response is a source of passband ripple particularly where the
nuamber of inactive taps exceed the number of active taps. Since the boader band
filters are synthesized with fewer active taps , the insertion loss increases
accordingly, resulting in greater contributions to the frequency response from
spurious sources. Inaccuracies in manually setting the tap weights to their
prescribed levels are also more apparent for the broader bandwidth filters since
the presc r ibed tap weights lie closer to the residual noise level of the filter
impulse response.

General good agreement between experiment and theory is found in the filter
bandwidth , insert ion loss and skirt steepness for the notch and bandpass filters
synthesized.

A 32 tap Hamming weighted bandpass filter has also been synthesized using
a 32 tap PFFM hav ing the balanced mixer tap design . The near—in peak to sidelobe
ratio for this filter was 27 dB as compared to the 22 dB ratio measured for the
prototype 128 tap device listed in Table I.

5.3 Experimental PSK Signal Encoding and Correlation Matched Filtering

The Phase Shift Key (PSK) sequence represents one of the most basic fozins
of spread spectrum signal coding (Refa. 16 and 17) and consists of a series of
constant aiplitude, phase coded chips. The phase coding corresponds to relative 0
or 180 degree phase reversal between chips which follow in a pseudorandom sequence .
These codes are particularly useful for data communication and ranging systems
because of the noise—like properties when intercepted by an unmatched receiver.
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The single channel PPFN of Fig. 1—3 is ideally suited to PSK signal
processing because of its capability for constant amplitude phase reversal of the
tap output signal by revising the polarity of the dc bias current applied to the
diode tap.

Programmable PSK signal encoding is accomplished by applying positive and
negative bias current along the tapped diode array for the desired phase coded
sequence. The tap phase is then scanned using a CV reference signal at. frequency

~2 
and a short input signal , at freq uency f1. The encoded P8K signal is that

• obtained at the difference frequency, f3, after bandpass filtering to eliminate
interfering input and sum frequency components. For P8K signal correlat ion, the
matched filter taps are programmed in the reverse coded sequence. The input PSK
signal at center frequency fj is then applied to Port 1 of the matched filter
and the CV local oscillator reference frequency is applied to Port 2.

The experimental arrangement used for demonstrating 128 chip PSK signal
encoding and matched filter correlation is shown in Fig . 5—9. Input and reference
frequencies applied to the encoder are f1 71.1 MHz and f2 100.5 MHZ ,

respectively. The encoded difference frequency output signal is obtained at f3
— 29.4 MHz. After amplification , mixing with the encoder reference frequency,
f2 100.5 MHz, and transmission through a 15 MHz bandwidth bandpass filter , the
encoded signal is translated to f1 71.1 MHz and is fed to the matched PSK
correlator. The CV correlator reference is derived from the same f2 source used
to encode the signal waveform . The correlation output , after filtering and
amplification is displayed on an oscilloscope . Both the encoder and correlator
codes may be arbitrarily programmed in the desired PSK sequences. The PSK code
sequence for this experiment was a 127 chip M—sequence which is defined using a 7
stage shift register having feedback taps 6 and 7 (Ref. 18). The biphase signal
produced by the encoder at the difference frequency f3, and after mixing to the
input frequency f1 are displayed in Fig . 5—10. Note that at fj and f3 each
chip contains 7 and 3 rf cyc les, respectively. Phase reversal between chips at
the input carrier frequency f1 is shown in Fig . 5—10(b).

With input power levels of +24 dBin applied at frequencies f1 and f2, the
encoded output power level at f3 is —20 dBm . This level is 42 dB lower than the
correlation output with all taps summed coherently and compares well with the
20 Log (128) 41 dB loss predicted .

The matched filter response for both encoder and correlator programmed with
the 127 chip M—sequence code is shown in Fig. 5—11(a). An expanded view of the
correlation peak is given in Fig. 5—11(b). The experimental 21 dE peak to sidelobe
ratio of the correlat ion response is close to the ideal 23 dB response for this
code sequence . The matched filter triangular response for both encoder and
correlator taps programmed with a constant phase is given in Fig. 5—11(c). These
results demonstrate that the matched encoder—correlator pair performs as an
accurate PSK transmission system and can be programmed for arbitrary PSK sequences.
The individual tap reprogramming speed of 100 neec has been experimentally measured .
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5 4 Experimental Chirp Signal Encoding and
Correlation Matched Filtering

While the single channel PFFM is limited to the processing of amplitude
and biphase weighted codes, the duel channel PFFM of Fig . 1—4 can be programmed
for processing arbitrarily phase and amplitude phase and amplitude coded waveforms
lying within the device time bandwidth capabilities. For example, chirp waveforms
may be processed by programming the PFFM taps in an equal amplitude , quadrat ic
phase sequence which matches that of a discretely sampled chirp . Either positive
or negative going chirp sweeps having ch irp bandwidth varying from zero to the
PFFM sampling frequency , f9, may be processed with appropriate tap programming .
The reouired complex tap  coef f ic ien t  values  wh ich permit continuous tap phase

- 
- weighting are achieved by using the dual acoustic channel approach . Real and

imaginary channels are separately programmed in the required amplitude and positive
or nega t ive rela t ive pha se sequence , and combined in a 90 degree hybrid connection .

Experimental results are presented using a dual, acoustic channel PFFM as a
matched filter for activel y generated chirp signals of varying chirp bandwidth.
The response of a matched PFFM chirp encoder—correlator pair is then described .
These experiments represent a unique state—of—the—art capability in programmable
SAW signal processing .

The experimental complex tap weighted chirp filters have been synthesized by
combining two 32 tap devices in phase quadrature to form a 64 tap filter with 32
complex weighted taps. The chirp matched filter is obtained by programming the
tap weights with quadratic phase of the form

g = e±j 1~(*)P2
~

pp (5_ 5)

where B is the input chirp signal bandwidth and p — 0 to 31 is the tap number .
The input chirp duration is chosen equal to the filter time delay PAT , where AT =

1/f 5 is the interlap time delay . Assuming that the input chirp is introduced at
the signal Port 1 and a CW signal at W2 is applied to the reference Port 2, then
the matched filter response at the difference frequency is given by

v3ft) H~’ ~~ ej2T
~~

t/P (5 6)

where H’ t is a broad bandwidth proportionality constant . The present approach
differs from other chirp processors (Refs. 19—21) in that the correlation output
is completely asynchronous, i.e., the cor re la t ion peak will  always be observed
regardless of input signal timing . Additional flexibility is available by means
of tuning the reference frequency, f2, to accept chirps of equal chirp rate but
varying center frequency.

The experimental c i rcui t  conf igura t ion used for PFFM correla t ion of act ively
generated chirps is shown in Fig . 5— 12. The continuous chirp is generated using a
Kruse—Stork sweep generator operating at a center frequency near 250 MHz and swept
at the phase—lock input port by the IEC ramp generator . The swept output is down
converted to the PFFM operating input frequency, f 1, and then pulsed to a
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durat ion equal to the tapped interaction region time delay . The initial high
frequency sweep generat ion and phase—lock input to the sweeper is chosen to
provide the required 10 MHz chirp bandwidth and chirp linearity. However, imperfec-
tions of an input chirp may be alterna t ively compensated for by programming the
PFFM taps to match a known chirp nonlinearity. The generated chirp is then

• amplified , bandpass filtered , and applied to the PFFM input port. A CV signal at
frequency f 2 is applied to the PFFM reference port.

The PFFM real and imaginary channels are driven and their outputs combined
as shown in Fig . 5—12. The input and output cables which connected the correspond ing
ports of the two channels were precisely matched to preserve the phase equality of
the channels. After summing through a quadrature hybrid , the difference frequency
output was bandpass filtered , amp lified, and displayed .

Asynchronous operation as a ch irp signal matched filter was tested using a
linear chirp geneator to provide a 3.3 ps, 9.8 MHz sweep which matched the transit

• t ime and maximum sampling frequency of the filter . With B — f8, the matched
filter coeffic ients are given by

Re(gp) :Co s(sp2/P+O.2)

and

Im(Qp)S ifl(vP2/P+O.2) (5—8)

and are plotted in Fig. 3—13 . The constant phase factor of .2 radians ued in Eqs.
5—7 and 5—8 was arbitrarily chosen to remove nulls from the filter impulse response
and does not affect filter performance. The experimental impulse response for the
cosine and sine channels , obtained by applying a 100 nsec rf pulse at the ±n~

ut
port , is also shown in Fig . 5—13. The combined impulse respone, g

~ 
— eJ’P / ~~

‘
,

of the matched filter is shown in Fig . 5—l4a .

Close examination of the combined response reveals a varying null between
successive tap outputs which is reminiscent of the quadratic phase dependence of
the coefficients. The filter response at f3 — 29.8 MHz is shown in Fig . 5—l4b
for an input chirp sweep of f1 — 74 MHz to 64 MHz and a CV local oscillator
frequency of f2 104 MHz.

The correlation peak to sidelobe ratio of 12.5 dB is within 1 dB of the
ideal sidelobe level. The peak width at half maximum of 100 nsec agrees with the
expected pulse compression ratio.

A second chirp filter was synthesized for correlating a 2 MHz bandwidth , 3.3 p8cc
chirp. The real and imaginary tap weights in this case are given by

Re(gp): cos (O.2-w p2/P + O.2) (5—9 )

and

Im(gp): sin(O.2irp2/p+O.2) (5-10)
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and plotted in Fig. 5—iSa . The experimental real and imaginary filter impulse
response is shown in Fig. 5—l5b . Figure 5—16 gives the combined impulse response
and matched filter response to a 2 MHz, 3.3 ~Lsec input chip. The -response shown
for this case is also close to theoretical.

In the next experiment , the ac t ive chirp generator is rep laced by a second
dual channel PFFM . The experimental configurat ion for this matched pair encoder—
correlator system is shown in Fig. 5—17. The 32 complex tap weights of both the
encoder and matched f i l t e r  are programmed with the same quadrat ic phase sequence
given by Eqs. (5—7) and (5—8) corresponding to a sample 9.8 Wz chirp bandwidth.
However , the inputs to the quadrature hybrid of the encoder are reversed with
respect to those of the correlator to preserve the correct phase sequence or
equivalent chirp sense during correlation .

The encoded signal , af ter freq uency transla t ion to f 1 and filtered with a
70 MHz, 15 MHz bandwidth filter , is shown in Fig. 5—18. Also shown in the figure
is the correlation response of the matched PFFM . A 13 dB peak to sidelobe ratio
is observed which is within one dB of the ideal response.

The correlat ion wave form of the matched pair PFTh system is similar to the
waveform previously shown in Fig . 5—14 for the case of an act ively generated input
chirp. The deviation of the experimental sidelobe response from the theoretical
sin x/x waveform is believed to be chiefly caused by .naccuracies in manually
setting the tap weights and from the re8idual tap phase errors for the balanced
mixer taps as discussed in Section 3. While the perturbation techniques described
in Section 3 would eliminate the tap phase errors, it was beyond the scope of the
program to experimentally evaluate such methods. Direct Hamming weigh ting of the
filter taps would also provide a direct impact in reducing the correlation sidelobe
response. These capabilities are straightforwad extensions of the present work
which could be implemented for improved filter performance .

5.5 Operation as a Chirp— Z Trans form Processor

In this section , we will describe the utilizat ion of the PFFM for the
performance of the Chirp—Z Transform (CZT) algorithm. The chirp transform has
been demonstrated by a number of authors (Refs. 19—26) as a means for displaying
the spectral components of an input rf waveform. The procedure usually employed
requires the premultiplication of the input signal by a synchronized chirp using a
d iscrete mixer, convolut ion of the premultip lied s ignal within a matched chirp
filter , and post multiplicat ion by a chirp. The post multiplication step is
unnecessary when only the amplitudes of the spectral components are required . The
t ransform is performed at a rate fixed by the predeterm ined chir p rate of the
convolution filter.

The PFFM offers an alternative, more flexible approach to CZT embodiment.
Unlike the fixed chirp filter used in pr ior CZT devices, the chirp rate of the
PFFM may be programmed to accept a range of chirps lying within the time bandwidth
product of the device. The transform coefficient rate may thus be varied to suit
the particular system requirement . In addition , the internal nonlinear mixing

_ _ _  
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performed within the programmable chirp filter itself accomplishes the
premultiplication step, so that the need for an external preault iplying discrete
mixer is eliminated . In the following , the applicat ion of the PFFM to CZT processing
is developed and the experimental performance of the 64 tap PFFM is demonstrated .

The difference frequency output voltage of the dual acoustic channel PFFM is,
in general, given by

P 1  (5—li)
V 3(t) = AE QpV2( t t ~ ) V1(t—t p)

p:O

where A is a proport ionality constant , 8p is the complex tap weight of the pth
tap positioned at time t~, — pAt , annd AT is the intertap time delay . We shall assume
that the input chirp is applied to Port 1, and the ~igna1 to be analyzed is
applied to Port 2. These waveforms then have the form

Vg (t):M(f) 8J”Zt (5—12)

j and

V1(t) =e 1(’~1I
t #

~
t2) (5—13)

where u is the input ch irp rate. The instantaneous angular frequency of the chirp
is given by is — — 2~t.

Substituting Eqs. (5—12) and (5—13) into Eq. (5—11) we find

V3 Ae1~ 3
t 
E ~~ M(t-t~) (5—14)
p O

Difference frequency operation and phase matching has been assumed with

~I2 — w 1 : CU
3

and
— CU1 : 2-wfl f8

where n is an integer and f 8 — 1/aT is the intertap sampling frequency. By
programming the complex tap coefficients, 8p~ 

to match the input chirp rate,
such that

gp ’ j iPtp
t (5 15)
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the sampled quadrat ic phase factor within the summation of Eq. (5—14) is removed.
The tap coefficient values may be rewritten in terms of the PFFM programmed
bandwidth , B 2p P ~T , over the total filter length,

cos 

~~~~ 
[ w (f )~

ti~] 
(5—16)

The real and imag inary por t ions of g
~, 

are programmed separately within each of the
dual acoustic channels of the device and the channel outputs combined in phase
quadrature.

The form of the CZT is apparent after substituting Eq. (5—15) into Eq. (5—14);

V3: ~~~~~~ 
~~j#~t 

~~~ M(t_ ~~f
j (Z1r B p/P)t (5—1 7)

p:O

As pointed out by a number of authors , Refs. (19—21) , the input chirp bandwidth
and duration , must be less than or equal to half of the filter bandwidth , B, and
t ime delay P aT, respective ly to avoid trans form truncation errors.

Equivalent transform operation may also be ach ieved by interchanging the chirp and
signal input ports and appropriately reversing the chirp sense.

The circuit configurat ion used in our CZT processing experiment is shown in
Fig. 5—19. A 5 MHz , 1.6 p9cc chirp at frequency 

~l 
is applied to port 1 of the - -

dual acoustic channel PFFM. The signal to be processed is applied to port 2 and
cons ists of CW ca rrier a t freq uency f2 103.9 MHz which is modulated by the
waveform M(t). The outputs from the 32 taps of each channel were combined in
phase quadrature and bandpass filtered to pass the difference frequency transform
output. The programmed chirp rate of p 3.1 MHZ/psec matched the input chirp
rate and utilized the full 9.8 HHz bandwidth of the processor .

The experimental CZT results are shown in Fig. 5—20 for dc and sinusoidal
modu lat ion of the carrier at f2. Input power levels of P1 — dBm and P2 — 25
dBm were applied to ports 1 and 2, respect ively , from the input amplifiers . Each
of the four photographs of Fig. 5—20 show the modulat ion M(t) in the upper trace
and the transform output at 3.1 MHz/psec in the lower traced . For the case of dc
modulat ion appl ied as given in the upper left of Fig. 5—20, the dc transform
coefficient is displayed with the characteristic sin x/x sidelobe distribution .
With pure sinusoidal modulat ion as shown in Fig. 5—20 for the separate cases of

— 1 MHz and 2 MHz modulat ion frequencies , the corresponding transform
coefficients occur at ± 

~~ 
The dc transform component is missing in these

cases. In the lower right photograph of Fig. 5—20, a dc component is added to the
2 MHz modulation resulting in the additional dc transform coefficient observed.
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These experiments demonstrate that the PFFM is capable of programmable CZT
operat ion. The nonlinear approach utilized here is more flexible than prior
approaches which used fixed chirp delay lines since the transform rate may be
varied by tap programming . The premultiplication function is performed within
the PFFM itself by means of the tap nonlinearity so that the external premulti—
plication mixer is eliminated .

¶ 3 1  

- — — — - - - -5 — —-5——



R78—922667—18

6.0 CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE DEVELOPMENT

The Programmable Frequency Filter Module (PFFM) has been shown to provide
state—of—the—art performance as an amplitude and phase programmable , 10 MHz
sampled transversal filter. Several important filter types have been synthe—
sized using prototype 128 tap devices having real tap coefficient values and
64 tap dual channe l devices having complex tap weights. Programmable bandpass
filtering has been demonstrated with bandpass variable from .1 to 1 MHz and
center frequency tunable from 68 to 76 MHz. Adapt ive bandstop filtering has
been demonstrated with tunable notch control over a 4 MHz range. The applica-
t ion to programmable correlation matched filtering and encoding of arbitrarily
phase and/or amplitude coded waveforms has also been demonstrated . The opera-
t ion of a matched PSK encoder/correlator pair yielded a 21 dB peak to sidelobe
response wh ich was w i th in  2 dB of the ideal correlation response. Variable chirp
signal encoc~ing and correlation was demonstrated by programming filter taps in a
quadrat ic phase sequence which matched that of the sampled chirp waveforms . The
acoustic filter performance for processing 2 MHz and 10 MHz chirp inputs has shown
the capability for processing arbitrarily coded waveforms lying within the device
t ime—bandwidth processing limits. Previous results (Ref. 1) have shown that the
filter modules can be cascased for processing long code sequences. Additional
application as a Chirp Z Transform processor was achieved by programming the PFFM
taps as a chirp filter whose response is related to the discrete Fourier transform
of the video modulat ion applied at an input port. Since the chirp slope of the
filter may be electronicall y varied , the trans form rate may be tailored to suit a
particular system reqPiirement .

A new balanced diode mixer tap configurat ion has been utilized which provides
tap amplitude control over dynamic range exceeding 40 dP while minimizing tap
phase errors . Perturbation techniques have been formulated which would remove the
residual tap phase errors which are predictable as a function of tap weight ing.
The predicted perturbed tap weights applied to the real and imaginary filter
channels could be directly incorporated within the tap programming law under
eventual microprocesor control.

Although the present devices have been designed specifically for a 9.8 MHz
tap sampling rate , extention to rates approaching 100 MHz is feasible without
appreciable increase in device power consumption or complexity. While the
lith ium niobate delay lines utilized are capable of providing the high band-
widths desired , their inherent large temperature coefficient of time delay at
first appears to be a significant disadvantage . However , the nonlinear approach
utilized provides a method for directly compensating for the temperature induced
linear phase errors along the delay l ine by offset of the CW reference frequency .

• For the correct frequency offset , the total phase error of the difference fre-
quency tap outputs is nulled. The correct reference frequency offset versus
temperature can be achieved by deriving the reference frequency from a SAW+
oscillator located on the lithium niobate substrate so that the oscillator fre-
quency automatically sat isfies the temperature compensat ion condition . Pre—
liminary experimental verification of the basic approach has permittedd opera-
t ion of a diagnostic lithium niobate correlator over a 1000C range with signal
processing results comparable to those predicted for an equivalent ST quarts
dcv ice.
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While s ignif icant  progress has been made during th is program in the
development of a high dynamic range, programmable balanced mixer tap configurat ion,
further developmental work remains in the areas of device design and fabrication .
Intertap mechanical reflect ions and electrical coupling, although reduced consider-
ably through theuse of the inclined tap geometry and balanced mixer tap design ,
presently limit the control dynamic range of one tap of a P tap array to over 25 dB
as compared to a control range of greater than 40 dB for a single isolated tap.
Spurious reflection could be further reduced by offsetting the taps by a greater
amount which in the limit would provide separate acoustic propagat ion paths for each
tap. This approach is particularl y applicable to devices having 64 or less program—
mable taps because of the corresponding increase in delay line dimensions and inser—
t ion loss. One method of achieving greater electrical isolation between taps is
envisioned by provid ing integrated circuit buffer amplifiers between groups of taps.
The balanced mixer configurat ion by itself provides significant electrical isolat ion
by reducing the leve l of the fundamental frequency components at the pth tap due to

— i n i t i a l  detection of the qt~ tap. Further transducer design improvements are also
warranted for reducing electromagnetic feedthrough and reflection between input ports.

In the area of device fabrication , the microelectronics wire bonds between the
delay line taps and silicon on sapphire mixer arrays could be eliminated by a “flip
chi p” bond ing technique which would provide a more rigid hybrid circuit structure .
While little attempt has been made to reduce the overall package size of the devices
developed under this program , the fundamental small delay line size and low device
power dissipation inherent in the approach offers considerable advantage for mobile
and expendable device applications. These advantages , coupl ied with development
toward h igher processing bandwidth , temperature compensat ion , and greater tap control
accuracy, provide a programmable transversal filter technology which may satisfy
diverse filter requirements of present and envisioned military systems.
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