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Technical Feature

€2 A Coherent, Solid State,
225 GHz Receiver

Ronald E. Forsythe
Georgia Institute of Technology
Atlanta, GA

Introduction

The receiver is a critical ele-
ment in the development of high
performance systemsin the upper
regions of the millimeter wave
frequency range (140-340 GHz).
Some improvement in system per-
formance can be obtained due to
reduced aperture size and/or an-
tennaresolution by going to these
high frequencies. However,the
presence of higher atmospheric
losses tends to degrade system
performance at a rate that nearly
offsets the improvement obtained
dueto increased resolution. These
losses reduce the amount of avail-
able signal level in both passive
and active systems. In addition,
high transmitter power becomes
more difficult to obtain, especially
with solid state sources at these
frequencies. For these reasons
low noise receiver performance
remains anitem of high priority in
most systems.

Recently reported developments
in the area of receiver technology
in this frequency range show some
remarkable improvements in re-
ceiver sensitivity '™*. However,
system applicability is still the key
inany receiver design. Such criter-
ia as bandwidth, size, power re-
quirements, dynamic range, noise
figure, and reliability are exam-
ples of some of the parameters
that are considered when choos-
ing a particular technique for
downconverting energy in any re-
ceiver.

As the development of fieldable
systems continues into this region
of the millimeter wave frequency
range, the problem of obtaining
clean, low cost, solid state, phase
locked local oscillators continues
to exist. A new low noise, broad-
band, balanced mixer that alle-
viates this problem has recently
been developed at Georgia Tech
for use as a 225 GH, receiver >°. It

uses alocal oscillator (LO), whose
frequency is nearly one fourth the
signal frequency, to mix the sig-
nal power to a low IF, which is
then amplified. This same LO
drives a similar mixer that is used
to phase lock a 225 GHz trans-
mitter.

Fig. 1 A 225 GHz fourth subharmonic

mixer.

Other options were considered
as receiver candidates including
a fundamental mixer and a sub-
harmonic mixer using a LO at
about one half the signal fre-
quency. Both of these require con-
siderable effort to obtain a low
noise, phase locked local oscilla-
tor that could drive two mixers
simultaneously, A 112.5 or 225
GHz local oscillator with suffi-
cient power could possibly be ob-
tained using a multiplifer and a
Klystron tube source, but the
power needed to drive both mix-
ers using all solid state sources
would be very difficult, if not im-

possible, to obtain with today’s
technology. The fundamental
mixer has additional problems
associated with the development
of a low loss RF/LO coupling
network.

Mixer Description

This mixer, shown in Figure 1,
was designed using a low fre-
quency (6.86 GHz) model and
scaled up in frequency (down in
size) using a scaling factor of 32.
It uses acombination of suspend-
ed substrate stripline circuits with
two low pass filters, two wave-
guides (LO and RF), and a pair of
antiparallel diodes to achieve the
low loss conversion characteris-
tics needed for this receiver. It has
been designed to be scalable up
to 340 GHz. The diode contacting |
wire size, diode chip size, and
diode junction capacitance were
considered, as well as the circuit
and waveguide dimensions, dur-
ing the development of the low
frequency scaled model.

The antiparallel diode pair cir-
cuitisshownin Figure 2. This par-
ticluar arrangement of diodes has
the properties of suppressing all
even numbered mixing products,
such as those occuring at
|F, = F ol . IF, £ 3F 4|, and the dc
or video component without the
aid of any external filters or cir-
cuits. These frequencies all appear

fLO—

fS—p

Tlc

—» {IF

ipfs, fLo, 3fLO, 3tS, |2fLO +fS|, l4fLO+fS| ....
ich 0, 2fLO, 218, 4fLO, |fLO +fS|, I3fLO+IS| ...

API

<v

Fig. 2 Antiparallel diode circuit.

[Continued on page 66]
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| plan on living a long and healthy
life, so | get regular cancer
checkups. You should too. Contact
your local ACS office for
a free pamphlet on our new
cancer checkup guideline.

Because if you're like me, you
want to live long enough to do it all.

American Cancer Society §°
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in the circulating current (I.) where
they are, hopefully, reactively ter-
minated or suppressed. The total
current (1) contains the frequen-
cies of interest for subharmonic
mixing such as |Fs + 2F.o and
|Fs + 4F.d” 8. The latter mixing
productis of partucularinterestin
this case, and represents the IF
frequency component for sub-
harmonic mixing using the fourth
harmonic of the LO that is deve-
loped in the diode pair. To obtain
lower loss conversion to this mix-
ing product, an external circuit is
needed to suppress the second
harmonic mixing product.

IF

N

IF CIRCUIT

_— IFFILTER

RIBBON

LO FILTER

=

LO CIRCUIT
FOURTH HARMONIC LAYOUT

Fig. 3 Functional diagram of fourth
subharmonic mixer.

This mixer, shown diagramati-
callyin Figure 3, uses WR-5 wave-
guide for the signal inputand WR-
19 waveguide for the LO input.
Both waveguides have tunable
backshorts for matching the LO
and RF energy to the diodes. The
diodes are mounted in the reduced
height signal waveguide so that
they are antiparallel to the E-field
as shown in Figure 4. The diodes
are GaAs diode chips with an
array of 1.5 um Schottky diodes
formed on the face perpendicular
to the two NiAu wires which make
the contact to the diodes. The
wires are 0.0005" in diameter. They
are formed into small springs and
thetips arechemically etchedtoa
fine point. Adiode chip and a wire
are each mounted on separate
pins that are press fit into the por-
tion of the mixer body that forms

[Continued on page 68]
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the bottom wall of the signal
waveguide. Another diode chip
and wire are soldered into place
on the center conductor of the
substrate circuit at the top of the
signal waveguide wall. The pins
arethenslowly pressedinone ata
time until each diode is contacted.
This entire process is done in an
open structure so that the diodes
and whiskers can be closely mon-
itored under a microscope.

—-

i

SIGNAL WAVEGUIDE

Fig. 4 Diode and contacting wire
arrangement in signal waveguide.

The suspended substrate strip-
line circuits, shown in Figure 5,
perform several functions as out-
lined in Table 1. The smaller filter
(LO filter) is a low impedance
high impedance, nine element,
low pass filter. It helps match the
RF energyto the diodes and keeps
the RF energy in the signal wave-
guide. It also passes the LO fre-
quency to the diodes, passes the
IF frequency to the larger circuit,
and helps suppress the genera-
tion of the second harmonic mix-
ing product by providing a reac-
tive termination at twice the LO
frequency. The larger filter (IF fil-
ter) is a seven element low pass
filter. The lower part of its center
conductorislocated inthe middle
of the LO waveguide, parallel to
the E-field. This filter acts as a
waveguide to stripline transition
and a LO/IF diplexer, reflecting

the LO energy from the low pass
filter, in order to provide maxi-
mum coupling of the LO to the
diodes. The cutoff frequency of
this filter is chosen so that it
passes the IF frequency to an
external SMA connector with low
loss. A gold ribbon is soldered to
the center conductors of the two
circuits to connect them. A larger
circuit can be used for the upper
filter functions because only the
lower frequencies are present, and
higher order modes are not a
problem. Better filter performance
could be obtained using this larger
circuit because higherimpedance
ratios could be more easily real-
ized. These filters are broadband
and were easily scaled because
they do notrequire the tolerances
needed for accurate scaling of
typical band pass filters. The
smallest dimensions of the lines
are on the order of 0.001 to 0.002
inches, which are easily obtaina-
ble with common photolitho-
graphic techniques. The center
conductors are a Cr-Au metaliza-
tion which has been vacuum dep-
osited on 0.0025 or 0.005 inch

thick quartz substrates. '

TABLE 1

225 GHz RECEIVER NOISE
FIGURE SUMMARY

Item Measured
Horn/Transition Loss* 1.5dB
Mixer Noise Figure (DSB) 8.5 dB
IF Preamp Noise Figure 2.0 dB

Total Noise Figure 120.dB
*Estimated

Fig.5 Photomicropraph of quartz
suspended substrate stripline circuits.

Receiver Description

The receiver, shownin Figure 6,
consists of a conical corrugated
horn antenna, a subharmonically
pumped mixer, a 56 GHz phase
locked Gunn oscillator, a variable
attenuator and a 500-1000 MHz IF
preamplifier. The horn contains a
circular to rectangular (WR-4)
waveguide transistion and a WR-4
to WR-5 waveguide transistion. It
is electroformed and is used to
feed the quasi-optical components
(lenses, diplexers, ect.). that are
part of the system’s front end. A
summary of receiver performance
is given in Table 2.

The 56 GHz Gunn oscillatoris a

[Continued on page 70
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commercially available phase
locked source with 50 mW output.
This device is used to operate
both a phase lock mixer (used to
phase lock the transmitter) and
the receiver mixer. A waveguide
three dB coupler is used to divide
the power to drive the two mixers
simultaneously.

Mixer Performance

The mixer built at 225 GHz was
measured to have an 8.5 db DSB
noise figure using a standard Y
factor measurement over a 500-
1000 MHz IF. This compares well
with the 5 dB noise figure pre-
dicted by the model. The device
was measured with higher IF’s to

determine its instantaneous
bandwidth capabilities. A noise
figure degradation of only 0.5 to
1.0 dB was measured over a 2-4
GHz IF bandwidth, and the 3 dB
bandwidth was measured to be
greater than 10 GHz. This mea-
sured bandwidth also compares
well with that predicted by the
model mixer.

These devices have been rug-
gedized for both ground based
field use and airborne measure-
ment programs (both low and high
altitude). Similarly built devices
have been used on a P-3 aircraft
and B-57 aircrafts taking passive
millimeter wave imaging data at
220 and 183 GHz, respectively.®'°

TABLE Il. FILTER PARAMETERS AND DATA

Scaled Actual Insertion Loss
Filter fes fc ILsig. ILo IL2xio ILie
IF 0.9 GHz 29 GHz e 39dB e 0.1dB
Lo 2.8 GHz 90 GHz 50dB 0.1dB 30dB 0.1dB
4
g
3
£
b — 07,
1
| IF Range I j LO | 2XLO  Ssignal Frequency
e H : ' ;
ActualFrequency 12 29 55 90 110 220GHz
Scaled Model Frequency (0.37) (0.89) 1.7 28 34 6.8 GHz

Fig. 6 The 225 GH, coherent receiver.
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The total receiver noise figure
of 12 dB (DSB) could easily be
lowered to about 10 to 10.5 dB by
using a lower noise IF preampli-
fier and a lower loss horn. Better
mixer noise figures should also
be possible because these are
only the first mixers of this kind to
be built. A mixer noise figure of
7.0 dB should be achievable with
these devices.

Summary

The development of mixers that
use a local oscillator at one fourth
the signal frequency and can still
provide broadband, low noise
performance characteristics is a
substantial breakthrough in mil-
limeter wave receiver technology.
The use of subharmonic mixers
lowers LO cost, noise, and com-
plexity, increases LO availability
and reliability, and is compact
and portable. For instance, the
current 225 GHz version of this
receiver can fit in a 3" x 3" x 3"
package when driven by a simple
free running Gunn LO. The use of
such a low LO frequency also
increases the options available
for developing fully integrated
circuit receivers, especially at 90
and 140 GHz.

The bandwidth of this receiver
is currently limited by the 500-100
MHz IF preamplifier. This band-
width could easily be increased to
10 GHz using a stepped LO ap-
proach and a broader band IF
amplifier. The 10 GHz limitation is
currently caused by the nature of
the LO filter. This conclusion is
based on measurements made
with the low frequency model.
Versions of the mixer with even
broader bandwidths are possible
because there are no frequency
limiting circuits prior to the mixer
other than the signal waveguide.
Slightly different arrangements of
the diodes and stripline circuit
couldresultin full waveguide band
operation if properly designed.

Typical applications for these
types of mixers include coherent
receivers, passive imaging, multi-
ple receiver systems, and broad-
band detection systems. The most
significant development is that
low noise, all solid state, compact
receivers are now available which
can be used in field measure-
ment, systems and airborne ap-

JULY — 1982

plications in the 140-340 GHz fre-
quency range.

Near term efforts in the devel-
opment of these mixers will be
focused on integrating IF pream-
plifiers, adapting the mixers for
use with beam lead diodes, ex-
tending the bandwidth capability,
reducing noise figure and moving
both up and down in frequency to
cover the 90, 140, and 340 GHz
frequency ranges. Similar mixers
using an LO at one half the signal
frequency have also been deve-
loped and are currently being used
in many fielded systems.
Acknowledgments

The diodes used in these devi-
ces were provided by R. Mattauch,
University of Virginia; G. Wrixon,
University of Cork; and G. Hill,
Georgia Institute of Technology.
Acknowledgment is also given to
the following people for their con-
tributions to this effort: D.O. Gal-
lentine (mechanical design); S.M.
Halpern and J.A. Shaver (mixer
assembly); and J. Lamb NASA/
GSFC (circuit fabrication). This
work was partially paid for by
NASA/GSFC under NASA Grant
NSG-5012.

REFERENCES

. Archer, J., "APortable, All-Solid-State
Low Noise Receiver for 230 GHz, “IEEE
Conference on IR and MM Waves,
Miami, Florida, December 1981.

2. Erickson, N., “A Cryogenic Receiver
for 1 mm Wavelength,” IEEE Confer-
enceon|IRand MM Waves, Miami, Flor-
ida, December 1981.

3. Forsythe, R. E., and S. M. Halpern,
“Subharmonic Mixers for 183-225 GHz,”
IEEE Conf. on IR and MM Waves,
Miami, Florida, December 1981.

4. Forsythe, R.E., etal., “Development of
a 183 GHz Subharmonic Mixer,” IEEE-
MTT Symposium, May 1979.

5. Forsythe, R.E., “Research inMillimeter
Wave Techniques,” Semi Annual Re-
ports for NSG-5012, Georgia Institute
of Technology, Atlanta, Georgia, Jan-
uary 1979 to January 1982.

6. Forsythe, R.E., “A Coherent 225 GHz
Receiver, IEEE Conference on IR and
MM Waves, Miami, Florida, December
1981.

7. Cohn,M. etal.,"Harmonic Mixing with
an Antiparallel Diode Pair,” IEEE-MTT,
Vol. MTT-8, pp. 667-673, August 1975.

8. Schneider, M. and W. Snell, “Harmoni-
cally Pump Stripline Downconverter,”
|IEEE-MTT, Vol. MTT-23, pp. 271-275,
March 1975.

9. Hollinger, J. P., et al.,, “An Airborne

Imaging System at 140 and 220 GHz,”

|IEEE Conference on IR and MM Waves,

Miami, Florida, December 1981.

1

10. Gaglino,J.andJ. McSheehy, “Airborne

Millimeter Wave Radiometer for 94/183
GHz High Altitude Atmospheric Mea-
surements,” IEEE Conference on IR
and MM Waves, Miami, Florida,
December 1981. R

Communications

GaAs FET
Amplifiers

Operating in X band, Harris
GaAs FET Driver Amplifiers are
ideal for many communication
applications. All of this backed
by our dedication to state of the
art design, processing and as-
sembly techniques.

Features:

* Hermetic, metal-to-metal welded case

* Rugged thin film construction

* Regulated input with reverse polarity/
overvoltage protection

* Meets MIL-E-5400/MIL-E-16400
requirements

Typical Specifications

Frequency 7.9 t0 8.4 GHz
Power out @-1.0db

200 mWto 1 W
Gain, Nominal 30 db

VSWR, input/output 1.5:1 max.
Noise Figure 7.0 db max.

Call or write today and get all the facts.
(408) 262-2222 or TWX 910-338-2247

()
HARRIS

HARRIS MICROWAVE SEMICONDUCTOR
1530 McCarthy Blvd., Milpitas, CA 95035
(408) 262-2222 TWX 910-338-2247

CIRCLE 56 ON READER SERVICE CARD 71



)

-

e

ed

Technical Feature

SAW Devices

for Military

Communications, Radar,
and EW Systems

WAVE )

& %
&

RIAL $°

AT

9,

C.S. Hartmann
R. J. Kansy
RF Monolithics, Inc.
Dallas, TX

W.D. Daniels
B.R. Potter
Texas Instruments, Inc.
Dallas, TX

Introduction

Surface Acoustic Wave (SAW)
devices are radio frequency com-
ponents that exploit the charac-
teristics of a particular class of
acoustic waves that propagate on
the surface of solids. Electrical
coupling to the SAW is directly
accomplished on piezoelectric
solids. A key feature of the SAW is
its accessibility. The wave can be
“sampled” at any point along its
path. Judicious arrangement and
weighting of these samples results
in diverse device characteristics.

Most SAW devices to date have
been constructed for use in the
VHF and UHF bands (30 to 1000
MHz), limited at low frequencies
by the size and cost of the sub-
strates and at high frequencies by
photolithographic resolution. Ap-
plications include monnlithic
bandpass filters, frequency con-
trol components, and signal pro-
cessing components in which the
precise generation of complex
waveforms is required.

Saw Fundamentals

—Transversal Filters

The invention of the interdigital
transducer was responsible for
spurring the development of SAW
device technology. The transducer
consists of a pattern of interleaved
electrodes engraved in a thin metal
film deposited on the surface of a
piezoelectric crystal, asillustrated
in Figure 1. When a radio fre-
quency voltage source is applied
between the electrodes, a SAW
standing wave is generated which
decomposes into travelling waves

JULY — 1982

in the +x and the -x directions.
Thus, this transducer is bi-direc-
tional and it will also detect SAWs
that are incident from either di-
rection.

Each gap between electrodes
of opposite polarity can be viewed
as as an individual SAW source.
The strength of each source can
be “weighted” by varying the
overlap region within the acoustic
beam. The entire transducer can
be modelled as an array of SAW
sources with alternating polarity
on a SAW transmission line as
shown in Figure 1. The SAW amp-
litude at any point is given by a
sum over the individual sources,
each multiplied by an appropriate

phase factor. In fact, the source
strength is itself a function of fre-
quency and electrode configura-
tion, and the sources are not in-
dependent. Except for these im-
portant (but calculable) effects,
the SAW filterisan ideal transver-
sal filter. This result allows the
SAW device designer to utilize the
powerful transversal digital filter
design algorithms as the nucleus
of a SAW filter design method.
The center frequency of the
simplefilterin Figure 1isf,=vs/2p,
where vsis the SAW velocity and p
is the center-to-center electrode
spacing. Operation at harmonics
of focan also be obtained, thereby
reducing photolithographic reso-
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Fig. 1 The basic SAW interdigital transducer and its simplified equivalent circuit.
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double
balanced
mixers

standard level (+7 dBm LO)

1.5104.2 GHz

Bnow $399%

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

(1-9)

° rugged 2 in. sg. milled
aluminum case

* SMA connectors

* low conversion loss, 7.5 dB
e |F response, DC to 500 MHz
e isolation, 20 dB

e microstrip construction

ZAM-42 SPECIFICATIONS
FREQUENCY RANGE, (GHz)

EO BE 1.5-4.2

IF DC-0.5

CONVERSION LOSS, dB TYP. MAX.

Total range 7.0 8.5

ISOLATION, dB TYP. MIN.

1.56-2.0 GHz LO-RF 25 20
LO-IF 18 10

2.0-3.7 GHz LO-RF 25 17
LO-IF 18 10

3.7-4.2 GHz LO-RF 25 20
LO-IF 18 10

SIGNAL 1 dB Compression level +1 dBm

For complete specifications and performance
curves refer to the 1980-1981 Microwaves Product
Data Directory, the Goldbook or EEM.

For Mini Circuits sales and distributors listing see page 99
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[From page 73] SAW DEVICES

lution requirements for high fre-
quency devices. However, the har-
monic response is degraded by
non-ideal effects, most notably
by the propagation of bulk acous-
tic modes.

—Reflective Array Devices

A metal film on the surface of a
piezoelectric crystal perturbs the
electrical boundary conditions and
results in a perturbation of the
SAW velocity that causes reflec-
tions at the edges of the trans-
ducer electrodes. The reflections
within a transducer interfere con-
structively in a “stop-band” that
has acenterfrequency determined
by v¢/2p and a bandwidth propor-
tional to the length of the trans-
ducer and the reflection coeffi-
cient of each electrode. Within
this “stop-band” the reflections
can cause severe distortion of the
transducer response. However,
the transducer period can be
decreased, thereby moving the

REFLECTIVE
GRATING

\\ 5
Wi G

2-PORT SAW RESONATOR

TRANSDUCER

|
3
10 dB/DIV S

5 MHz/DIV
FREQUENCY RESPONSE

Fo = 596 MHz

Fig. 2 The structure of a 2-port SAW
resonator and its typical frequency
response.

“stop-band”toahigher frequency
and reducing the severity of the
effect. The two most important
types of reflective SAW devices
are the reflective array compres-
sor (RAC) for radar pulse com-
pression filters, and the SAW res-
onator for narrowband bandpass
and frequency control devices.
Both of these devices use stand-

ard interdigital SAW transducers

for generation and detection, but
the primary signal processing
functions are accomplished by
the reflective gratings.

For example, the SAW resona-
tor shown in Figure 2 consists of
one or more transducers positi-
oned between two reflective grat-
ings. Within the “stop-band” the
gratings act like high reflectivity
mirrors forming a Fabry-Perot type
resonator. Asshownin thefigure,
the transmission response be-
tween the two transducers of a
two port resonator is character-
ized by a narrow peak at the
resonance frequency of the SAW
cavity superimposed on the direct
transducer response.

The bandwidth of the transmis-
sion response is now controlled
by the Q of the SAW cavity rather
thanthe bandwidth of the coup-
ling transducers. The unloaded
Q of a SAW resonator depends
most heavily on the acoustic prop-
agation loss. The relationship be-
tween loss and Q is given by

1/Q = < v¢/mrf,

where « is the propagation loss in
nepers/cmandf,istheresonance
frequency.

Bandpass Filters

All SAW devices are inherently
bandpass filters; high pass and
low pass units are not possible.
The challenge of SAW filter design
is to incorporate corrections for
non-linear responses so as to
achieve the desired filter response.
Thiscomplex task is typically per-
formed by employing interactive
numerical techniques that (usu-
ally) converge to an acceptable
solution which prescribes a spe-
cific transducer topology.

Figure 3 illustrates the three
mostimportant transducer weight-
ing schemes on which SAW band-
pass filter designs are based. Fig-
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ure 3ashows the “overlap” weight-
ing technique described previ-
ously. Note that the resulting SAW
amplitude is nonuniform perpen-
dicular to the propagation direc-
tion and, the weighting is only
effective if the SAW energy is
“averaged” across the acoustic

. beam. Thus, both transducersina

simple SAW filter cannot be over-
lap weighted, since neither aver-

agesthe SAW profile of the other.

Figure 3billustrates a means of
accomplishing weighting while
maintaining a uniform overlap.
This technique, termed “with-

~ drawal” weighting, results in a

lumped approximation to adesired
weighting function by varying the

. density of driven electrodes in a

]

uniform transducer. The accuracy
of the approximation depends on
the number of electrodes in the
transducer, thus it is most advan-
tageously employed in filters hav-

Y ing narrow fractional bandwidths
or very small shape factors.

mall

Sl

s

a8

Another technique, illustrated
in Figure 3c, utilizes the depend-
ence of source strength on elec-
trode width and spacing to achieve
source weighting. This technique

AT

A. OVERLAP WEIGHTING

IR EL

B. WITHDRAWAL WEIGHTING

—

|

C

[ ]

L e J
C. PHASE WEIGHTING

Fig. 3 SAW transducer weighting
techniques.
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MODEL FREQ. Tss' Ry 182 Y 182 QUANTITY
NUMBER PKG (GHZ) (-dBm) (K OHM) (mV/mW) 100

CC-105509 10 9375 55 1.1-1.7 5000 $16.00
CC-135209 13 9375 52 1.1-1.7 3500 7.25
CC-105016 10 16.0 50 1.1-1.7 3000 16.00
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MODEL FREQ. Tss MAX.5

NUMBER PKG (GHZ) (-dBm) TOTAL CAP.
CC-215509 21493 b .20 11.10
MODEL FREQ. N.F.? VSWR? Zip

NUMBER PKG (GHZ) (dB) (OHMS)
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SCHOTTKY BARRIER FOR HYBRID MIXER CIRCUITS
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C-096509 9 6.5 i U e SR 9.90
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Phone: (201) 534-6151 ¢ Telex 132-445

CIRCLE 59 ON READER SERVICE CARD 7!




Freq y Dir y Insertion | Sensitivity
Sensitivity (dB) (GHz) Loss (rv/ipw)
(dB) (GHz) (dB Max)
12118 1-12.4 +.2(1-8) 18(1-8) 1.35 143 40 $675
] +.3(1-12.4) 15(8-12.4)
18188 2-18 +.5(2-12.4) 17(2-12.4) 1.35 75 10 $750 [
+.7(2-18) 15(12.4-18)
| 18228 2-18 +.5(2-12.4) 15(2-12.4) 1.35 1.0 40 $750
+.7(2-18) 13(12.4-18)
18208 1-18 + 5(1-12.4) 17(1-12.4) 1.35 9 10 $825
: +.7(1-18) 15(12.4-18)
18218 1-18 +.5(1-12.4) 15(1-12.4) 1.40 1.2 40 $825
? +.7(1-18) 13(12.4-18)
1850S 5-18 +1.2 14(.5-12.4) 1.40 1.1 10 $925
12(12.4-18)
18518 5-18 1.0 14(.5-12.4) 1.40 15 40 $925
12(12.4-18)
2616S | 1.7-26.5 |=+.8(1.7-18) 15(1.7-18) 1.45 1.2 10 $1,125
. +1.2(1.7-26.5) | 13(18-26.5) :
2610S 1-26.5 +.7(1-12.4) 14(1-12.4) 1.50 16
+1.2(1-26.5) 12(12.4-26.5) %< L
3617S | 3.6-11.7 |+.15(3.6-6.5) | 18(3.6-6.5) 1.30 11
+.30(3.6-11.7) | 15(6.5-11.7) 0 Fige
[Model | Freq y | Nomi Freq y | Directivity | Ma
(GHz) Coupling Sensitivity (dB) (GHz) VSV:R '"t:’s":" eRe
(dBO (dB) (GHz) (dB Max)
1211 1-12.4 10+.5 + 2 18(1-8) 13
5
15(8-12.4) 1.1 $475
1818 2-18 16+.5 *.25(2-12.4) [ 17(2-12.9) 7
+.35(2-18) | 15(12.4-18) ik & e
1822 2-18 10+.5 +.25(2-12.4) | 15(2-12.4) 1
+.4(2-18) 13(12.4-18) o 1 e
1820 1-18 16+.5 +.3(1-12.4) | 17(1-12.4)
. 1
+.4(1-18) 15(12.4-18) £ Y 75
1821 1-18 10+.5 +.4 15(1-12.4) 1
. 4
13(12.4.18) 0 1.2 $475
1850 5-18 16+1 2 14( 5-12.4)
- 1.3
12(12.4-1) 5 1.1 $575
1851 5-18 101 *1 14(.5-12.4
3 1
12(12.4.1g) 35 1.6 $575
2616 1.7-26.5 16+1 +.4(1.7-18) | 15(1.7-18
~ 8(18-26.5) 13(15-25,;, 1.45 1.2 $725
2610 1-26.5 10+1 =.6(1-12.4) [14(1-12.4)
- 150
+.8(1-26.5) |12(12.4-2¢ 5) 1.6 $825
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[From page 75] SAW DEVICES

is termed “phase” weighting and,
like the previous method, main-
tains uniform overlap. The disad-
vantage is that it introduces
weighting of the phase response
due tothe varying periodicity that
must be compensated in the other
transducer in linear phase filters.
This weighting technique is pri-
marily employed in dispersive
pulse compression filters.
Thebidirectionality of these basic
“two-phase” transducers results
in an intrinsic inefficienty that
causes an extra 6 dB of insertion
loss, above that determined by
input and output impedance con-
siderations. In addition, it results
in multiple reflections between
the transducers that cause distor-
tion in the desired response. In
practice it is usually necessary to
introduce at least 20 dB of inser-
tion loss to attenuate these reflec-
tions. By employing three or more
phases, and incorporating suita-
ble matching networks, a trans-
ducer can be realized that gener-
ates a single travelling wave, and
is therefore unidirectional '. This
obviates both limitations, at the
expense of substantial complica-
tions to both the fabrication pro-
cess and the matching networks.

The application of SAW devices
incommunications systems allows
the utilization of higher IF fre-
quencies than are typically em-
ployed in present systems, there-
by effectively eliminating a wide
range of mixer spurious responses.
Figure 4 shows the frequency re-
sponse ofa328 MHz low loss filter
which was developed for such an
application. Although the particu-
lar use was as the IF filterin a high
performance television receiver ?

LOSS (dB)

328 MHz
5 MHz/DIV

Fig. 4 A high performance 328MHz
experimental TV-IF filter.
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having an IF frequency eight times
higher than in current TV receiv-
ers, the concept is applicable to
military communications systems.
This filter utilizes a three-phase
transducer structure to achieve 6
dB insertion loss simultaneously
with 50 dB triple transit suppres-
sion. The weighting of the filter
uses a combination of phase
weighting and withdrawal weight-
ing. The filter alsoincludes phase
and magnitude compensation for
distortion effects of the three
phase matching network, notch
filters in both baseband and IF
sections of the television receiver,
and predistortion of television
transmitters. This filter provides
greatly improved rejection of sig-
nals from adjacent channels com-
pared to current receivers. The
low loss of the filter allows the
receiver to achieve an excellent
noise figure with greatly improved
interference rejection. Widespread
utilization of this TV receiver
architecture could lead to an eas-
ing of the current restriction on
the utilization of 18 UHF TV
channels foreach assigned chan-
nel.

Figure 5 shows an L-band filter
fabricated on ST-cut quartz for
temperature stability at a center
frequency of 1575.4 MHz for the
global positioning system man-
pack receiver 2. This filter utilizes
both overlap and withdrawal
weighted unidirectional trans-
ducersand exhibits excellent out-

of-band rejection over a wide
bandwidth The phase response of
this filter varies about +3% over
the 1dB bandwidth, and the delay
variation is less than 10 ns.

Table 1 is a presentation of the
electrical capabilities of SAW
bandpass filters, indicating pres-
entand projected limits. Note that
design trade-offs are necessary
between certain parameters; all of
the indicated limits cannot be
achieved simultaneously.

Fractional bandwidths less than
0.1% require transversal filters
having transducers with thousands
of electrodes. For this purpose,
SAW resonators can be coupled
electrically or acoustically to real-
ize multipole narrow band filters
that are compact and easily de-
signed using well known tech-
niques *. Figure 6 shows the re-
sponse of a two-pole resonator
filter designed to give a Butter-
worth response with a 3 dB band-
width of 14 kHz at a center fre-
quency of 184 MHz>. The unloaded
Q of the component resonators
was about 20,000.

Frequency Control

Both SAW delay lines and res-
onators can be utilized as fre-
quency control components in
oscillator circuits.

The choice of the delay lines vs.
the resonator approach currently
depends on the frequency range
of interest. The effective Q of the
delay line is determined by its

LOSS (dB)

FREQUENCY (GHz)

Fig. 5 An L band front end filter used in GPS.
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Our new Design-Pac™ makes it
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[ closures for special applications.

You can expect two-week turn |
around on custom housings, and ||

i immediate delivery if you order {
i from our stock inventory. Our

modern facilities are devoted

[ exclusively to circuit housing

production — your assurance of
precision quality products at the

. lowest possible cost.

Let us build your prototype
or supply your production run
needs — Send for your free

| Design-Pac today.

10 Coles Circle, Salisbury, MD 21801
301 749-4411 e TWX 710 864 9683

Design-Pac is a trademark
f PMH Incorporated

IRCLE 61 ON READER SERVICE CARD




power
splitter/
combiners

10 to 500 MHz
only $7495 ..,

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

*rugged 1% in. sqg. case

* BNC, TNC, or SMA connectors
¢ [ow insertion loss, 0.6 dB

e hiisolation, 23 dB

ZFSC 4-1W SPECIFICATIONS
FREQUENCY (MHz) 10-500

INSERTION LOSS, dB TYP. MAX.
(above 6 dB) 0.6 1.5
10-500 MHz

AMPLITUDE UNBAL., dB 0.1 0.2
PHASE UNBAL. 1.0 4.0
(degrees)

ISOLATION, dB TYP. MIN.
(adjacent ports) 23 20
ISOLATION, db 23 20
(opposite ports)

IMPEDANCE 50 ohms.

For complete specifications and performance
curves refer to the 1980-1981 Microwaves Product
Data Directory, the Goldbook or EEM.

For Mini Circuits sales and distributors listing see page 99
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[From page 77] SAW DEVICES
group delay and is approximately

Qdelay line + mfoL/vs

where f, is the oscillator fre-
quency, L is the delay line length
and vs is the SAW velocity. The
advantage of the delay line ap-
proach isthat 3rd harmonic trans-
ducer operation can be utilized,
thereby substantially easing pho-
tolithographic requirements,
whereas the resonator suffers a
dramatic reduction in Q due to
SAW to bulk mode conversion at
the 3rd harmonic.

The absolute accuracy of the
oscillator center frequency de-
pends on the accuracy of crystal
orientation and control of fabrica-
tion processes. However, the fre-
quency can be trimmed by adjust-
ing the thickness of the transducer
metallization.

Noise performance of SAW os-
cillator is typically better than for
bulk crystals, primarily due to the
higher power handling capabili-
ties of the SAW device °. The
aging characteristics of SAW os-
cillators result in variations that
are typically 1 to 10 ppm/year,

aboutan order of magnitude worse
than the best bulk devices, and
critically dependent on substrate
surface cleanliness and device
packaging ’.

The best temperature stability
for SAW oscillators without ex-
ternal compensation is obtained
on ST-quartz which has a vanish-
ing first order temperature de-
pendence of delay (length/veloc-
ity). The observed dependence is
quadratic, and resuslts in a varia-
tion of about 150 ppm over the
mil-spec temperature range. This
variation is substantially larger
than measured for bulk devices,
and constitutes the most serious
deficiency in high performance
SAW oscillators. Numerous tech-
niques for externally improving
the temperature performance have
been reported in the literature, all
requiring either extra parts, power,
and space, or substantially com-
plicating the fabrication process.
A recent review of these tech-
niques is presented in °.

Radar Applications
Perhaps the most significant
impact surface wave devices have

5 KHz /div

TABLE 1
SAW FILTER CAPABILITIES
PARAMETER PRESENT PROJECTED
Center Frequency (f,) 10 MHz to 4.4 GHz 6 GHz
Bandwidth 20KHZ to .7 fo 8t
Insertion Loss 2dB 1dB
Minimum Shape Factor 1.2 1R
Minimum Transition Bandwidth 50 KHz 20 KHz
Sidelobe Rejection 60 dB 70dB
Ultimate Rejection 90 dB 100 dB
Deviation From Linear Phase o s [ s =l
Amplitude Ripple .01dB .01dB
fo=184 MHz fo=184 MHz

|
=
=
-9
©

4

10dB/div

1 MHz/div

Fig. 6 An electrically coupled 2-pole SAW resonator filter.
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made on military systems is the
improvement in radar systems
performance made possible by
SAW pulse compression filters
(PCF). A figure of merit in pulse
compression systems is the time-
bandwidth product (TB) of the
1 transmitted waveform. The sys-
tem exhibits an equivalent noise
bandwidth equalto 1/T where T is
the transmitted pulse width in
seconds. The radar range resolu-
tion is approximately ¢/2B where
B is the waveform bandwidth in
hertz and c is the speed of light (3
x 108m/s.)

REFLECTORS

INPUT

OUTPUT

SLANTED RAC
(REFLECTIVE ARRAY COMPRESSOR)

INPUT OUTPUT

IDT (INTERDIGITAL TRANSDUCER)

Fig. 7 SAW pulse compression filters.

Prior to SAW technology, a
chirped transmitter waveform was
generated using a ramp driven
linear voltage controlled oscilla-
tor and matched filtering was ac-
complished in the receiver using
dispersive lumped and distributed
element filters such as the folded

tape meander line (FTML). The
use of SAW filters is the exciter
(transmitter) and receiver has
eliminated expensive alignment
procedures, provided a limitless
choice of waveforms and added
an extra dimension is system de-
sign due to the excellent repro-
ducibility of SAW devices that
permits the realization of multi-
channel processors.

Both the reflective array com-
pressor (RAC) described previ-
ously, and the transversal filter
have been utilized in this applica-
tion, and representative examples
are shown in Figure 7. Some of
the more important classes of
waveforms that have been real-
ized using SAW devices are the
Hermitian ® which has a rotation-
ally invariant ambiguity function,
the dopplerinsensitive waveforms
observed in bats '°, and the gen-
eral class of FM waveforms which
have uniform envelopes at the
transmitter and are compatible
with high power amplifiers.

Figure 8 compares the perfor-
mance of two waveforms from the
FM class: linear FM (LFM) and
nonlinear FM (NLFM). Both have
“flat” time domain responses,
however, inspection of the spec-
trum of the transmitted signal for
the NLFM device shows it to be
smooth and without the Fresnel
ripple observed onthe LFM device.

EXPANDED PULSE
NON-LINEAR FM

EXPANDED PULSE
LINEAR FM

EXPANDED PULSE SPECTRUM

EXPANDED PULSE SPECTRUM

COMPRESSED PULSE
TIME SIDELOBES — 30 dB

COMPRESSED PULSE
TIME SIDELOBES —13 dB

Fig. 8 Performance comparison of linear FM and nonlinear FM SAW compression filters.
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[From page 79] SAW DEVICES

The importance of the NLFM
waveform is observed when the
signal is compressed in the PCF
and the maximum signal to noise
improvement is realized [maxi-
mum S/N is equal to 10 log (TB)]
without generating large time side-
lobes. Linear FM is much less
sensitive to doppler than NLFM
but time sidelobes must be sup-
pressed by amplitude weighting
the PCF power spectral density
(as compared to phase weighting
in NLFM) and the price paid is a
degradation of receiver sensitiv-
ity by typically 1 to 1.5 dB.
Animportant class of radar sys-
tems is the monopluse radar in
which target tracking information
is obtained from a single pulse '".
The significance of SAW devices
in these systems (in addition to

pulse compression) is the ability
to match amplitude and phase
characteristics of several devices
inthe time domain, the frequency
domain, and over temperature.
Amplitude and phase tracking is
typically demonstrated by in-
specting frequency domain data,
however, device performance per-
ceived by the radar operator de-
pends on time domain character-
istics.

Figure9Qillustrates the concept.
Two 20us expanded pulses enter
the PCF in the dual channel re-
ceiver and produce 300ns com-
pressed pulses at the output. The
phase processor produces sum
(X) and difference (A) signals from
which tracking information is de-
rived. If a point target is located
on boresight, the X signal should

BORESIGHT
AXIS
Z

UP-DOWN PLANE

10 d8/
DIV

CHANNEL A / S
SAW
< i PULSE COMPRESSOR
2 {205 = L (A+B)
= PHASE >
<
- CHANNEL B PROCESSOR
£ a7 s SAW A(A=8)
PULSE COMPRESSOR |
- 20 4S ju— \

5 uS/DIV

be 6dB greaterthan a single chan-
nel signal, and the A signal should
vanish. Asshowninthefigure, the
3>/A ratio in this system is about
45dB. Not only is the “main lobe”
canceled in the A channel, but
time sidelobes are reduced as
well, indicating tracking of time
spuria between devices.

Radar systems have been devel-
oped that exhibit extremely high
range resolution: on the order of
one foot. This requires that the
operational bandwidth be a min-
imum of 500MHz.

Electronic Warfare (EW)
Applications

Whereas pioneering applica-
tions of SAW technology occurred
in radar requiring 10 to 20 SAW
devices per system, EW applica-
tions may employ 50 to 500 SAW
devices per system! Figure 10
shows a channelized receiver
which contains over 160 SAW
devices.

SAW devices are used not only
for their small size and cost ad-
vantage, but also because their
performance surpasses that of
most competing technologies.
This performance results from the
superior phase linearity which can
be realized with SAW devices that
is critical for the pulse analysis
performed in channelized receiv-
ers. Since SAW devices ideally
implement the transversal filter
function, both time and frequency
domain response can be tailored
to meet the system requirement.

Fig. 9 Monopulse radar using SAW devices for pulse compression.

Fig. 10 EW receiver employing over
160 SAW filters.

In a channelized receiver this
requirement is high selectivity in
the frequency domain and min-
imum pulse distortion in the time
domain. Since the majority of
lumped element filters are min-
imum phase, infinite impulse re-
sponse designs, the phase re-

[Continued on page 82]
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[From page 80] SAW DEVICES

sponse at the band edges is
distorted and resultsin aresponse
to out-of-band pulses that “rings”
for a substantial interval. SAW
= transversal filters, on the other

hand, are finite impulse response

devices thatcan exhibitextremely

linear phase response with opti- Stop
- mum response to out-of-band .
pulses.
The cued receiver diagram
shown in Firgure 11 consists of a

channelized receiver containing a
bank of SAW bandpass filters and
an analog memory. Input signals
A are applied simultaneously to the
channelized receiver and to the

- 60 48

FREQUENCY

CHANNELIZED SIGNAL
RECEIVER FREQUENCY

FREQUENCY
SYNTHESIZER

input of a wide bandwidth SAW
delay line. The channelized re-
=y ceiver determines coarse signal
frequency, even in the presence
of other simultaneous signals, and
directs a narrow-band receiver to
perform detailed analysis of the
signalasitemerges from the delay
line.
Thebandpass (slot) filters have
a 3dB bandwidth of 20MHz and

DIGITAL
WIDEBAND SIGNAL PULSE
SAW DELAY ANALYSIS  — gepopy
RECEIVER

LINE TO COMPUTER

800 MHz 1800

uniformly spaced center fre-
quencies that provide an instan-

- taneous receiver bandwidth of
700MHz. The slot bandwidth is

are highly competitive.

Highly selective etchants
at highly competitive prices.

J.€.Halma Co., Inc.

91 Dell Glen Avenue, Lodi, N.J. 07644 « (201) 772-4464
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Fig. 11 Cued analysis receiver architecture.
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1961. Contact us for literature and also find
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[From page 82] SAW DEVICES

dictated by video processor cir-
cuitry that must detect 100ns
pulses economically with an in-
stantaneous dynamic range of
60dB. Undirectional 3-phase tech-
nology is used for these filters to
eliminate multiple-transit echos,
with an additional benefit of low
insertion loss.

Microscan receivers are less
complex than cued analysis re-
ceivers, however, they are limited
in instantaneous dynamic range
(typically 30dB) by time sidelobes.
Figure 12 illustrates the operation
of a microscan receiver. These
systems use LFM PCF devices
exclusively toaccomplishan oper-
ation that is equivalent to the dig-
ital chirp Z-transform '2. The
bandwidth of the SAW devices in
such systems is typically 1 GHz

with TB of 100 resulting in a reso-
lution of 10MHz. Video circuitry
capable of processing such wide
bandwidth signals borders on the
state-of-the-art.

The SAW Convolver

Military systems are evolving to
counter the threat of hostile jam-
mers or to operate covertly to
avoid detection by hostile receiv-
ers. These systems require a
matched filter with high process-
ing gain (>30dB) and waveform
agility. The latter is also applica-
ble to encryption requirements in
secure communications systems.
A schematic representation of a
monolithic elastic SAW convolver
that exhibits these features is
shown in Figure 13.

The convolution results from
non-linearities in the elastic prop-
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Fig. 12 Simplified block diag

ram of microscan receiver.
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Fig. 13 The SAW convoler as a programmable matched filter.

erties of the substrate such that
two counter-propagating waves
are effectively multiplied spatial-
ly, and the spatial productis inte-
grated over the interaction length
by a simple parallel plate elec-
trode. In thisdevice, the inputand
reference waveforms are modu-
lated on a 300MHz IF, and the
convolved output occurs at
600MHz. The figure demonstrates
convolution of a 20us pseudo-
random sequence having a
100MHz bandwidth with its time
reversed reference producing a
5ns compressed pulse.

Devices have achieved 32dB of
processing gain with a 1dB im-
plementation loss and an instan-
taneous dynamic range of 60dB.
This low cost programmable
matched filter, realized by a sim-
ple aluminum metallization on a
LiNbO3 substrate, has the equi-
valent processing power of a 10-
bit digital processor performing
2x10'" complex multiplies and
adds per second.

Conclusions

The maturity of SAW device
technologyisdue, in large part, to
the early stimulus of special ap-
plicationsin military systems. Cur-
rent applications are diverse,
ranging from high performance
band passfilters having low inser-
tion loss and excellent out-of-
band rejection to devices capable
of performing powerful analog
signal processing functions. This
range of applications will most
certainly broaden as research
produces improvements in sub-
strate materials, fabrication tech-
niques, and the understanding of
device physics.
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Furtheranticipating, John says,
“learning curve” isn’t going to
help either. Learning curve implies
that prices come down as you
make lots of devices spread out
over long periods of time with
essentially no changes made to
the product. “This isn’'t the mic-
rowave way,” says John, “Nothing
remains unchanged in microwave
designs long enough for the
learning curve to help out.” Further
capping his pessimistic MMIC the-
sis, John points to the lack of
adequate microwave professors
in the academic community, not-
ing that you can count the number
of them in the entire country eas-
ily. This,says John, doesn’t speak
well for the hope for learning
curve that MMIC proponents
dream about.

What's John’s bottom line?
“GaAs MMIC’s will be used to
make those things you can’t make
otherwise! They’ll go into very
expensive systems wherein their
high component value will be
buried.”

Comments From The Floor

Whether Saloom and his panel-
lists speak with tongues forked or
in cheek we do not know for sure.
What can be said is that they
ellicit the obvious desired re-
sponse from the floor.

Bert Berson volunteers that if
GaAs IC’s were available, lots of
new applications would explode
to life, not the least of which
would be the 10 million X-band
direct satellite broadcast receiv-
ers that the world’s TV viewers
“need.”

Also advanced is the theory
that during the development of
monolithic silicon circuits, the
hand calculator, one of its most
prolific children, wasn’t even en-
visioned (sic the value of such
projections, including those made
today).

Joe Saloom, introduced as the
Illinois born, raised and educated
industrialist and philosopher,
closes by saying that he has faith
in the microwave profession and
in its ability to be ingenious in
raising money and devising new
ideas to take advantage of a tech-
nology which that profession so
obviously loves. &
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Millimeter-waves span more
= than 3 octaves of frequency from
around 30 GHz to over 300 GHz,
“* accounting for nearly half the
entire microwave spectrum. Al-
™ though the majority of thisband is
., affected significantly by atmos-
pheric attenuation, limiting it to
short or medium range use in a
terrestrial environment, it never-
. theless offersenormous potential
for development. Interest and
. activity in millimeter-waves have
been increasing gradually over
“Y the last few years and, as compo-
nent technology improves, appli-
" cationsareemergiagatagrowing
rate. It seems clear that by the end
of the decade millimeter-wave
systems will be seeing extensive
" use and will represent an impor-
. tant part of the output of the mic-
rowave industry.
Amongstthe many applications
reported to date, communications
"l play a prominent part. Freedom
from the congestion of the lower
s frequency bands together with
the increased channel space
available favor the millimeter-wave
forshortto medium-haul systems,
' whilst small high-gain antennas
at these frequencies provide an
attractive proposition for mobile
links. Also there are possible
applications for secure commun-
L. ications utilizing the high atmos-
pheric absorption peaks which
occur in the band. Military appli-

s
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Fig. 1 Equivalent circuit of direct-coupled
cavity filter.

cations include weapons gui-
dance, target detection and ter-
minal homing where the light
compact equipment is an advan-
tage. Battlefield surveillance rad-
ars benefit from the superior per-
formance of millimeter-waves over
infrared in conditions of poor vis-
ibility. Radio astronomers have
begun important new work in
millimeter-wave spectrometry, and
there are research applications
connected for example with par-
ticle accelerators and plasma
diagnostics. Recently reported are
traffic control systems and var-
ious industrial process control
applications.

To meet the growing demand
for millimeter-wave components,
researchers and component de-
signers have been exploring the
high frequency possibilities of
different forms of transmission
linesuch asdielectric waveguide,
finline structures and suspended
substrate microstrip, whilst at the
high-end of the millimeter-wave
spectrum some interesting quasi-
optical techniques are under
investigation. All these media have
their own merits under certain
circumstances, offering a measure

of intergrability and choice.
Nevertheless the systems designer
has to satisfy multiple and some-
times conflicting criteria in the
selection of components often on
the basis of compromise, and
many systems will contain a mix-
ture of technologies. Conventional
waveguide may well be the most
appropriate choice in many cases,
and there is no doubt that wave-
guide components will continue
to play an important role in
millimeter-wave systems at least
up to 140 GHz. In particular
waveguide filters can offer signifi-
cant performance advantages in
the most stringent applications.
The purpose of this article is to
describe a development pro-
gram aimed at the design and
production of direct-coupled
waveguide filters, initially in Ka-
band , using techniques which
are directly applicable at fre-
quencies up to 140 GHz. The
design method, realization and
production considerations are
discussed together with predicted
and experimental results for a
bandpass filter centered around
37.5 GHz which is now in quantity
production.

The Problem

Figure 1 shows the equivalent
circuit of a direct-coupled cavity
filter consisting of shunt induc-
tive suspectances B;separated by
lengths of transmission line 6.

When the transmission lineisto
be formed from waveguide, the
filter designer must answer 3 basic
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Fig. 2 Lumped-element low-pass prototype filter.

questions:

(i) What are the theoretical values
of Biand 6;to obtain the desired
filter response?

(il) How can these values be
achieved in waveguide in an
accurately predictable way?

(iii) Is it possible to produce the

resultant structure with realis-
tic manufacturing tolerances;
will it need to be tunable after
assembly and if so, how?

The answers to questions (ii)
and (iii) become particularly per-
tinent at higher frequencies, and
for millimeter-wave filters they are
crucial. The realization question
posedin (ii) isdiscussed in detail,
but first some useful comments
can be made concerning the
design question (i).

Filter Design

The theory of direct-coupled-
cavity filters is well established in
the literature, and the filter
designer has a choice of several
methods. The authoremploys one
of two well known techniques
der ending on filter specification.

Cohn' based his theory on a
lumped-element low-pass proto-
type as shown in Figure 2.

The element values gi of this
prototype determine the type of
response obtained and can be
found from published tables?® for
maximally flat (Butterworth)
response or Tchebysheff (equal
ripple) response. Alternatively
they can be calculated for inter-
mediate ripple values or different
types of response which aré not
tabulated®. Having determined the
element for the low-pass proto-
type, a low-pass to band-pass
transformationis carried out lead-
ing to simple design formular
which are still widely used. An
example of a low-pass prototype
response together with its trans-
formed band-pass equivalent are
shown in Figure 3 forthe case ofa

5-section Tchebysheff filter.
Cohn’s design equations are also
given.

Cohn’s method works very well
for filters with narrow bandwidth
or relatively high ripple values,
predicting band-edge frequencies,
skirt attenuation and VSWR quite
closely. However for bandwidths
of greater than 1 or 2 percent
coupled with ripple values of less
than about .05 dB, the approxima-
tions inherent in the frequency
transformation cause deviations
from the expected response. In
such cases which occur for
example in the design of broad-
band low-VSWR communications
filters, it is necessary to use the
method developed by Levy® based
on a distributed low-pass proto-
type filter. The form of this proto-
type is shown in Figure 4.
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and Ago, Ag1, Ag2 are the guide
wavelengths corresponding to
frequencies fo, f1, fo.

Fig.3 Low-pass toband-passtransforma-
tion and design formular for
lumped-element prototype filter.

This time the response of the
prototype is determined by the
step impedances Z; which are
obtained directly from Levy’s
tables.* The low-pass to band-
pass transformation then yields
the design formular:

Bi-Z-Zsiforz>z,, i=0.1.2.

Yo AV ZZ+1

and
B _Zi+ -Z,
Yo ZiZis1

Lot Bty cot B |[i=1,2
2 Y5 XYl

Although capable of superior
results for broadband filters, this
method is not nearly so easy to
use as Cohn’s. The published
tables of stepimpedances, though
extensive, are not sufficiently
detailed to cover all filter re-
quirements, particularly those with
a large number of sections in the
medium bandwidth bracket. This
is precisely the combination called
for by many communications
filters, and hence it is necessary
to derive the step impedances for
these cases. The process requires
computer calculations of great
precision, although the synthesis
as described by Levy* does contain
a measure of self-checking.

It is worthwhile recording cor-
rections to (8) and (14) of
reference 4.

Equation (8) should read:

Ip 1= [@osh 2(—’:)1) co
(coshz—-(—l'-"J - cos M71):| /—2
o

Equation (14) should read:

1O Z<Zi=0 4,255 00n

6=m-

21;]1” X

(cosh & % cos

Ko (n-1)/2_ (p*+ P |?)

Tipl= (p+p(n+n2TT(p +P/ p+p’1%)
r=1

Neither of the methods

—

described takes into account the *

exact frequency variation of the
coupling susceptances B; in the

actual filter. This variation can |

cause significant differences
between the transformed proto-
type response and the final filter
response, particularly at high
values of skirt rejection. It is
therefore prudent at this stage to

MICROWAVE JOURNAL

-



Fig. 4 Distributed low-pass prototype filter.

perform a detailed computer
" analysis of the filter performance
~Jusing the actual frequency be-
havior of the geometry to be used,
so that small adjustments can be

- made if necessary. Phase response
““and group delay are also cal-
culated at this point if these are
M pertinent to the filter specification.

" Filter Realization
Having derived the required
m susceptance values B; and po-
sitions @i using one of the methods
“described, itis necessary to design
a structure which will insert these
"Tcorrectvaluesinto the waveguide.
Rows of inductive posts or irises
‘are generally used and their
__susceptance values obtained from
published data®® or from ex-
.. perimental results. These dataare
approximate and tend to ignore
= thickness effects so that many fil-
ter designs include adjustable
“tuning screws for trimming the
susceptance of the inductive
melements. These techniques
though adequate at low fre-
quencies become impractical for
millimeter-wavelengths.
The diameater or thickness of
__the posts or irises has to be made
much larger in relation to the
_ waveguide dimensions in order
for the structure to be manufac-
“itured. The “zero thickness” ap-
proximation no longer holds.
s Furthermore the use of suscep-
tance trimmers, besides being
“limited by lack of space in the
small waveguide sizes, is highly
undesirable since they can add
markedly to the overall insertion
loss of the filter. An accurate
estimate of the susceptance of
thick inductive obstacles in
. waveguide is needed.
Figure 5 shows the geometry of
a post doublet in waveguide
together with its equivalent cir-
“ cuit in the form of a tee network
containing shunt and series reac-
tances X, and Xa, normalized to
the characteristic impedance Z..
Marcuvitz® gives expressions for
the shunt and series reactances

8 ]
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of a single post offset from the
center of the waveguide, ’and
Gruenberg’ derives the shunt
reactance of a post doublet
assuming that no series term
exists. Combining these results
yields the following expressions
for the circuit elements Xa and X,.

2
xa=%[(]';—a) a - F:|+-1§Xb
9 )

a (md)? e
x s — (_) e e
85 a Sin a

where
F=1 +J4- cosec?

e rd T
(a)<ln £+ in cot—aQ)

s AevraTnd A

d G=cosec?)(IC\x~ L (7C ;1
ik <a>2m2(2a m

odd m=3

-mmd
(\1+1;§2) sin® (——mgc)en;—z

The infinite series for the term
G converges rapidly and for prac-
tical purposes can be truncated to
10 terms.

These expressions give excel-
lent results for post diameters up
to around .15a provided the posts
are nottoo close to the waveguide
wall or to each other.

The assymetric inductive iris is

shown in Figure 6 together with
its equivalent circuit representa-
tion which is similar to that for
posts.
Developing the formula given by
Marcuvitz® for an asymmetric iris
of zero thickness, it may be shown
that, foriristhicknesst, the circuit
elements Xa and X, are well
approximated by the following
expressions.

o= X' (Xp"+ 1)
2X'Xp + 1
Xp = tan(k,h?t + k ,t)

Where X' isthe shunt reactance
of an equivalent iris of zero thick-
ness and height h'.

X' is given by Marcuvitz.

tan® 1""2'_';')
ie. x =2 e
As 1 + cosec? {20
2a
s 8a‘B’Q
1+a?+ g° (B*+6a%)Q
2 2 P
a4 e 2o
a‘(1+a®)  1+a®
where
h =t kat
1 - kat
it (a-h") % (a-h")
a smrr2a B=cosm %a

e5 5
and Q =[1 -(7%0)2] ol

The K's which are empirically
derived constants are given to 4
decimal places as:

ks = .0017 kz = .0713
ks = .3361 ks = .0209

These expressions work well
for iris thickness t up to around
.15a provided the iris is not too
low ortoo high. Asa guide, the iris

¢
#
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T
=
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L
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Fig. 5 Geometry and equivalent circuit
for post doublet in waveguide.
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*Units are not QPL listed

SK-2 SPECIFICATIONS
FREQUENCY RANGE, (MHz)

INPUT 1-500
QUTPUT 2-1000
CONVERSION LOSS, dB TYP. MAX.
1-100 MHZ 13 15
100-300 MHz 13:5: 10185
300-500 MHz 14:0 47165
Spurious Harmonic Output, dB TYP. MIN.
2-200 MHz F1 -40 -30
F8 —50 . —40
200-600 MHz F1 =25 -20
F3 -40 -30
600-1000 MHz F1 =20+ =186
F3 -30 =25

For complete specifications and performance
curves refer to the 1980-1981 Microwaves Product
Data Directory, the Goldbook or EEM.
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[From page 93] FILTERS

height h should lie in the range
0.3a < h < 0.7a which is satisfac-
tory for most filters.

The Tee circuits of Figures 5
and 6 can now be transformed
into the circuit of Figure 7 which
contains pure shunt susceptance
atterminal planes T' located a dis-
tance x at either side of terminal
plane T.

The susceptance B and the
terminal plane shift x are ex-
pressed in terms of the reactan-
ces of Figs 5 and 6 by the
equations:

: 2XaXb - Xb - 1
S e
A =
X = ﬁtan 1Xb

It is now a simple matter to
choose the post or iris dimen-
sions so that the normalized sus-
ceptances B of Figure 7 match the
Bi/Yorequired by thefilter theory.
At the same time, the section
lengths 6 are corrected by the
terminal plane shifts xjassociated
with each iris or post doublet.
This technique works extremely
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Fig. 6 Geometry and equivalent circuit
for assymetric iris in waveguide.
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Fig. 7 Transformed equivalent circuit.
well within the limits of validity
indicated, giving remarkably ac-
curate agreement between com-
puter predicted responses and
measurement on real filters. The
ability to estimate accurately the
behavior of waveguide obstacles
of appreciable thickness leads to
a practical system of construction
for millimeter-wave filters.

Filter Construction b 4

Inductive posts can be used_L
successfully up toaround 40 GHz,
but the difficulties of accurate
location in the waveguide preclude |
their use at higher frequencies.
Irises on the other hand, provided
they are thick enough to be
mechanically stable, can be made
an integral part of the waveguide
assembly. Filter bodies are N C
machined from solid high-con-
ductivity copper with a separate
flat lid soldered in position by a
carefully controlled oven tech-
nique. The construction is illus-
trated in Figure 8.

Tolerance analysis has shown
that a machining accuracy of
around 5 microns is required for
repeatable performance at 140 °
GHz, and this is within the capa-
bilities of modern precision
machines. Even with such close
tolerances, however, it is neces- "
sary to include adjustment for
fine tuning of the filter cavities.
Tuning slugs constructed from a
low-loss dielectric such as quartz
or sapphire are used in place of
conventional metallic screws
which tend to be lossy and unreli- |
able at millimeter-wave frequen-
cies. The slugs are mounted mid-
way between each iris along the
waveguide center-line, each filter ==
section being shortened by a small
amount so that fine tuning is

MICROWAVE JOURNAL "~
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Fig. 8 Nine-section Ka-band filter.
accomplished with minimal slug
insertion.

Experimental Results

Figure 9 shows the predicted
and measured results for the 9-
section'Ka-band filter illustrated.
The measured responses show
excellent agreement with the
computer predictions, and the
measured insertion loss is very
low at around 0.5 dB over most of
the band. This filter is now in full
production.

Conclusion
A workable technique for the

design, realization and production
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Fig. 9 Computed and measured results
for 9- section Ka-band filter.
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of millimeter-wave direct-coupled
waveguide filters has been deve-
loped. The methods employed are
directly appliable up to around
140 GHz offering the millimeter-
wave systems designer a high
performance alternative to filters
constructed in other transmission
line media.
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low
distortion

mixers

hi level (+17 dBm LO)

5 to 1000 MHz
only $31% 524

IN STOCK . . . IMMEDIATE DELIVERY
e micro-miniature, pc area only
0.5 x0.23 inches
e RFinput upto +14dBm

» guaranteed 2 tone, 3rd order
intermod 55 dB down
at each RF tone 0dBm

» flat-pack or plug-in mounting
* low conversion loss, 6.2dB
e hi isolation, 40 dB
* MIL-M-28837/1A performance*
e One year guarantee
*Units are not QPL listed
TFM-2H SPECIFICATIONS

FREQUENCY RANGE, (MHz)

LO, RF 5-1000

IF DC-1000

CONVERSION LOSS, dB TYP. MAX.
One octave from band edge 6.2 7.0

Total range 70" 100

ISOLATION, dB TYP. MIN.
LO-RF 50 45
LO-IF 45 40
LO-RF 40 30
LO-IF 35 25
LO-RF 30 20
LO-IF 25 17

SIGNAL 1 dB Compression level +14 dBm min
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‘A SAW Analog Correlator Using

S I - -.

V.H. Estrick and G.W. Judd
Hughes Aircraft Company
n Fullerton, CA

Introduction
Modern radar and communica-
ions systems often employ wave-
forms significantly more complex
than the simple modulation
Echemes used in the past. This
ncreased complexity results from
the need to operate in dense dy-
amic signal environments which
nclude both friendly interference
andintentional jamming. The radar
case includes the need to separ-
te and identify targets embedded

in large clutter. To efficiently cope
with such environments, these
ystems are often equipped with
ljariable waveforms which allow
modification of bandwidth, pulse
length, modulation format, etc.,
depending on a specific situation.

U
JULY — 1982

ANALOG
FOURIER
TRANSFORM

ANALOG
FOURIER

TRANSFORM|

the Chirp Transform

ANALOG
(INVERSE)
FOURIER
TRANSFORM

m SPECTRAL
FILTERING

Fig. 1 Block diagram of a programmable correlator using Fourier transforms.

Fig. 2 Multiply-convole-multiply
implementation of chirp
transform algorithm.

These system concepts and re-

quirements result in a recognized
need for programmable signal
processors. Such processors,
upon command will provide the
“matched filter” to the selected
waveform, maximizing the signal-
to-noise ratio.

Two programmable analog
signal processors have been de-
veloped utilizing the chirp trans-
form algorithm to perform the
Fouriertransform operation'. The
first processor, called the Chirp
Transform Correlator (CTC) and
developed under ERADCOM con-
tract DAABO07-76-C-1298, proved
the concept of the processor
architecture ®. The second, more
advanced processor called the
Asynchronous Chirp Transform
Correlator (ACTC) was developed
under ERADCOM contract
DAABO07-78-G004 . The configu-
ration of a chirp transform signal
processorimplemented in the form

Technical Feature
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of a correlator is shown in Figure
1. This configuration makes use
of the fact that the correlation of
two signals is equivalent to the
inverse Fourier transform of the
product of the first signal Fourier
transform and the complex con-
jugate of the second signal Four-
ier transform '. As shown in Fig-
ure 1, stored reference waveform
S2andasignal S1are fedintothe
CTC where, for a radar applica-
tion, S2 would be the transmitter
drive signal and S1 the radar re-
turn. For analog processors the
output of the signal and reference

28
SLO ® O 2T 4T
SRS L
INPUT SIGNAL (o Vi P P
BW =3 2p

LENGTH =T¢ INTERLACED SCANS

CORRELATOR

ap cmnp OUTPUT
FI ILTE

sLO®
REFERENCE BW - g $T BW:=25
INPUT T=2Tc
B
L
SLO o lfdd O Tc 2Tc3Tc4Tc
REF

transform are waveforms which

represent the Fourier transform
of the two input signals. The ref-
erence transform spectrum is in-

Fig.3 Block diagram of the asynchrononous chirp transform correlator. The interleaving
of the sweeping LO’s provides 100% probability of encompassing input pulses.

SUMMARY

TABLE Il

OF RAC MIDBAND LOSS DESIGN PARAMETERS
NON-

LINE SYNCHRONOUS REFLEC- OVERALL
USE CENTER BAND- TRANSDUCER PROPAGATION SCATTERING TION DESIGN MEASURED
FREQ WIDTH DISPERSION LOSS LOSS LOSS LOSS LOSS LOSS
MHz MHz us dB dB dB dB dB dB
SLOA,B 200 60 60 18 7.5 25 8 36 37
REFERENCE 300 120 €0 19 8 2 16 45 47
TRANSFORM
INVERSE 400 120 60 20 8 2 21 55 58
TRANSFORM
SIGNAL 400 180 90 20 12 2 21 55 64
TRANSFORM
verted, using a fixed local oscilla-
LONO1 tor and selecting the difference
CHIRP 5 S frequency out of the mixer. This
FILTER produces the complex conjugate

of the reference waveform required
for the correlation process. The
resulting waveforms are then mul-

CHIRP
FILTER
FREQ
SLOAI/‘/‘: 2{3 . Tc-=30s

tiplied together and passed
through an inverse transform op-
eration, giving an output that rep-
resents the cross correlation of
S1 and S2.
same, the output is the auto-cor-
relation or matched filter response
of the signal.

The Chirp Transform Algorithm
The Fourier transformation of
the signals can be obtained by

SLOB

LO NO. 1

FREQ
SLO B I/‘!

T aT%. TIME B - 60 MHz

:/ e

rithm shownin Figure 2. The three

SLO REF SLO C T/t /‘/ .

operations required to implement

3Tc )
the algorithm are:

Tc 2Tc

3T 4T 4

nal by alinearly sweeping local

Fig. 4 Block diagram of the sweeping local oscillator (SLO) generator used in the ACTC
showing the location of the X2 multipliers which double the frequency deviation of signal

out of the chi

oscillator (SLO),

signal through a linear FM dis-
[Continued on page 100]
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power
splitter/

combiners
2 way 0°

0.1 t0 400 MHz
only $995 .4

IN STOCK . . . IMMEDIATE DELIVERY

e MIL-P-23971/15-01
performance*

¢ NSN 5820-00-548-0739
e miniature 04 x08 x04 in.
* hermetically-sealed

¢ low insertion loss, 0.6dB
* hi-isolation, 25dB

 excellent phase and
amplitude balance

e 1yearguarantee
*Units are not QPL listed
PSC-2-1 SPECIFICATIONS

FREQUENCY (MHz) 0.1-400
INSERTION LOSS,

above 3dB P. MAX.
0.1-100 MHz 02 06
100-200 MHz 04 0.75
200-400 MHz 06 1.0
ISOLATION, dB 256dB TYP.
AMPLITUDE UNBAL. 0.2dB TYP.
PHASE UNBAL. e AN
IMPEDANCE 50 ohms.

For complete specifications and performance
curves refer tothe Microwaves Product

Data Director, the Goldbook, EEM,

or Mini-Circuits catalog
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[From page 98] CORRELATOR

persive filter (chirp filter), and
e a final multiplication with an
SLO.

The frequency versus time slopes
of the SLOs are opposite that of
the chirp filter. This is the mul-
tiply-convolve-multiply form of the
chirp transform, but a convolve-
multiply-convolve form of the
algorithm also exists '. In prac-
tice, the linear FM SLOs and the
convolution chirp filter can be
constructed using linear FM sur-
face acoustic wave (SAW) disper-
sive delay lines.

Fig. 5 Bilinear multiplier.

Asynchronous Chirp
Transform Correlator

The Chirp Transform Correla-
tor (CTC) developed under the
first program proved the basic
operation of the concept foravar-
iety of flat spectrum input wave-
forms such as linear FM. How-
ever, its configuration was de-
signed such that input signals
and the SLOs were required to be
time conincident to obtain com-
plete correlation. However, many

signals of interest do not cooper-
ate and are received at arbitrary
times. For this a more general
processor is required, one which
can operateasynchronously. This
requirement led to the develop-
ment of the Asynchronous Chirp
Transform Correlator (ACTC) .
The objectives of the ACTC
development task were to design,
fabricate, test, and demonstrate a
more advanced version of the chirp
transform signal processor deve-
loped previously. The ACTC added
asynchronous operation which
allows correlation ofincoming sig-
nals independent of their time of
arrival. It also cross-correlates
signals having nonuniform spec-
tra, such as a nonlinear FM, PSK,
and gated CW waveforms, and |
provides for CW interference re-
jection. The performance goals
and actual performance compari-
sons for the ACTC are listed in
Table 1, and a simplified block
diagram provided in Figure 3.
asynchronous operation which
tained by using two SLO chirps (A
and B), each of duration 2T, which
are independently mixed with the
input signal. The two chirps are
interleaved so thatan inputsignal
of durationup to T, will always fall
completely within at least one
chirp time interval. Thus, the ac-
curate Fourier transform of the
input signal is generated by the
processorindependent of its time
of arrival with respect to the SLO
chirps. A transformed input sig-
nal and transformed reference
signal produce time coincident
CW tones (with an amplitude
modulation that is a function of
the input waveform) whenever the
input signal and reference are

REFLECTING GROOVES

" METAL PHASE
COMPENSATION
FILM

 LITHIUM NIOBATE

Fig. 6 Basic RAC filter configuration.

MICROWAVE JOURNAL



B N -l =-a

4

ed

4

- —

- ——

NS SCATTERING LOSS
— . —

- — — C—— —

PROPAGATIONLOSS
- —

T,

EXPECTED OVERALL LOSS

L
—

Fig. 7 Loss curves used in the design of the 120 MHz by 60 us RAC line. The measured

midband loss of the delay line was within 2 dB of its 45 Db design value.

identical. The exact frequency of
the multiplier output is directly
proportional to the time of arrival
of the signal relative to the refer-
ence waveform. Thus, the fre-
quency of the multiplier output
signal can be used as a rmeasure
of target range if the ACTC is
used to process a radar return.
This technique is similar to those
used in FM/CW radars to measure
range. The final transform stages
convert this signal to the desired
correlated pulse output. The
bandpassfilter following the mul
tiplier is designed to pass only
one frequency band, namely the
one that is derived from the accu-
rate input signal transform and
reject those produced from the
opposite SLO.

For input signals with B = 60
MHz and T. = 30us SLO A and
SLO B signals are required to
sweep 120 MHz in 60us while SLO
ref and SLO C sweep 60 MHz in
30us. Likewise, the chirp filter in
the signal path has a bandwidth of
180 MHz, while the RAC filters in
the reference path and at the out-
put have 120 MHz bandwidths.
The slopes of the transform RAC
filters and the SLOs are identical
at 2 MHz per microsecond.

The SLO chirp waveforms (SLO
A,SLOB,SLOrefand SLOC) are
produced by the sweeping local
oscillator generator shown in
Figure 4. Two interleaved chirps
are generated by alternate impulse
excitation of the two identical chirp
filters, and a frequency doubler is
used to obtain twice the frequency
excursion available directly from

JULY — 1982

the chirp filters. Following the
doubling, mixing with a fixed local
oscillator produces the SLO A
and SLO B waveforms at the de-
sired center frequency. The SLO
reference and SLO C waveforms
are obtained by simply gating
the A and B waveforms and mix-
ing the resultant output to a dif-
ferent center frequency.

Fig. 8 Asynchonous chirp
transform correlator.
The decision to use frequency

doubling rather than direct gen-
eration of the 120 MHz bandwidth
waveforms was based on consid-
erations of waveform accuracy
and signal-to-noise ratio require-
ments of the SLO chirp signals. It
was determined that phase errors
ina 60 MHz bandwidth chirp filter
would be significantly less than
half those of the 120 MHz filter.
Thus, lower errors would result
after doubling. Also, the narrow-
band filter has at least 3 dB lower
insertion loss, and can withstand
about 6 dB greater drive power
than a 120 MHz bandwidth filter,
thereby allowing a better signal-
to-noise ratio on the SLOs.
[Continued on page 102]

Terminations

Immediate delivery is available from

factory or distributor stock on a wide range

of coaxial terminations.

Standard Units Offer:

® DC-26.5 GHz Frequency Range

® VSWR as low as 1.05:1 up to 18 GHz

e Average Power 0.5 to 10 Watts

® OSM(SMA), OSSM(SSMA), Type N, TNC,
BNC, and 7mm Connectors

o Meet MIL-E-5400 and MIL-E-16400
Environmental Requirements.

In addition to the full range or terminations
in the New Microwave Component Catalog,
M/A-COM Omni Spectra will deliver units
which meet your specific requirements for
high power, special connectors, or other
provisions to best suit your application.

We're committed to delivering the best
quality and performance with less waiting . . .
at the most competitive prices. Contact
your local M/A-COM Component Sales Office
or Distributor — you won’t be disappointed.
Call or write: M/A-COM Omni Spectra, Inc.,
21 Continental Blvd., Merrimack, NH 03054,
(603) 424-4111 TWX 710-366-0674
TLX 95-3053

M/A-COM OMNI SPECTRA, INC.
‘Spectra

CIRCLE 82 ON READER SERVICE CARD 10



102

10.5dB
directional
couplers

1 10 500 MHz
only $29% (2

IN STOCK . . .IMMEDIATE DELIVERY

* low insertion loss, 1dB

* high directivity, 25 dB

» flat coupling, +0.6dB

e rugged 1% inch square case

* 3 mounting options—thru hole,
tapped hole, or flange

* 4 female connector choices—
BNC, TNC, SMA and Type N

* 3 male connector choices—
BNC, SMA and Type N

* connector intermixing available,
please specify

e 1 year guarantee

ZFDC 10-1 SPECIFICATIONS

FREQUENCY (MHz) 1-500
COUPLING, db 10.75

INSERTION LOSS, dB TYP. MAX.
one octave band edge 0.8 1.1
total range 1.0 1.3
DIRECTIVITY dB TYP. MIN.
low range 32 25
mid range 33 25
upper range 22 19
IMPEDANCE 50 ohms

For Mini Circuits sales and distributors listing see page 99

finding new ways. ..
setting higher standards

[JMini-Circuits

A Division of Scientific Components Corporation
World's largest manufacturer of Double Balanced Mixers

2625E. 14th St. B'klyn, N.Y. 11235(212) 769-0200

C81-3REV.B

CIRCLE 83 ON READER SERVICE CARD

[From page 101] CORRELATOR

(B) CHIRP TRANSFORM
OF 25 MHz FLM

(C) CORR OUTPUT FOR
25 MHz LFM

Fig.9 Autocorrelation of 26 us by 25 MHz linear FM pulse using the ACTC.

Bilinear Multiplier

A key component in the ACTC
design is the bilinear multiplier
circuit in providing the versatility
of correlating arbitrary waveforms,
since the transforms of the input
and reference signals may have
amplitude variations with time.
The required multiplier must have
an output that is proportional to
the product of the input ampli-
tudes over a wide dynamic range.
This is not possible if a conven-
tional diode mixer is used for this
function, since one port of a mixer
must be driven into saturation.

A specialized bilinear multiplier
was developed under this program
using a four-quadrant Gilbert
transconductance multiplier. The
multiplier, fed with two imputs, X
and Y, produces an (X times Y)
output. Forthe ACTC application,
the Y-input operates over a fre-
quency range from 240 to 360
MHz and the X input from 310 to
490 MHz. The output is tuned to
thedifference frequency (centered
at 100 MHz) of the two inpuis. The
multiplier shown in Figure 6 was
constructed using matcned pair
NEC transistors (NE32740As) and
otherwide discrete components.

SAW RAC Filter Characteristics

Of the many techniques that
have been developed for imple-
menting SAW chirp filters, the

reflective array compressor (RAC)
design approach ®is ideally suited
for producing the precise linear
FM dispersion characteristics with
large time-bandwidths required
for the ACTC. The key elements
of a typical RAC filter are shown
in Figure 6. The linear FM disper-
sive delay characteristics of the
RAC filter are determined by the
spacing and depth of reflecting
grooves that are ion-beam etched
into the crystal substrate. The
surface wave generated by the
input transducer travels along the
reflective gratings until it reaches
the point where the spacing of the
grooves matches the acoustic
wavelength. At this point, a por-
tion of the wave is reflected by the
slanted grooves to the second
grating. The opposite slope
grooves in the second grating
reflect the wave back to the out-
put transducer, where it is con-
verted back to an RF output sig-
nal. The groove spacings are
accurately varied along the length
of the gratings to produce a pre-
cise linear change in the reflec-
tion path as a function of fre-
quency. Since the RAC filter
characteristics are determined by
mechanical-type reflections from
the etched grooves rather than by
the electro-acoustic interactions
used in conventional despersive
transducers, they exhibit consid-
erably lower distortion effects as
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compared to the levels found in
SAW chirp filters made with long
interdigital transducers. RAC fil-
ters are essentially unaffected by
spot defects in the reflecting ar-
rays, and thus are much more tol-
erant to typical processing errors
that lead to severe transducer de-
fects in conventional SAW devi-
ces. The RAC’s amplitude re-
sponse is controlled by varying
the depth of the reflecting grooves.
Thus, by tailoring the groove pro-
file, it is possible to compensate
for various loss effects, thereby
producing a flat amplitude re-
sponse over the operating band-
width of the filter. Since the prop-
agation path of the acoustic signal
in a RAC line is folded, the RAC
filter can achieve twice the dis-
persive time delay available in a
conventional SAW filter foragiven
crystal length.

Another important feature of
RAC devices is that their phase
errors can be compensated with
the simple addition of a variable-
width metal film between the two
reflecting arrays. This slowsdown
the surface wave and adds a phase
delay, depending on the film width.
These films can be individually
tailored to compensate for the
measured errorsin a particluar fil-
ter, and can reduce the delay
errors in a line to a few parts per
million. The tight control of the

istics and the inherent low phase
errors of RAC devices is largely
responsible for the successful
application of chirp transform
processing techniques in current
¥videband processing networks &

RAC Design and
Performance Characteristics

The RAC devices used in the
ACTC follow the design proce-
dures developed by Gerard and
Otto where the relative reflection
loss of the gratings is varied to
compensate for the amplitude re-
sponse variations of the input
transducer and major propagation
loss effects to produce a flat over-
all filter response ®. Figure 7 shows
each of the loss factors that, when
added together, produce the over-
all response of the 120 MHz by
60us RAC filter used in the refer-
ence transform. As shown in the
figure, the measured response of
this delay line was within 2 dB of
the 45 dB design value over the
full 120 MHz operating bandwidth.
Principal design values used for
the filters in the system are listed
in Table Il.

The measured insertion loss of
the RAC filters was within 3 dB of
the design value for all but the 180
MHz by 90us device. The mea-
sured response of this line was
found to roll off quite rapidly to a
midband loss value of 64 dB, and

electronic
attenuator/
switches

1 t0 200 MHz
only $2895 ;5 2

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e miniature 0.4 x 0.8 x 0.4 in.
« hi on/off ratio, 50 dB

e low insertion loss, 1.5 dB

« hi-reliability, HTRB diodes

* low distortion, +40 dBm
intercept point

* NSN 5985-01-067-3035

PAS-3 SPECIFICATIONS

frequency versus time character-

TRANSFORM
10 MHz PSK

(C) CORRELATION OF
127 BIT, 10 MHz PSK

Fig. 10 Autocorrelation of 127 bit 10 MHz PSK waveform using the ACTC.
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[Continued on page 104]

FREQUENCY RANGE, (MHz)

INPUT 1-200
CONTROL DC-0.05
INSERTION LOSS, dB TYP. MAX.
one octave from band edge 14 2.0
total range 1.6 25
ISOLATION, dB TYP. MIN.
1-10 MHz IN-OUT 65 50
IN-CON 35 25
10-100 MHz IN-OUT 45 35
IN-CON 25 15
100-200 MHz IN-OUT 35 25
IN-CON 20 10
IMPEDANCE 50 ohms

For complete specifications and performance

curves refer to the 1980-1981 Microwaves Product

Data Directory, the Goldbook or EEM.
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(B) WEIGHTED OUTPUT .

(A) MULTIPLIER OUTPUT

(C) CORRELEATED PULSE OUT
OF ACTC

Fig. 11 ACTC performance for a 12 us, 60 MHz chirped input using time weighting to
reduce sidelobes.

exhibited unusually high loss vari-
ations of more than 10 dB. The
16000 time-bandwidth product of
this filter represents the current
state of the artin RAC filter design,
and is not easy to fabricate. How-
ever, previous devices made with
these waveform parameters were
found to have reasonably flat
amplitude responses and had in-
sertion losses of only 57 dB. For-
tunately, the excess loss and
amplitude variations of this line
did not seriously degrade the per-
formance of the system for most
of the test waveforms.

ACTC Performance

The completed ACTC (shownin
Figure 8) was subjected to a var-
iety of test waveforms including
CW, PSK, and FM. A significant
measure of the processor capabil-
ity is obtained by examining the
performance of each of the chirp
(Fourier) transform functions. For
instance, a pulsed CW signal fed
into either the signal or reference
transform path input produces a
sin X/X waveform at the transform
output which is of the same form
as the output of a pulse compres-
sion line. The transform ampli-
tude will vary as a function of the
input pulse length. Errors in the
RAC lines and other circuitry (or
slope mismatch between the SLO
and convolution RAC lines) result

in an amplitude loss and output
pulse broadening.

The correlation properties of
the ACTC were evaluated using a
variety of waveforms, including
gated SW, PSK and both linear
and nonlinear FM. Figure 9 shows
the performance using a VCO-
generated 25 MHz by 25us FM
chirp test signal. The chirp trans-
form (B) of this waveform shows a
slight asymmetry caused by VCO
nonlinearities, but the auto-cor-
relation waveform (C) is nearly
ideal, showing sidelobes within 1
dB of theoretical and the expected
pulse width of 40 ns. Figure 10
depicts performance using a 127-
bit, 10 MHz pseudorandom bi-
phase coded signal, again show-
ing nearly perfect transform and
autocorrelation output waveforms.

Reducing time sidelobes of
compressed pulses through
weighting is one of the spectral
manipulationsimplemented in the
ACTC. Traditional pulse compres-
sion systems use bandpass filters
to accomplish the weighting.
However, in the ACTC this was
accomplished by using a modula-
tor placed behind the bilinear mul-
tiplier driven by a shaped wave-
form simulating a Hamming
weighting function.

Figure 11 shows ACTC perfor-
mance using time weighting to
reduce sidelobes. The bilinear

[Continued on page 106]
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hi-level
mixers

(+17dBmLO)

)

0.5 to 500 MHz
only $179% 5209

IN STOCK . . . IMMEDIATE DELIVERY

* RFinputupto +10dBm

* MIL-28837/1A-08N
performance*
for-08S specify SRA-1H HI-REL

* NSN 6625-00-594-0223
¢ low conversion loss, 6dB
« hiisolation, 40dB

e hermetically-sealed

* hireliability, diode burn-in
1volt, 168 hrs., 150° C

e 1 yearguarantee

*Units are not QPL listed

SRA-1H SPECIFICATIONS

FREQUENCY RANGE, (MHz)

LO, RF 0.5-500

IF DC-500

CONVERSION LOSS, dB TYP. MAX.

One octave band edge 55 7.5

Total range 6.5 8.5

ISOLATION, dB TYP. MIN.

low range LO-RF 55 45
LO-IF 45 35

mid range LO-RF 45 30
LO-IF 40 30

upper range LO-RF 35 25

LO-IF 30 20

SIGNAL 1dB Compression level +10dBm
For complete specifications and performance
curves refer tothe Microwaves Product

Data Director, the Goldbook, EEM,
or Mini-Circuits catalog
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multiplier output using a 12us 60
MHz as a test signal is shown in
detail (A). The output of the mod-
ulator (B) after application of the
weighting is also shown along
with the resultant compressed
pulse (C) with a peak sidelobe
level of 26 dB. The advantage of
this technique is that filtering can
be accomplished using time mod-
ulation, allowing in addition to
time side lobe weighting, CW re-
jection technique techniques.

Future Applications

The major advantage of the
CTCs are their large time-band-
width product and adaptability
for any waveform within the pro-
cessor’s time and bandwidth win-
dows. Even with advances in
high-speed digital technology, the
CTC can provide superior per-
formance for wideband short du-
ration waveforms. In addition, the
CTC technology provides low-
power, real-time signal process-
ing which is available today and
does not require years of devel-
opment. Also, attractive applica-
tions combining analog chirp
transforms and digital processing
have been developed, where dig-
ital signals have been up-con-
verted to CTC frequencies, pro-
cessed, and then converted back
to digital ® 7.

The ACTC unit weighs 51
pounds and occupies a volume of
2.5 cubic feet. The power con-
sumptionis about 260W with 150W
required for the RAC ovens. Future
processors could certainly be
made smaller than the demon-
stration model ACTC reported
here. Interestingly, the ACTC is
about two-thirds the volume of
the original CTC despite the addi-
tional capability. Only minor at-
tention was given to size, and it is
estimated future processors could
benefit from a significant size re-
duction, to less than 1/2 cubic
foot, through improved packaging.
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