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Joseph White
Consulting Editor

Special Report

world’s
Largest
Radar

500 Megajoule Pulses
& 20 Acre Antenna

“No duplexer is needed. We
turn on the 450 kW average power
transmitter for20 minutes, mechan-
ically switch over, wait 2 hours for
the echo, then receive for 20 min-
utes.” So did Dr. Donald Camp-
bell, Acting Director of Cornell
University’s Arceibo Observatory
in Puerto Rico describe the facili-
ty’s use to illuminate and receive
radar echos from Saturn’srings, a
one billion mile range radar target!
What prompted the developmernt
of a radar with a 1000 foot diame-
ter (20 acre) antenna (Figure 1)?
What logistics influenced its
design and construction? How is
it used today and what can it tell
us?

Mapping the lonosphere

In the early 60’s understanding
ionospheric radio properties was
critical to military communica-
tions. This required mapping the
plasma density of theionosphere,
which extends roughly 30-300 km
abovethe earth’s surface. Prior to
that time such mapping could be
performed only by transmitting
vertically directed signals in the
2-15 MHz range and listening for
the plasma density determined
resonant reflection. High reflec-
tion occurs in the ionospheric
layer at which the plasma reson-
ance coincides with the probing
frequency. In this manner the
plasma elevation profile could be
plotted from the round trip path
time of the probing pulses. How-
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ever, the plasma density peaks at
various altitudes, depending upon
season, temperature, and related
conditions. For elevations above
these peaks, the density could not
be so mapped because echos from
the corresponding densities below
the peaks would mask the returns
from above.

A high peak power highly direc-
tive radar was needed using fre-
quencies high enough that the
beam suffers negligible attenua-
tion or refraction as it passes
through the entire ionosphere;
backscatter from the free elec-
trons as a function of time then
maps the ionosphere’s plasma
density'?. Figure 2 shows a typi-
cal mapping.

Currently the Arecibo radar can
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Fig. 1 Dr. Campbell watches as personnel gondola (center) carries technicians and
scientists to 600 ton feed asembly supported 450 feet above spherical dish antenna.
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Fig. 2 Electron density map at 15 minute
intervals'made of the ionoshere using the
Arecibo radar ?. Sunlight causes the
density increase after 0600. Low altitude
variations are due to winds and electrical
fields.
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be operated from 50 to 5000 MHz,
well above the plasma resonant
frequencies and therefore inde-
pendent of them. The Advanced
Research Projects Agency (ARPA)
funded Cornell University to
design and build this ionospheric
soundingradar. What resulted was
an instrument capable of probing
deeper into intergalactic space
than any instrument built before
or since then; but this spinoff was
the result of acourageous system
gamble, a bold stroke requiring
departure from conventional
antenna design to use something
which had never been employed
in a large radar antenna before, a
spherical shape. We’ll see more
about this a little later, but first
consider the requirements of this
unique radar application.

Site Location & Development

Even using the most powerful
transmitters available, 2.5 MW
peak, 150 kW average at430 MHz, a
large antenna aperture was
needed. Such an aperture would
betoo large to fabricate economi-
cally on level ground. Rather a
depression in the earth would be
used, conforming to the desired
antenna shape. To achieve ade-
quate sensitivity, acres of antenna
area were needed, so a natural
depression, preferably with three
surrounding high hills from which
a feed structure could be sup-
ported was sought. If such an
antenna dish, too large to be
steered itself, should be designed
with a steerable feed, it should be
located near the equator in order
that its radar scanning volume
would include the planets.

Puerto Rico, at 18° latitude and
with a nearly constant year round
temperature suited the locational
requirements. There, outside the
city of Arecibo, exists a karst
region, so named for the natural
water erosion of limestone depos-
its which leave behind giant
sinkhole-like pockets in the
limestone host geology. Such a
large natural bowl, 1000 feet in
diameter was found 10 miles south
of the city of Arecibo. Two of the
desired three hills were present,
the third support would come from
a 350 foot concrete tower. The
natural depression’s shape con-

formed, within 20 feet, to a per-
fectly spherical surface with a900
foot radius of curvature. Located
in a low mountainous range, the
temperature is always within 8° of
80° Fahrenheit. Below the de-
pression, limestone caves were
already situated to drain the
canyon of the torrential Caribbean
rains. The perfect site had been
located.

While perhaps ideal from the
antenna engineer’s perspective,
the site posed formidable con-
struction problems. Small two lane
roads werethe only access in this
underdeveloped area. Miguel
Feyjoo, head of the electronics
department and Domingo Albino
in charge of transmitters, recall
that 10,000 cubic yards of con-
crete (weighing over 2000 tons)
and 1000 tons of steel would be
consumed before the project was
completed. Six hundred tons of
the steel would comprise the feed
platform having to be supported
480 feet in the air above the bowl
on three cables. The cables, in
turn, would be secured to a three
tower tripod, the longest leg of
which would exceed a height of
35 stories. Crews of up to 250
people labored for two years, this
at a time in the early sixties when
wages were only $1.10 an hour.
The $9M completion price, a bar-
gain even then, represents over
500 man-years’ of effort.

The antenna formation was
begun by rounding out the natu-
ral cavity to accommodate the 1000
foot diameter reflecting surface.
Although the depression was
already nearly spherical, “truing
up its shape” involved slicing 10
to 20 foot thick limestone “skins”
from the surrounding hill faces
(Figure 3), often to a height of 12
stories. As with construction of
the ancient pyramids of Egypt,
few details of this project would
prove to be trivial assignments.
Drainage, as noted earlier, is
accommodate below the antenna
surface by natural caves, but the
heaviest rains, for which the trop-
ics are well known, require assist-
ance from a 200 horsepower aux-
illiary diesel pump to keep the
water level from flooding the
facility.

Surrounding the 1000 foot aper-
ture a concrete rim was poured
and fitted with one inch thick
steel, suspension cables. In a
crisscross weave of 3 by 25 feet
these are attached to the rim with
massive turnbuckles. Initially
mesh screening was placed on
the cable weave and the resultant
“dish” surface provided an an-
tenna operable at 430 MHz. Later,
however, the entire surface was
upgraded with aluminum mesh
panels extending its frequency
operation to C-band. Twenty acres
of panels, over 38000 of them,

Fig. 3 Shaped limestone hills 12 stories high surround the antenna. Jeep with trailer is
parked on road at rim of antenna reflector. Missing 3’ x 7 antenna panel near outer rim
provides larger than a man sized perspective.

[Continued on page 114)
MICROWAVE JOURNAL

-



A Bl & | I B B B B D DD EE s

[From page 112] RADAR

each measuring 3 x 7 feet were
needed. For the higher frequency
operation a better calibrated sur-
face also was required, this
necessitating that a crew of sur-
veyors, 6to 8 at atime, toil for over
a year, twisting the 2000 turn-
buckles and 38000 adjusting studs
(Figure 4) of the giant trampoline-
like antenna surface until the final
surface perfection, true to within
0.12inch RMS finish, was achieved

Fig. 4a Antenna surface of perforated
aluminum panels is supported by 1"
diameter steel cables.

Fig. 4b Heavy turnbuckles and concrete
rim support 20 acre reflector.

throughout the three quarters’ of
a million square feet of area that
the 1000 foot diameter surface
provides.

The Spheric Antenna Decision
Antenna designers, led by Cor-
nell’s Dr. William Gordon, were
faced with a most difficult deci-
sion. The task at hand, for which
the ARPA funding was made
available, required only a radar
that would operate for a target

114

directly overhead, namely the
ionosphere. There was no need
for steering. However, such a giant
unsteerable instrument, its iono-
spheric studies completed, would
no longer be needed. The vast
labor investment would have been
expended for a one-shot experi-
ment. Rapid obsolescence would
be the fate of a conventional
parabolic reflector, which focuses
all of itsenergy to asingle point, a
reflector geometry so greatly
simplifying the antenna feed sys-
tem that is is virtually the only
kind of antenna surface used for
large radar antennas even today.
Such aparaboloid antenna surface
would be too large to steer physi-
cally,anditcannot be scanned by
moving its feed.

A spherical surface, on the other
hand, would permit scanning by
steering the feed. As shown in
Figure 5, plane waves incident
onthespheric surface are focused
along a line parallel to the direc-
tion of their origin.

The catch, however, is that the
spheric focuses itsenergy nottoa
point as does the parabolic, but
ratheralong aline which parallels
theincident rays. Therein was the
challenge. Even for targets directly
overhead, an antenna feed would
be needed which could collect
and properly phase energy
focused along a line that, for an
antenna of this diameter, would
be 95 feet long to collect 70 per-
cent of the aperture’s reflected
power! Along this “focal line”
energy from various annularrings
within the spheric antenna aper-
ture converge at corresponding
focal “points” along that line.

Worse yet, all of the energy
arriving from one of these annular
sections does not arrive with the
same polarization. To visualize
this, consider that the entire
spheric aperture is illuminated by
a linearly polarized electromag-
netic plane wave arriving from
space. Energy which arrives at
any given pointalongthe sphere’s
focal line comes from a corres-
ponding annular zone in the
antenna and contains electric field
polarizations which assume all
linear orientations, about a 360°
rotation at the line feed collector
as shown in Figure 6. In this illus-
tration a slotted waveguide col-

lector (“feed”) has been assumed

as the means used to gather the

line-focused energy.

To combine the energy, cou-
pling holes are needed at the top,
sides and bottom of the guide. As
the linearly polarized E field
impinges on the entire array aper-
ture, portions of that energy

which reflect from the top of the
antenna to a part of the line feed
will strike the slotted waveguide
feed so as to enter via top-wall

(broadwall) coupling holes (Fig-
ure 6).

But energy reflected from the
sides of the antenna will enter
through side (sidewall) holes, and
energy arriving from the bottom
of the spheric surface through a
bottom broadwall hole. The prob-

«
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SPHERICAL ANTENNA
1000’
(a)

Fig. 5a 10000 foot diameter antenna with

900 foot radius of curvature for which 70%

of area focuses to approximately 100 foot
line 450 feet above base.

R
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Fig. 5b Spheric antenna scanned 20

degrees off zenith (boresight) direction

focuses along a line parallel to scanning
when reflecting “dish” is stationary.

[Continued on page 116]
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SPHERIC
ANTENNA

SMALL “ANNULAR” ZONE
FOCUSES TO
SAME Z AXIS POSITION

RECTANGULAR WAVEGUIDE
E (FOR ILLUSTRATION ONLY)

Fig. 6 lllustrating polarization rotation at
waveguide feed when antenna is
illuminated by a vertically polarized planar
E field.

lem is that broadwall coupling
holes produce radiated signals
which are 90° out of phase com-
pared with sidewall slots!

Of course, for symmetry rea-
sons, circular rather than rectang-
ular cross section waveguide
would be used, but the phase shift
just described relative to the ver-
tically directed resultant travelling
field inthe waveguide is the same.

Accordingly, in order for the
energy tocombine perfectly within
the waveguide, these signals must
be brought into phase, utilizing
some form of spatial phase shift
which varies continously accord-
ing to angular orientation about
the feed. Such antenna problems
andtheirsolutions had never been
treated previously on ascale such
as this. Moreover, research for the
development of the feed would
have to be done in parallel with
the antenna’s construction!

Nonetheless, the decision was
made to proceed with an antenna
whose pointing could be steered
via the feed. A breakthrough,
occasioned from the early work of
Gustincic and Love® consists of
dielectric rings (Figure 7) placed
in the vicinity of the waveguide
feed’'s coupling holes.

The rings serve as waveguides
below cutoff for one E field orien-
tation (polarization) and above
cutoff for the other. With proper
design the required 90° phase
shift is obtained as a function of
the angular position about the
line feed collector.

Many Frequencies
and Components

The Arecibo Observatory facil-
ity can be used as a radar with
transmission and reception cities
at both 430 and 2380 MHz. The
CW S-band transmitter consists
of a Varian klystron with 2.5 MW
peak, 450 kW average power cap-
ability. A dual channel receiver
uses a maser amplifier. This con-
sists of a three level ruby crystal
(Al 0) with 0.05% chronium (+3)
ions and cooled to a liquid helium
temperature, about 4.5° Kelvin.
This amplifier uses a 12.9 GHz
pump power source at 100 mW.

The UHF radar transmitter,
employing two klystrons for 2.5
MW peak, 150 kW average power,
is located in the ground station
adjacent to the antenna, and the
microwave energy plumbed to the
feed structure via a waveguide
line. However, at S-band the losses
of such a transmission system
would be prohibitive, therefore
the entire transmitteris located in
the cabin structure on the feed

Fig. 7 The 100 foot long feed uses
dielectric compensation rings to co-phase
the variable polarization reflections from

the dish.

[Continued on page 118]
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platform. Figures 8 and 9 show
the high power S-band transmit-
ter tube and its 450 kW average
power water cooled load.

These components are located
inthe carriage house which moves
along the bow shaped feedarm to
orient the feed along the line
parallel to the direction to which
the antennaisto bescanned. The
second degree of motion, consist-
ing of rotation, is effected by the
round track which permits a
cylindrical coordinate rotation of
the entire transmitter cabin and
feed assembly (Figure 10). The
combined motions permit align-
ing the linefeed located below the
transmittercabin along any direc-
tion within a cone whose apex is
plus or minus 20° about the zenith
direction for the antenna.

One of the most important mi-
crowave frequencies for a radio
telescope is at 1420 MHz, the hy-
drogen linefrequency. Previously,
a receiver designed for this fre-
quency range to achieve low noise
figure would be built as a para-
metric amplifier. Presently, a
cooled GaAs FET amplifier pro-
vides a 40° Kelvin system noise
temperature (noise figure of the
receiver isabout 15° K) and much
more reliable and practical opera-
tion. Figure 10 shows the rack
mounted dual channel amplifier
and its liquid helium refrigerated
system.

Details of the design of this
amplifier utilizing a special quartz
bulb transition into waveguide to
minimize both ohmic and thermal
losses are given in an accompa-

Fig. 8 S-band klystron delivers 2.5 mW
peak power.

Fig. 9 Water cooled S-band load in feed

cabin can absorb up to 450 kW of average

power. Cooling radiators can be seen on
the side of feed in Figure 10.

nying paper by George Peter in
this issue.

Next The Universe

Just how far away can a signal
be detected by the Arecibo radio
telescope? To answer that ques-
tion, radioastronomer Ken Turner
responds simply that “that varies
according to what you are listen-
ing to.” Consider the 1420 MHz
hydrogen line frequency. Radio
emission at this frequency occurs
in a neutral atom of hydrogen
whenever the electron flips its
spin orientation from parallel to
antiparallel to the spin of the
proton in the atom’s nucleus. The
Milky Way galaxy, in which we
live, behaves as though it con-
tains a uniform gas of such spin
flipping electrons with a resultant
peak radio noise temperature of
100° Kelvin. Rotation of our gal-
axy at 300 km per second pro-
duces a corresponding doppler
shiftin the 1420 hydrogen line fre-
quency of about plus or minus 1
MHz. Accordingly, a receiver
bandwidth of about 2 MHz cen-
tered at 1420 MHz would be
needed to listen for a galaxy sim-
ilar to our own.

The Arecibo antenna beamwidth
is about 0.05° at 1420 MHz and
the solid angle of this beam is
therefore about 0.002 square
degrees. As we shall see, the Are-
cibo receiver easily can detect a
signal which is 0.1° Kelvin above
the background noise of outer
space. This means, therefore, that
we could see a galaxy similar to
ourowninsize and hydrogen gas
density when it subtends about
1/100th of the beam of the antenna,
or 1/2 minute of arc. Our galaxy is
100,000 light years across. The

[Continued on page 120]
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tangent of 0.5 minutes of arc is
equal to 1/6875. Accordingly, the
Arecibo instrument can easily
detect a galaxy like the Milky Way
at a distance of 700 million light
years!

The RMS noise for such an
observation is given by the noise
temperature of the receiver divided
by the square root of the product
of receiver bandwidth and inte-
gration time. With the 40° Kelvin
noise figure,200 KHz of bandwidth,
and afive second inegration time,
the inherent noise of the system
would be 0.005° degrees Kelvin.
From this it is apparent that the
one tenth degree Kelvin assumed
signal level from the distant gal-
axy would be discernable readily,
being 20 times stronger than the
background noise.

Distances are not noted in miles
by astronomers because the dis-
tances thatthey encounter are so
large. An important unit of dis-
tance to astronomers is the “par-
sec”, this being the distance at
which the radius of our orbit
around the sun (93 million miles)
would subtend an angle of one
second of arc. One can see that
this distance measure has histor-
ical practical significance, since
observation of an object at 1 par-
sec’s distance for two readings
spaced 6 months apart would
result in an angular telescope

Fig. 10 Steering mount for spherical
antenna has 360° rotation and + 20° axial
motion as feed moves along bowshaped
feedarm. White cabin houses S-band
transmitter. Note staircase left of center
leading to catwalk at upper right for size
comparision of 600 ton suspended
feed platform.

motion of 2 arc seconds, about
the smallest practical resolvable
angular celestial difference. It
turns out that one parsec is equal
to about 3.2 light years; and,
therefore, our hypothetical galaxy
example having 0.1° Kelvin sig-
nal strength would be 220 mega-
parsecs away.
Most astronomers believe in the
“big bang” theory by which it is
theorized that all objects in the
universe are diverging from some
central explosion. Measurements
ofthe optical doppler shift (called
the “red shift” because objects
moving away from us have their
color spectra shifted towards the
longer, red wavelength) follow the
Hubble Constant Law, in that they
have (and have had since the uni-
verse’s big bang origin) a velocity
relative to ours of 50 km per second
for each megaparsec of distance.
Accordingly, the 0.1° Kelvin sig-
nal from a galaxy which we would
observe at 220 megaparsecs (and
galaxies are frequently observed
at such distances) would have
been moving away from us since
the beginning of time at a relative
speed of 7 thousand miles per
second, 4% of the speed of light.
Of course such red shift dis-
tance measurements require that
the object be observable optically.
In fact, some unusual galaxies are
observable with greater sensitiv-
ity by radio than by optical tele-
scopes. Quasi stellar objects
(quasars) are observable at what
are believed to be much farther
distances.

Fig. 11 Aerial view of the National
Astronomy and lonosphere Center.

[Continued on page 122]
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deliver the units in quantity. With

the same high level of quality
throughout.

This is just one case history out of
hundreds. The fact is that Sage can
solve your electro-mechanical prob-
lems efficiently and reliably. Give us
a call and describe your
next project. We'll offer
some Sage advice on how
to get the right part, af the
right time, at the right price.

jsage

LABORATORIES,INC.
3 Huron Drive « Natick, MA 01760
(617) 653-0844 - TWX: 710-346-0390
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What Next Is Up To You

The Arecibo facility, The Natu-
ral Astronomy and lonosphere
Center, (Figure 11) which is man-
aged by Cornell University is
funded at $5M per year by the
National Science Foundation
(NSF) and with $300,000 per year
from NASA. The facility is availa-
ble for the use of scientists who
submit proposals for the intended
use of the instrument. Past dis-
coveries at Arecibo include:

e In 1965 that the Planet Mercury
rotation is not locked to its
orbital period about the sun.

e The mapping of the visible sur-
face of the Moon to 10 km reso-
lutions using the UHF radar.

e That the largest moons of Jup-
iter (400 million miles from
earth) were covered with fields
of broken ice, a fact later veri-
fied by the Voyager spacecraft.

e That Venus rotates backwards
once every 243.01 earth days,
may have volcanoes the size of
Oklahomaand plateaus as large
as Hudson Bay.

e That the Crab Nebular Pulsar
slows its pulse by 36 nanose-
conds perday, a pulsar believed
to consist of a neutron star
whose density is 1 million tons
per cubic inch.

e Support for Einstein’s theory of
gravitational waves, based on
the observation of a binary pul-
sarsystemoveran 8 year period.

e That3 particular quasars at the
edge ofthe observable universe
are 15 billion light years distant
and moving away at nearly the
speed of light.

What might be discovered next?
Perhaps that will be determined
by a proposal that you write. |
look forward to reading about
your discovery.
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Thermography Goupled With

Microwave Heating To Enhance

Early Detection Of Gancer

Introduction

It is well known that a carci-
noma, or malignant tumor, is nor-
mally hotter than the surrounding
tissue and that, from “black body”
theory, any perfectly absorbing
body emits radiation at all fre-
quencies in accordance with
Planck’s radiation law. The distri-
bution of radiation is a function of
both the temperature and the wave-
length, or frequency. It should be
noted that as the temperature of
the body increases, the density of
the radiation or emission at all
frequencies also increases. From
this viewpoint, infrared thermo-
graphy, or radiometry, would ap-
pear effective; however, transmis-
sion losses increase with increas-
ing frequency. Although the high-
est values of emission occur at
the infrared region, an apprecia-
ble level occurs at the microwave
region.

It is further known® that the
tumor tissue will die at tempera-
tures above 42°C, and it has been
reported ° that tumor tempera-
tures of greater than 45°C can be
held with adjacent normal tissue
remaining at or near normal tem-
perature.

The amount of microwave ener-
gy needed to provide localized
heating is surprisingly low. If we
neglect transmission losses and
assume that tumor tissue has high
water content, similar to that of
muscle tissue, and further note
that due to vascular insufficiency
the tumor will retain and not read-
ily dissipate the absorbed heat,
then the amount of power required
to elevate the temperature of a
tumor 2 cm in diameter, 5° in 1
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minute, is less than 1.5W. This
can be shown as follows:

Quantity of heat,

Q = MCAt, calories (1)

where mass, M = volume x spe-
cific gravity; specific gravity of
water is 1 g/cm?; specific heat, °C,
is 1 calorie/g °C; and change in
temperature, AT, =5°C.

The energy Q required to ele-
vate the temperature of the tumor
5°C is 20.95 cal. The power, P,
therefore to effect this change in 1
minute will be

(2)

where 1 cal =4.18 J and 1W =1
J/S. This calculation assumes that

p= 4"1—80 or 1.46W

Fig. 1 Microwave system - drawer extended.

all the heat is transferred to the
tumor and thetumor, in turn, does
not dissipate this heat. Obviously,
if the tumor is near the surface,
the actual power required will ap-
proximate the calculated value,
whereas with a deep tumor trans-
mission losses, scattering, etc.,
will necessitate additional trans-
mitter power.

This paper describes the design
approach taken in the develop-
ment of the microwave system,
shown in Figure 1, to diagnose
and treat cancer using non-in-
vasive techniques. A sensitive
passive microwave radiometer
specifically designed to sense
subsurface temperatures is cou-
pled with a solid-state transmitter
to provide localized heating of
subsurface tissue, thereby taking
advantage of the differential heat-
ing due to vascular insufficiency
associated with the thermal char-
acteristics of tumors to enhance
early detection of cancer.

Design of Microwave System

The system is totally battery
operated, allowing approximately
8 hours of continuous service prior
to recharging. A battery-operated
system totally eliminates possible
problems associated with line tran-
sients, pickup, etc. The portable
microwave system is contained in
a standard 19" relay cabinet con-
taining four drawers. The individ-
ual drawers are, in essence, totally
enclosed housings to minimize
interaction — particularly between
the sensitive radiometer and the
transmitter. The entire system is,
in turn, mounted on a movable

12!
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cabinet as shown in Figure 1.

The selection of both the radio-
meter and the transmitter frequen-
cies was based upon several
factors:

e Emissivity, whichincreases with
increasing frequency;

e Spatial resolution, which in-
creases with increasing fre-
quency;

e Microwave transmission char-
acteristics (microwave trans-
mission losses generally in-
crease with increasing fre-
quency); and

e Microwave interference

Based upon the above factors,
the frequency chosen for the mi-
crowave radiometer was 4.7 GHz
which is far removed from the
microwave heating frequency of
1.6 GHz.

The microwave radiometer is of
the common load comparison, or
Dicke, configuration. This con-
figuration greatly reduces the ef-
fects of short-term gain fluctua-
tions on the radiometer. The re-
ceiver input is switched at a
constant rate between the antenna
and a constant temperature ref-
erence load. The switched, or mo-
dulated, RF signal is, therefore,
inserted at a point prior to RF
amplification and as close to the
antenna as possible. In turn, it is
then amplified and coherently de-
tected. The final output is not
proportional to the temperature
difference between the antenna
and reference load. If a second
switch (SW1 of Figure 2) is added,
the reference load can now be
compared with the base load rather
than the antenna. If the base load
is equal in temperature to the ref-
erence load, the DC output of the
radiometer will be zero; i.e., a null
will be achieved.

In the case where long integra-
tion times are involved, long-term
gain variationsin the receiver must
be considered. The long-term, or
slow, gain variations can degrade
the minimum detectable tempera-
ture sensitivity (AT) inaccordance
with the following expression:

AT (variation due to
long-term gain change) =

AG
-—G— |T1 T2 ‘1 OK

where AG is the receiver gain
change, G is the nominal receiver
gain, T, is the temperature of ref-
erence load in °K, T, is the
temperature of base load or an-
tenna in °K (function of calibra-
tion switch position).

Obviously, if T, approaches T,
the effect of long-term receiver
gain variations becomes negligi-
ble. It becomes advantageous,
therefore, to maintain the temper-
ature of both the base load and
the reference load approximately
equal to the temperature of the
antenna.

The radiometer design employs
a low-noise RF amplifier in con-
junction with a simple single-
ended square-law detector rather
than the common super-hetero-
dyne configuration involving a
local oscillator and IF ampilifier,
thereby minimizing the potential
drift and noise associated with
this approach.

Figure 2 represents the simpli-
fied block diagram of the radio-
meter. The calibration switch,
SW1, is a solenoid-operated me-
chanical single-pole double-throw
switch used to disconnect the
antenna and, in turn, to connect
the comparison base load. The
base load is maintained at a tem-
perature close to that of the refer-
ence load. The mechanical switch
possesses an isolation of greater
than 60 dB with a corresponding
insertion loss of less than 0.1 dB.
A similar switch, SW2, is used in
the calibrate path. Its function is
to disconnect the base load and
toinsert a calibrated noise source.

As shown in Figure 2, there are
three ferrite isolators used in the
receive path. The first isolator,
located between the calibration
switch and the Dicke switch, is
used to terminate the output of
the reference load when the Dicke
switch is in the low loss state. In
this state, the reference load is cir-
culated in the direction of the an-
tenna which, in this case, is the
ferrite isolator. The second isola-
tor, which is located between the
Dickie switch and the first-stage
RF amplifier, maintains a constant
load match to the amplifier. Any
reflections from the RF amplifier
would, therefore, be terminated in
the isolator. A third isolator is
located between the bandpass fil-
ter and the output of the first RF
amplifier. The purpose of this par-
ticular isolator is to present a
matched input to the bandpass
filter.

A switchable ferrite circulator,
SWa8, has been developed to per-
form the load comparison or Dicke
switch function. The ferrite switch
is preferred to the semiconductor
approach primarily in view of the
lower insertion loss, typically less
than 0.25 dB, and elimination of
noise generated by the semicon-
ductor junction over and above
the measured insertion loss.
Briefly, the device is a switchable
ferrite junction circulator utilizing
the remnant or latching charac-
teristics of the ferrite material.
The latching ferrite switch has
been constructed in a waveguide
having a single ferrite element
contained within the microwave
circuit. The insertion loss was

REF LOAD

e

sSwi1

, ISOL-2 RF AMP ISOL-3 FILTER

18T 2ND

RF AMP

SW2 -IN | ¢ l <|
[SSHY'V‘;V: il |
RS S meth
* SQ LAW DET
BASE RADIOMETER AND VIDEO AMP
LOAD | | | NOISE OUTPUT
"'"| DIODE

NOT SHOWN ON THE ABOVE SCHEMATIC ARE THE NECESSARY
TRANSITIONS, CABLES, ETC.

Fig. 2 Microwave radiometer schematic.
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dO“bIe measured and found to be less improvements in signal-to-noise
than 0.25 dB, having isolation in ratiocan be achieved. This allows
excess of 20 dB. the signal of interest to be accur-

The RFamplifierisafour-stage  ately measured, even in situa-

FET device constructed in micro- tions where it is completely

strip with integrated biasing cir- masked by noise. In addition, the

cuitry. The noise figure of the first lock-in amplifier provides the syn-
RF amplifier is 2.2 dB with a gain chronous function associated with
of35dB. The second RF amplifier the Dicke switch; i.e., the unit
has a noise figure of 2.6 dB with supplies the 100 Hz reference
standard level (+7 dBm LO) an associated gain of 33 dB. In clock frequency to drive the fer-

both instances, the noise figure rite switch driver.

includes the input ferrite isolator The minimum detectable tem-
as shown in Figure 2. With the perature sensitivity AT was well
input and output VSWR at less within the desired 0.1°C. The mini-
than 1.5:1, the gain compression mum detectable temperature sen-
at signal levels of between -55 to sitivity AT is expressed as follows:
-10 dbm was less than 0.1 dB.

- |

[
[

The bandwidth of the micro- kIt N T T
wave radiometer is basically de- AT = L( 1t 2 ,°K. (4)
termined by the bandpass char- N Br

] .5 to 4.2 GHZ acteristics of the filter. The filteris

located after the first RF amplifier

IsEi: ; In the case of the Dicke switch

to minimize the impact of the :
s now 33995 (1-9) insertion loss on the overall sys- efmplogmg Isquarei—wave .mobdula-
AVAILABLE IN STOCK FOR tem performance. The filter char- tion, the value of k is 20 F is the
IMMEDIATE DELIVERY sotoristics iwere choseh 10 Wifil- noise figure (firstamplifier stage),

which in our case is 2.2 dB (1.66

mize possible interference due to : s y
P ratio); and L is the input losses,

* rugged 2 in. sg. milled nearby microwave communica- g
aluminum case tions on radar bands. The printed, ~ €XPressed as a power ratio. The
e eight-section, bandpass filter is  total 10ss is 2.0 dB (1.58 ratio).
constructed in stripline. The band- The effective noise figure FL is,
* low conversion loss, 7.5 dB width is approximately 500 MHz therefore, 2.2+2, or 4.2, which
centered at 4.7 GHz. The inser- represents a power ratio of 2.63.
3 .”: s b My tion loss in the passband is less  T1 is the ambient radiometer
e isolation, 20 dB than 3 dB. temperature (microwave portion);
7 : ’ it ifi ly, 290°K; T2 is the source
e microstrip construction The lock-in amplifier enables namely, » 12
P the accurate measurementofsig-  temperature (i.e., temperature
nals contaminated by broadband seen by antenna), namely 310°K;
ZAM-42 SPECIFICATIONS noise, power-“ne pickup, fre- B is the receiver bandwidth (i.e.,
FREQUENCY RANGE, (GHz) quency drift, or other sources of  the 3 dB bandwidth of the band-
LO, RF 1542 interference. It does this by means  Pass filter following the first RF
IF DC-0.5 i lifier), namely, 500 MHz; and
of an extremely narrowband de amp » Ne Y, ;a
?gg{f@zo,\/ e T7Y8' MSA;(‘ tector which has the center of its 7 iS the radiometer output time
ISOLATION. dB VP MIN passband locked to the frequency constant, in seconds.
1.5-2.0 GHz LO-RF 25 20 of the signal to be measured. Utilizing a 3-s time constant, we
LO-IF 18 10 Because of the frequency lock obtaina minimum detectable temp-
2.0-3.7 GHz LO-RF 25 17 and the narrow bandwidth, large erature sensitivity of
LO-IF 180 0
3.7-4.2 GHz LO-RF 25 90
LO-IF 18 a9 INCIDENT LEVEL
SIGNAL 1 dB Compression level +1 dBm i —_—T— e
[ DET. |
For complete specifications and performance ST 18T _2:072ND | SJF |
curves refer to the 1980-1981 Microwaves Product lamp ISOLATOR s ISOLATOR FILTER | FILTER —ﬂw |
Data Directory, the Goldbook or EEM | | f ] |
“For Mini Circuits sales and distributors listi 14 ' ' ] f RF OU%PUT (To
” ¥ e o SOURCE | _JI | 'v\u APPLICATOR)
| finding new ways ... RF POWER AMPLIFIER ! DET. 2|5 [
setting higher standards | |

A Division of Scientific Components Corporation FILTER REFLECTOMETER

a m M i n i -Ci rcu i ts ;;LECT—ED_ LE_Vé_I.l— -

World's largest manufacturer of Double Balanced Mixers ASSEMBLY
2625E. 14th St. B'klyn, N.Y. 11235 (212) 769-0200
s 84-3 REV. ORIG Fig. 3 L-Band transmitter schematic.
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T = [2 (2.63-1) 290+310] (5)

V500 x 10° x 3

or 0.04°K rms.

Increasing the time constant 7
to 10 s results in a AT of 0.02°K.
Similarly, reducing the time con-
stant to 1 s will result in a AT of
0.07°K. The calculated tempera-
ture sensitivities are well within
our design goal of 0.1°C, as were
the actual results.

Microwave Transmitter

The microwave transmitter,
shown schematically in Figure 3,
consists of a 1.6 GHz 30W solid
state source followed by a low
pass filter and microwave reflec-
tometer. Sufficient filtering has
been provided through the use of
two low pass filters in series pro-
viding 120 dB of attenuation at the
third harmonic.

The third harmonic of the 1.6
GHz source is 4.8 GHz which is
well within the radiometer pass-
band. The reflectometer, in turn,
allows determination of both the
reflected and incident power lev-
els. The output power level is
electronically adjustable from 0
to 25W measured at the output of
the L-band antenna and, there-
fore, includes all microwave cir-
cuit and coaxial cable losses.

Dual Mode Applicator

It has been determined by Guy®
that the optimum aperture size to
achieve effective coupling of mi-
crowave energy associated with
layered biological tissue is the
simple TEic mode aperture in
direct contact with the radiated,
or emitting, surface. A normal
waveguide transition at L-band
corresponding to WR-510 would
be 5.10” (12.95 cm) x 2.55” (6.48
cm). To reduce the physical size
of this aperture, single-ridged
waveguide was employed since
the use of ridged waveguide low-
ers the frequency at which cutoff
will occur. To further reduce the
overall size of the aperture, die-
lectric loading was used.

The dimensions of the ridged
portion of the L-band ridged wave-
guide were selected to allow propa-
gation of the higher frequency
associated with the C-band radio-
meter. The plated surface of the

MAY — 1982

Fig. 4a Dual mode applicator

L BAND
! 308 APPLICATOR
. 2
.92

iyl 1.83 ‘Q_
cm
C BAND
APERTURE

Fig. 4b Dual mode applicator face

dielectric-loaded C-band wave-
guide, therefore, formed the sin-
gleridge ofthe L-band waveguide
as shown in Figure 4. The dielec-
tric material used is aluminum
oxide having adielectric constant,
&, of 9.8. The C-band aperture
dimensionsare0.92cm x 1.83cm.
The overall dimension of the L-
band waveguide is 3.66 cm x 1.83
cm.

It can be seen in the aforemen-
tioned figure that by having the
radiometer input contained within
the single-ridged waveguide L-
band transition, we have placed
the point of maximum field of the
source of heat in close proximity
with that point of thermal detec-
tion. The cutoff characteristics of
the C-band waveguide have been
utilized in addition to other filter-
ing provided, the waveguide form-
ing a high pass filter to isolate the
high power L-band source from
the sensitiveradiometer. A heater
and proportional thermostat are
provided in the dual mode transi-
tion, or antenna, to maintain a
constant temperature at or very
near to that of the temperature of
the human body.

[Continued on page 130]

Detectors

M/A-COM Omni Spectra, Inc. offers a

complete range of Detectors from factory

or distributor stock.

e DC-26 GHz Frequency Range

e Back Diode Detectors for Best
Temperature Stability

e Schottky Diode Detectors (Biased and
Zero-Biased) for Highest Output

e Point Contact Diode Detectors for
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e Field Replaceable Diodes

e Meet MIL-E-5400 and MIL-E-16400

e Specials and Matched Sets

Omni Spectra continues its commitment
to offer the very highest quality at
competitive prices.

SEND FOR your copy of our new
Detector Brochure.

M/A-COM Omni Spectra, Inc.

21 Continental Blvd., Merrimack, NH 03054
(603) 424-4111
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It should also be noted that we
have taken advantage of the large
mismatch associated with the low
impedance ridged waveguide
when left open-circuited; i.e., in
the atmosphere removed from con-
tact with the human body with its
high dielectric constant to which
the waveguide is matched. The
measured power level in free space
measured at a point 1” from the
waveguide opening with the L-
band power fully on was less than
0.4 mW/cm?. The safety standard
established by ANSI has been 10
mW/cm? for electromagnetic
radiation, regardless of the fre-
quency; however, this standard is
currently under revision to reflect
frequency versus power.

Clinical Data

Preliminary clinical results in
patients with known malignancies
appear encouraging. Temperature
differences (AT) consistent with
biopsy-proven malignancies were
obtained in 4 of 6 primary carci-
nomas ofthe breast (Table 1),in5
of 5 patients with lymphoma
(Table Il), and in 10 of 12 women
with recurrent breast cancer
(Table Ill). Negative results were
obtained mainly in patients with
more deeply-seated tumors. It
should be noted (Tablel) that one
breast cancer patient (79-001) had

bilateral tumors; therefore, there
were a total of 4 tumors in the 6
patients.

Itshould be pointed out that the
above referenced results were ob-
tained using passive detection
alone and did not involve the use
of microwave heating. It has been
reported® that tumor tempera-
tures can be elevated with respect
tosurrounding normal tissue. The
use of localized heating, there-
fore, should provide a technique
to highlightthetumor. . . thereby
enhancing detection. Attempts to
date to locate more deeply-seated
(lung, esophagus, femur, hume-
rus) malignancies by microwave
thermography alone have been
unsuccessful. From a theoretical
standpoint, ifthetemperature dif-
ferential between the tumor and
adjacent normal tissue could be
increased, one might reasonably
expect to be able to detect smaller
and/or more deeply-seated tu-
mors.

It is noteworthy (Table I) that
although negative results were
obtained in 2 breast cancer
patients (79-009) and (80-022) for
whom xeromammograms were
positive, the microwave thermo-
grams were positive in 2 patients
(79-011) and (80-016) whose xero-
mammograms were negative or,
at best, inconclusive. It should
likewise be mentioned that in the
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Fig. 5 Pre X-ray therapy thermogram

[Continued on page 132]
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patient with bilateral breast cancer
(79-011), the larger AT value of
2.5°C was observed in the smaller
lesion (K10mm diameter) in the
left breast which was not seen in
the xeromammograms. The smal-
ler AT value of 1.2°C was obtained
in the right breast lesion of ap-
proximately 2.5 cm diameter,
which was seen on xeromammo-
graphic (X-ray) studies.

Patient 79-001 presented with
nodular sclerosing Hodgkin’s
diseasein her right and left supra-
clavicular areas (Figure 5, peaks 2
and 3). Thisexamination was done
prior to X-ray therapy. Several
weeks lateer following a course of
radiation therapy (4000 Rads),
there was complete resolution of
the tumor with a concomitant re-
ductioninthe AT (Figure 6). Like-

wise there was an increase in AT
in one patient (79-012), Table Ill)
whose tumor did not respond to
radiation therapy. Thus, micro-
wave thermography may have
some potential in assessing the
effectiveness of various therapeu-
tic modalities. Placement of the
antenna on the right forearm was
used to establish areference tem-
perature.

TABLE |
CLINICAL MICROWAVE THERMOGRAMS — PRIMARY CARCINOMA OF THE BREAST
PATIENT AGE SEX DIAGNOSIS SITE AT
79-009 58 F Adenocarcinoma/Breast Right Upper Outer Quadrant 0
79-011 47 F Adenocarcinoma/Breast Right Upper Outer Quadrant 1.2
Left Upper Inner Quadrant 25
80-016 64 Adenocarcinoma/Breast Left Upper Inner Quadrant 11
80-022 73 Adenocarcinoma/Breast Right Upper Outer Quadrant 0
80-024 33 Inflammatory Carcinoma/Breast Right Breast 1.3
TABLE Il
CLINICAL MICROWAVE THERMOGRAMS — LYMPHOMA
PATIENT AGE SEX DIAGNOSIS SITE AT
79-003 17 M Hodgkin’s Disease Mediastinum 7.2
79-001 26 F Hodgkin’s Disease Right Supraclavicular 1.6
80-025 31 M Hodgkin’s Disease Right Supraclavicular 0.9
80-030 58 M Giant Follicular Right Shoulder 1.6
Lymphoblastoma
80- 70 F Histiocytic Lymphoma Right Leg 0.4*
*Denotes AT in an unresponsive tumor following a course of radiation therapy.
TABLE 111
CLINICAL MICROWAVE THERMOGRAMS — RECURRENT BREAST CANCER
PATIENT AGE SEX DIAGNOSIS SITE AT
80-017 34 F Recurrent Breast Cancer Left Supraclavicular 0
79-006 51 F Recurrent Breast Cancer Left Anterior Chest 3.3
79-013 57 F Recurrent Breast Cancer Left Anterior Chest 292
79-012 76 F Recurrent Breast Cancer Right Anterior Chest 1.1
79-002 54 r Recurrent Breast Cancer Right Anterior Chest 1.6
80-018 75 F Recurrent Breast Cancer Left Anterior Chest 2.5
80-029 83 F Recurrent Breast Cancer Left Anterior Chest 0.9
80-031 49 F Recurrent Breast Cancer Left Anterior Chest 0.8
80-034 50 F Recurrent Breast Cancer Left Anterior Chest 2.5
80-037 57 F Recurrent Breast Cancer Anterior Chest-bilateral 21

[Continued on page 134]
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IS Y I/ aas
Design Englneer’s Source

For Broadband Directional

Detectors and Couplers.

Model | F Max |Insertion| Sensitivity| Price
(GHz) Seniltlvlly (dB) (GHz) VSWR| Loss (uv/uw)

(dB) (GHz) (dB Max)

12118 1-12.4 +.2(1-8) 18(1-8) 1.35 1.1 40 $675
+ 3(1-12.4) 15(8-12.4)

1818S 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)

1820S 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 12 40 $825
+ 7(1-18) 13(12.4-18)

18508 5-18 2 14(.5-18) 1.40 11 10 $925

12(12.4-18)
1851S 518 [+1.2 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 12 10 $1,125}
+1.2(1.7-26.5) | 13(18-26.5)

3617S | 3.6-11.7 |+.15(3.6-6.5) | 18(3.6-6.5) | 1.30 11 40 $825
- 30(3.6-11.7) | 15(6.5-11.7)

Model | F y Max | Insertion | Price
(GH:) Coupllng Senslllvlly (dB) (GHz) VSWR Loss
(dB) (dB) (GHz) (dB Max)
1211 1-12.4 AR5 e 18(1-8) 1.35 158 $475
15(8-12.4)
1818 2-18 16+.5 | +.25(2-12.4)| 17(2-12.4) | 130 75 47
+.35(2-18) | 15(12.4-18) i
1822 2-18 10+.5 | +.25(2-12.4)| 15(2-12.4) | 135 1.0
+.4(2-18) 13(12.4-18) ol
1820 1-18 16+.5 +.3(1-12.4) 17(1-12.4) 1.35 9 $475
+ 4(1-18) 15(12.4-18)
1821 1-18 10=5 | =4 15(1-12.4) | 1.40 1.2 $475
13(12.4-18)
1850 5-18 16+ 1 3 14(.5-12.4) | 135 s $575
12(12.4-18)
1851 5-18 10=1 | =1 14(.5-12.4) | 135
1
12(12.4-18) 2 ek
2616 1.7-26.5 16+1 =.4(1.7-18) | 15(1.7-18) 1.45 1.2 $725
- 8(18-26.5) | 13(18-26.5)
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PT. 79-001
31 AUG 79
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je————1°C SCALE—————»]

Fig. 6 Post X-ray therapy thermogram

Insofar as mass screening of
breast cancer is concerned, mi-
crowave thermography has sev-
eral distinctadvantages over X-ray
xeromammography. First, there
is no known risk to the patient
since the unit is merely monitor-
ing the patient’s natural micro-
wave emissions; no harm is done
to the patient. Second, there is a
possibility (which must be borne
out through experimentation) that
microwave thermography may be
able to detect smaller tumors that
can be seen by conventional tech-
niques. This statement has great
therapeutic significance since the
probability of achieving a cure is
inversely related to the size of the
tumor at diagnosis.
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Introduction

Surface acoustic wave (SAW)
technology allows fabrication of
compact tapped delay lines which
have large time-bandwidth pro-
ducts, wide dynamic range, and
low spurious levels. Extremely
versatile electronically program-
mable transversal filters (PTF) can
be obtained by integrating these
tapped delay lines with control
electronics. These filters find
numerous applications in radar
and spread spectrum communi-
cation systems for adaptive fre-
quency filtering and for asynch-
ronous correlation of coded wave-
forms. This report examines sever-
al approaches to obtaining PTF’s
using SAW tapped delay lines.
Both hybrid and monolithic tech-
niques are discussed and exam-
ples are given to illustrate the
capabilities, the advantages and
the limitations of each approach.

Figure 1 shows a basic trans-
versal filter configuration where a
signal propagates through a ser-
ies of equal delays of duration T.
Following each delay interval, the
signal is sampled, then the sam-
ples are weighted in both ampli-
tude and phase. Finally, all the tap
signals are summed to form the
filter output. After undergoing the
delay and weight process, some
frequency components of the
signal add in phase while others
do not. Hence, the transversal fil-
ter is frequency selective. The
sequence of tap weights forms
the filter impulse response. Con-
sequently, the Fourier transform
of the tap weights is the frequency
response of the filter. Electron-
ically programmable tap weights
enable tailoring of the frequency
response within the bandwidth
limitation established by the re-
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ciprocal of the intertap delay time.
The addition of the appropriate
tap weight control circuitry would
create an adaptive filter for noise
cancellation, frequency tuning,
multipath suppression, or adap-
tive equalization of channels when
the precise channel characteris-
tics are unknown.

Another important use of the
tapped delay line transversal filter
is for asynchronous correlation
or matched filtering of spread spec-
trum waveforms. In a matched fil-
ter, the signal-to-noise ratio is
maximized when the impulse res-
ponse of the filter equals the time
reverse of the signal waveform.
This function is employed for
transmitting signals over noisy
channels and for covert transmis-
sion where only those receivers
having matched filters can detect
the message. For the latter appli-
cation, it is desirable to change
the code frequently to prevent
unauthorized receivers from deci-
phering the message. A program-
mable filter is therefore required
so the impulse response can be

changed to match the changing
code.

SAW technology is naturally
suited to perform transversal fil-
tering for the following reasons.
First, useful signal delays can be
realized in relatively small pack-
ages because the SAW velocity is
roughly a factor of 10™° slower
than the velocity of electromag-
netic radiation. Delays of several
microseconds occurindimensions
of the order of centimeters.
Second, since the wave propa-
gates along the surface, suitable
transducers can detect it at any
point along the propagation path.
On a piezoelectric substrate, the
interdigital transducer (IDT) is a
very effective detector. In fact, the
IDT itself is a form of transversal
filter. The transducer electrodes
tap the signal as it propagates
through the IDT. The bus bars or
bonding pads perform the sum-
ming. Amplitude weighting can
be accomplished in several ways,
the most common of which are
electrode length apodization and
electrode withdrawal weighting.
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Fig. 1 Schematic diagram of a transversal filter.
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The relative positions of the elec-
trodes along the delay path estab-
lish the phase weighting. Thin
film metal IDT’s are readily fabri-
cated by standard photolithogra-
phic processes and detailed trans-

ducer design techniques have

been developed resulting in accu-
rate fixed filter responses in com-
pact, rugged packages. These at-
tractive features contribute to the
widespread acceptance of fixed
response SAW bandpass and
matched filters. We now examine
how many of these desirable fea-
tures can be retained in devices
which have the added flexibility of
a programmable filter response.

The Hybrid Approach

The straight-forward approach
to achieving programmability is
to choose a standard piezoelect-
ric SAW substrate, fabricate a ser-
ies of IDT’s in a tapped delay line
configuration and wirebond each
tap IDT tonearby weighting, sum-
ming, and control electronics as
shown in Figure 2.

One early example of the hybrid
approach demonstrated a biphase
programmable matched filter by
using discrete PIN diodes in an
SPDT switch configuration like
that shown in Figure 3." A similar
switch would be connected to
each tap. A positisve program-
ming voltage, V,, forward biases
diodes D1 and %4 while reverse
biasing D2 and D3. The left tap
electrode is thus connected to the
ground bus and the right elec-
trode to the output bus. Reversing
the polarity of the programming
voltage, Vp, reverses the electrode
connections producing a 180°
phase shiftin the tap signal output.

The parasitic impedances as-
sociated with the discrete devi-
ces, particularly the diode reverse
bias capacitance, can severely
limit the tap IDT efficiency to
overcome this limitation, several
workers fabricated hybrid devices
using silicon on sapphire (SOS)
electronics.?® Theinsulating sap-
phire substrate and epitaxial sil-
icon devices offer a much lower
parasitic capacitance and result
inconsiderably lower losses. This
nicely illustrates one of the prim-
ary advantages of the hybrid ap-
proach. That is, the acoustic
devices and electronic devices can
be independently optimized.

INTERDIGITAL
TRANSDUCER

WEIGHT
SIGNAL
INPUT

WEIGHT
AND

AND

SIGNAL
OUTPUT

PIEZOELECTRIC
SAW SUBSTRATE

Fig.2 The hybrid approach to SAW PTF’s uses a tapped delay line on a standard SAW
substrate with wire bonds connecting the taps to electronic circuitry.

TAP ELECTRODES

vp

TAP
OUTPUT

Fig. 3 An SPDT diode switch can be implemented for biphase programmability.

Hybrid programmable matched
filters which combine quartz delay
lines and thick film technology
have been developed by Hazel-
tine Corporation.* This combin-
ation has resulted in excellent
reproducibility and high yields
have been achieved. Large time-
bandwidth product devices are
possible and processing gains of
27 dB have been obtained in pilot-
production quantities.

A model which demonstrates
this combination of technology
for a 32 tap, MSK line is shown in
Figure 4. The SAW tapped line
and input transducer matching
network are seen in the center of
the unit. The electrical signal is
coupled from each tap on the
SAW delay line by a wire bond
connection tc the appropriate
thick film hybrid substrate. Each

substrate contains the RF switch-
ing and logic control circuits
necessary to process the PSK,
QPSK or MSK spread spectrum

Fig. 4 A bit programmable tapped delay
line illustrating combined SAW and thick
film hybrid technology.

[Continued on page 142]
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PIN Diod
F Selector Switch

Olektron’s Model O-ISLT4004 is
one of a series of compact PIN
Diode Selector Switches covering
the 2041000 MHz frequency band.
Developed specifically for antenna
selection and matrix signal distribu-

tionin VHF/UHF reconnaissance
systems the switch features:

= Ultra low switch transition noise
mHigh power (1 watt max)

mHigh dynamic range

®Phase and amplitude tracking

The pertinent performance specifications of Model O-ISLT1004
(a typical unit) are:

It Tl (o L i b e P o 1.2 dB (max)
oo S R ) 40 dB (min)
VSWR (in/out allstates) ............... 1.3t0 1 (max)
owifching Noise ', . .. i i Wil ves —125dBm

(in any 10 KHz band)
IntermodulationRatio ............... 90 dB (typical)
(for 0 dBm test level)
SWHCRING SPOe |\ i oo i 100p. sec (max)
G ST TS IR AR R S SRR TTL 2 lines
PowerRequired .............covvvnn. + 5Vdc @ 100 Madc

+15Vdc @ 100Madc

Olektron—designer and manufacturer of quality components and sqbsystems—
has been a supplier to many of the top companies in the signal processing field for
the past 15 years. Yes, you buy with confidence when you specify Olektron.

Investigate our potential. Call or write today. Tel: (617) 943-7440.

. Product catalog available
on company |letterhead. a:

CORPORATION

61 Sutton Road/Webster, Mass. 01570
YOUR CHALLENGE IS OUR PROGRESS
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Fig. 5 Correlated output for 64-bit PSK
input signal.

signal. The units operate satisfac-
torily from -55° to + 128°C and
meet military environmental spec-
ifications. Afterassembly, the case
and cover are seam welded to-
gether in a dry nitrogen atmos-
phere since hermeticity is essential
to ensure a contamination free
environment for both the SAW
line and semiconductor chips.

The correlated output pulse for
a64 bitprogrammable MSK device
is shown in Figure 5. This device
operates at a 75 MHz center fre-
quency with a 5 MHz chip rate.
The sidelobe level is within 2 dB,
and the processing gain; within
0.5 dB of theoretical.

Additional size and cost reduc-
tion has been demonstrated
through the use of custom LSI
circuits to replace discrete com-
ponents used in earlier models. In
particular, a 25 bit bipolar RF
switch and a 25 bit CMOS logic
chip were developed to process
the outputs of 25 contiguous taps.
These custom LS| chips permit
128 bit control circuits to be real-
ized in approximately the same
volume as the earlier 32-bit con-
trol circuits. Currently under
developmentis a 32-bitcombined
RF switching, summing and logic
control chip which will effect an
even further decrease in size and
a lower cost in production.

Hybrid programmable filters
having both amplitude and phase
weighting have also been demon-
strated. One technique uses non-
linear mixing of two SAWS prog-
agating on the same 6path. -
Grudkowski and Reeder” used a
configuration similar to the sim-
plified one shown in Figure 6. A
wave generated by the input sig-
nal at frequency F, and a CW ref-
erence wave at frequency Fz are
both detected by the taps. Each

MICROWAVE JOURNAL
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Fig.6 Nonlinear mixing of tap signals in diode pairs allows both amplitude
and biphase (*) tap weighting.

tap is bonded to an antiparallel
pair of diodes fabricated as an
array using SOS technology. The
programming voltage applied to
each tap forward biases one or
the other of the diodes. The two
detected signals mix in the for-
ward biased diode producing
product signals at the sum and
difference frequencies, F> + F»,
and F2 - Fy1. The strength of the
product signals is dependent on
the level of the DC bias current. A
phase shift of 180° occurs in the
tap output signal when the direc-
tion of the DC current flow to the
diode pairis reversed. An external
bandpass filter at the cutput port
selects the filtered signal at either
the sum or difference frequency.
A 128 tap filter was fabricated
using a YZ-LiNbO3 delay line and
an SOS diode array. The nominal
signal frequency was 70 MHz with
the local oscillator at 100 MHz

and the output taken at the differ-
ence frequency. The tap sampling
frequency was 9.8 MHz. A wide
range of frequency responses was
demonstratedincluding bandpass
filters with bandwidths variable
between 0.1 and 1 MHz. By vary-
ing the frequency of the local
oscillator, the center frequency of
the filter could be varied inde-
pendently of the tap weights.
Asynchronous correlation ofa 127
chip M-sequence PSK code at a
10 MHz chip rate was also de-
monstrated.

Combining the output of two of
these devices in a quadrature
hybrid allowed the synthesis of
complex tap weights. Impulse
responses with arbitrary amplitude
and phase characteristics within
the time-bandwidth limitations of
the device were synthesized by
programming the tap weights of
the real and imaginary channels.

P

L1 DUAL GATE
TAP ELECTRODES FET

DUAL GATE
I_‘ FET

j: : SIGNAL OUTPUT

l

Fig.7 Adualgate MOSFET configuration canachieve biphase tap weighting with linear
amplitude control over more than 40 dB.
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This was graphically illustrated
by the asynchronous correlation
of linear chirp signals of various
chirp rates.

Another tap weighting tech-
nique which is capable of both
biphase and amplitude program-
mability was reported by Kwan,
Chuang, Muller and White’. This
method uses a pair of dual gate
MOSFETS connected to each
active tap electrode. Figure 7
shows the configuration for one
tap. Bias circuitry is not shown.
The voltage developed across the
electrode as the SAW passes
throughis applied to the first gate
of both MOSFETS. The program-
ming voltage applied to the second
gates control the strength of the
signals which reach the two bus

bars. The bus bars sum the sig-
nals from all the taps and the
sums are then combined differen-
tially to form the filter output.

C. Panasik of Texas Instruments
recently reported an experimen-
tal filter based on this technique.®
Fabricated on LiNbO3, the delay
line consists of 16 taps with a
sampling frequency of 200 MHz.
The tap amplitude can be varied
over more than 40 dB with biphase
operation. The versatility of this
configuration was demonstrated
by tuning afixed bandwidth s_lr;(_x
frequency response to various

center frequencies from 200 to

300 MHz.
The Monolithic Approach

On Nonpiezoelectric Substrates

For improved reliability and

ruggedness, elimination of the
wirebonds between the taps and
the electronics would be highly
desirable. One way of accom-
plishing this goal is to fabricate
the SAW tapped delay line on sili-
con with monolithic integration of
tap weight control circuitry. Since
silicon is not piezoelectric, this
task requires the use of unique
structures for generating and
detecting the surface acoustic
waves. An effective way of gener-
ating SAWs on nonpiezoelectric
substrates is through the use of
piezoelectric thin films.® In a typi-
cal configuration, a piezoelectric
film is deposited over an interdigi-
taltransducer. The acoustic wave
is generated in the piezoelectric
film and propagates as a SAW on

B TTL Programmable
B Bits: One to Eight

200 Nanoseconds

[

W Attenuation Range to 127 dB
B Frequency Range DC to 400 MHz

B Switch Times as low as

B Transient Suppression as low as

10 mV

B Construction—Solid State or
Electro-mechanical

Lorch Electronics announces a new line of TTL Compatible Digital

Attenuators. Series DA-600, DA-700 and DA-800 are miniature components 5C
capable of providing digital attenuation with a precision normally o
associated with traditional mechanical step-attenuators.

Write, phone or circle reader service number for literature.
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the substrate. Considerable pro-
gress has been made in the de-
velopment of zinc oxide Zn0 thin
film transducers. Zn0 enjoys a
relatively high piezoelectric
coupling and continuing improve-
ment of the sputter deposition
technology is yielding reproduci-
ble, well-oriented films with pie-
zoelectric properties approaching
that of the bulk material. The pro-
cess is compatible with standard
silicon IC processing.

Propagation losses and disper-
sion effects make it difficult to
fabricate an entire tapped delay
line using Zn0 on silicon. These
problems have encouraged the
use of a different phenomena for
the programmable taps. This is
the piezoresistance effect wherein
stress waves propagating in sili-
con alter the effective mobility of
charge carriers. If the waves pro-
pagate through a suitably oriented
and properly biased MOSFET, the
signal carried by the SAW appears
as a modulation of the drain cur-
rent.'®

Afine example of this technolo-
gy is by the work performed at

Motorola under the direction of
F.S. Hickernell."' A recent effort
produced a programmable corre-
lator capable of processing 31 bit
biphase coded signals at a center
frequency of 100 MHz, with a
code rate of 10 MHz, and a dura-
tion of 3.1 microseconds. The
resulting LS| chip includes a thin
film transducer, biphase MOSFET
taps and integrated switching and
logic control circuitry.

The device configuration is
similar to that shown in Figure 8.
The SAWs are generated by a thin
film ZnO overlay transducer fabri-
cated on glassivated silicon. They
propagate on the (001) silicon
surface in the [100] direction. An
array of piezoresistive MOSFET
taps lies in the propagation path.
Thesampling frequency is 10 MHz.
Biphase operation is achieved by
using a split detector structure
consisting of two MOSFETS shar-
ing a common drain like the one
shown schematically in Figure 8.
The gate electrodes of this split
detector tap are separated by a
center-to-center distance equal
to one-half the SAW wavelength.

PIEZOELECTRIC
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TREANSDUCER
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Fig. 8 One promising monolithic approach uses a zinc oxide overlay transducer to
generate SAWs on a silicon substrate. Tap control electronics are integrated on the
same chip. The SAWs are detected by piezoresistive MOSFET taps.
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CONVERSION LOSS, dB TYP. MAX.

One octave from band edge 6.2 7.0

Total range 7.0°5.10:0

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 2b 17

SIGNAL 1 dB Compression level +14 dBm mi
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power
splitter/
combiners

_‘_4 way 0°

10 to 500 MHz
only $7495 .4,

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e rugged 1% in. sq. case

* BNC, TNC, or SMA connectors
¢ low 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.
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On-chip switches select the de-
sired phase by biasing one gate of
each tap on while grounding the
remaining gate.

The switches are controlled by
on-chip logic circuitry. The input
reference code can be read serially
into groups of shift registers. Each
shiftregisteris connected through
a latch to switch driver circuits.
The latches are designed to hold
the switches in the state corres-
ponding to a particular code for
correlation of an incoming signal
while data for a new code is being
read in.

Devices were fabricated by
standard semiconductor process-
ing techniques on three inch sili-
con wafers. The final chip size of
980 mils by 120 mils allowed 36
devices to be fabricated on a wafer.
The chips were mounted on a
thick film substrate for interccn-
nections to package leads tren
housed in an all metal flat pack.
Reproducibility and reliability of
this process is good and offers
potential for low cost in volume
production.

Overall device performance was
illustrated by correlation of var-
ious 31-bit maximal length se-
quences. Near theoretical peak to
sidelobe ratios were obtained.
Continuous operation was dem-
onstrated through correlation of
two alternating code sequences,
each with atime duration equal to
the total tap transit time of 3.1
microseconds. No degradation of
correlator performance was ob-
served under these conditions.

Monolithic GaAs

The development of GaAs tech-
nology for digital and microwave
circuitry offers the promise of very
simple and elegant programma-
ble SAW transversal filters. Since
GaAs is a weakly piezoelectric
semiconductor, interdigital trans-
ducers can be fabricated directly
on the GaAs surface when only
moderate fractional bandwidths
are required. This can greatly
simplify fabrication procedures.
There is in addition the potential
for unique structures which util-
ize the interaction of the piezoe-
lectrically active acoustic wave
with the charge carriers in the
material.

NONLINEAR
MESFET TAPS Y1 Yn
? eee f
SIG-
NAL LOCAL
INPUT Mf i :i i fer 0SCiL-
LATOR

7 INPUT
J EPITAXIAL GaAs

SIGNAL ON SEMI-INSULATING

OUTPUT GaAs
MESFET TAP BIAS

TAP DRAIN VOLTAGE

SAW

Fig. 9 A programmable filter on GaAs
uses the nonlinear interaction of counter-
propagating SAWSs in FET mixer taps.

Take as an example the monoli-
thic GaAs correlator fabricated
by United Technologies Research
Center.'”? This device uses the
nonlinearinteraction of two SAWs
propagating in opposite directions
through an array of MESFET taps
asshownin Figure 9. One wave s
generated by the signal while the
other is generated by a CW local
oscillator. The piezoelectrically
generated fields associated with
the SAWs interact directly with
the fields in the FETS. The FET
taps, shown schematically in Fig-
ure 9, were fabricated on an n-
type epitaxial layer with a carrier
concentration of 1x 10'®cm™ and
a thickness of 1.3 microns. The
source and drain contacts are
ohmic and the floating gate elec-
trode forms a Schottky barrier.
When a DC bias voltageis applied
between the source and drain, a
quiescent current is established.
The mixing of the counter propa-
gating SAWs withinthe FETS pro-
duces components of the drain
current at the sum and difference
of the two SAW frequencies. The
nonlinear signal power is propor-
tional to the power carried by the
SAWSs and can be varied over at
least 50 dB by varying the drain
bias voltage. Reversing the polar-
ity of the bias voltage shifts the
phase of the output signal by
180°. Figure 10 is a photograph of
the device showing 32 FET taps
positioned between IDT’'s which
generate the counterpropagating
SAWs. The DCdrainbiaslines are

[Continued on page 148]
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directional
couplers

19.5dB

0.1 t0 2000 MHz
only $79% (.4,

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

* rugged 1% in. sq. case

e 4 connector choices
BNC, TNC, SMA and Type N

* connector intermixing male
BNC, and Type N available

¢ low insertion loss, 1.5 dB
» flat coupling, =1.0 dB

ZFDC 20-5 SPECIFICATIONS
FREQUENCY (MHz) 0.1-2000

COUPLING, db 19.5

INSERTION LOSS, dB TYP. MAX.
one octave band edge 0.8 1.4

total range 15 2.3

DIRECTIVITY dB TYP. MIN

low range 30 20

mid range 27 20

upper range 22 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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Fig.10 ASAW correlator on GaAs with 32
programmable taps. (Photo courtesy of

United Technologies Research Center).
visible at the bottom of photo with
the RF output shown near the top.
The center-to-center tap spacing
corresponds to a sampling fre-
quency of 10 MHz. The taps have
a common source electrode for
summing the nonlinear signals
from the individual taps. The
drains and gates are segmented
allowing each tap to be inde-
pendently programmed. The sig-
nal IDT has a center frequency of
127 MHz and a bandwidth of 9.5
MHz. The local oscillator trans-
ducer has a center frequency of
110 MHz and a 4 MHz bandwidth.
Anexternal bandpass filter selects
the output signal at the difference
frequency.

When used as a matched filter
for biphase signals, the coded
waveform is correlated with the
code programmed on the taps.

=

500 nsec/div
IMPULSE RESPONSE

12a. Modified impulse response used to
produce a null in the filter passband.
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11a. Impulse response of GaAs fil-
ter programmed for a sin x response.
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11b. The resulting 3.8 MHz bandpass
filter response

Near ideal sidelobe response has
been obtained for the 13 chip
barker code and for 31 chip pseudo-
random maximum length codes.
The device exhibits a dynamic
range of greater than 65 dB and
spurious signal suppression of at
least 50 dB.

Operation of this device as a
programmable frequency filter is
demonstrated in Figures 11 and
12."® Figure 11b shows the fre-
quency response of a 3.8 MHz
bandpass filter realized by pro-
gramming the taps to obtain the
sin x impulse response of Figure

X
11a.

Theimpulseresponse of Figure
12a was calculated to place a null
in the passband as shown in Fig-
ure 12b. The 40 dB null would
be very effective in suppressing
narrowband interference and
demonstrates the accuracy that
can be achieved with this device.

Conclusions
Three general approaches to
obtaining compact, rugged pro-
grammable SAW transversal fil-
ters have been described. The fil-
ters considered here fall into var-
ious stages of development, from
R&D prototype to pilot produc-
tion models. For some, the level of
[Continued on page 150]
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Amperex’

ICROWAVE

WER TRANSISTORS UP TO 5 GHz

‘Amperex has a complete range of silicon, bipolar transist
for: Linear, Pulse and Power applications for:

Microwave Links:
2 GHz and 4 GHz

adio Telephones:
‘800 MHz

Navigational Aids:
ACAN, DME, IFF, JTIDS

atellite:
pace Qualified Devices

mperex has a 5 GHz process that incorporates: Self-alig
ment, ion implanted bases and emitters, high emitter pe

phery to base arearatio, one micron line widths and thick locag

_oxide to reduce MOS capacitances. This 5 GHz process resu
in some of the highest performance devices, such as:

2.4 Watts at 1 db compression for 3700 to 4200 MHz
3.2 Watts at 1 db compression for 2300 to 2700 MHz

“We also supply high performance pulse transistors for radk
applications, for example:

Power Frequency

900 Watts 1090 MHz 10 psec 1%

‘Amperex can supply microwave transistors covering the
tire spectrum from HF through S-Band. Up to 12 GHz utiliz
GaAs FETS.

Microwave Produc
230 Duffy Ave.

(516) 931-6200

NORTH AMERICAN PHILIPS COMPANY o “co oo oo
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integration is just sufficient to
show programmability and com-
patibility with peripheral electron-
ics, while others include relatively
sophisticated tap control elec-
tronics.

In all cases, the potential for
large time bandwidth product,
wide dynamic range and low spur-
ious response has been demon-
strated. With continued develop-
ment, this SAW technology will
provide key components to meet
evolving systems requirements for
adaptive frequency filtering and
asynchronous matched filtering.

Pulse Width Duty Facto :
700 Watts  1020-1150 MHz 10 psec 1%

Hicksville, NY 118@
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Low Noise GaAs FET

Technical Feature
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Dual Channel Front End

George Peter
National Astronomy &
lonosphere Center
Cornell University,
Ithaca, NY

Low noise receiver systems are
degraded by the noise contribu-
tion of thetransmission line which
connects the receiver to its
antenna. Receiver performance
and behavior are affected to some
extent, by antenna impedance
variations across the frequency
band of amplification of the RF
amplifier. This paper describes
the L-band front-end designed to
minimize effects which are exter-
nal to the amplifier. The design
results in minimal receiver equi-
valent noise temperature at the
waveguide flange which connects
directly to the antenna.

The design of low noise micro-
wave amplifiers using Gallium
Arsenide Field Effect Transistors
(GaAs FETS) is well understood.
Several authors have described
state-of-the art development of
these devices.'? When operated
at cryogenic tempertures GaAs
FET amplifiers provide competi-
tive performance to cooled para-
metric amplifiers without the
complexity and higher costs
associated with paramps.

The Mitsubishi type MGF-1412
GaAs FET was selected for the
design of the L-band amplifier
although several other low noise
GaAs FET devices are currently
available.

Theinputimpedance of a GaAs
FET is predominated by capac-
itive reactance. The gate to source
connection exhibits essentially the
same characteristics as that of a
capacitor, consequently the first
step toward achieving an input
match is to tune out the capacitive
reactance. At 1420 MHz this is
accomplished by a series induc-
tor of about 8 nanohenries.

MAY — 1982

The desired 50 ohm real part of
the input impedance is achieved
by adding an inductor in the source
lead of the FET. This applies a
negative feedback to the transis-
tor hence increasing the real
component oftheimpedance. This
procedure has been described.'™
A high pass filter is included in
the input circuit, and bias vol-
tages are supplied viaappropriate
filters, shown in the schematic of
Figure 1.

Similar matching is used to tune
the output to 1420 MHz after which
the return lossis 15 dB or better for
both output and input ports.

Recent designers of cooled
microwave GaAs FET amplifiers
have achieved excellent impe-
dance matching by means of
source inductance feedback. L-
band amplifiers using this tech-
nique have been described by
Nevin and Wong.® A similar L-
band amplifier cooled to cryogenic

temperatures isdescribed by Wil-
liams, Weinreb and Lum.* Cooled
GaAs FET amplifiers of this gen-
eral design have been used at the
NAIC Radio Telescope near Are-
cibo, Puerto Rico with limited
success because of certain inher-
ent characteristics ofthe antenna.

The Arecibo 1000’ spherical
reflector (see World’s Largest
Radar, this issue) is illuminated
by various single and dual polar-
ized feeds. A line feed exhibits a
relatively narrow bandwidth, for
example the 21 cm dual polarized
feed has a half powerpoint band-
width of about 70 MHz. The impe-
dance match is excellent (VSWR
< 1.1:1) within the bandwidth of
the antenna; but, like a narrow
band filter the impedance match
degrades rapidly and severely
outside the bandwidth of the
antenna.

This characteristic of the Are-
cibo telescope antenna has caused
unstable operation of some of the

MGF1412  BEAD
/cuoxe
3.3pf Ls L 3.3pf
C3==0.1pf 'lcz
L, Ls
1N34
D1 1N752
D3] D2 6h

L, L2, Ls = 5T on 0.055 diam
L3, L4 =3.5 T on 0.055 diam

NOTE: COILS MADE FROM 0.008” PHOSPHOR BRONZE WIRE

Fig. 1 GaAs FET RF amplifier.



GaAs FET amplifiers tested. The
amplifiers have substantial gain
at much wider bandwidths than
the antenna, while the antenna
impedance outside its bandwidth
is unknown to the amplifier
designer, and, even if known it
would not usually be practical to
take it into account in the design.

Thus, a receiver intended for
use on the Arecibo telescope feeds
logically should incorporate a
good isolator to prevent antenna
impedance variations from affect-
ing the amplifier behavior. Unfor-
tunately isolators typically intro-
duce 0.2 db to 0.4 db in-band
insertion loss. When the isolator
is operated at room temperature
this represents an unacceptable
noise contribution of 14° k or more
by the isolator. From previous
experience it was evident that iso-
lators could be developed to
operate at cryogenic tempera-
tures. When operated at 16°k, the
low 0.2 db insertion loss would
contribute only about 1°k to the
receiver temperature.

Another source of noise in a
conventional amplifieris the trans-
mission line loss within the cooled
dewar and the coax to waveguide
adaptor necessary to cocnnect to
the antenna. A technology to min-
imize transmission line losses was
borrowed from experience gained
inthe S band maser development.®
An inner conductor of a coax line
is extended into a WR650 wave-
guide adaptor port. (See Figure 2)
The “cold probe” is designed to
be matched for a low VSWR at its
connection to the cooled isolator
input. A two-stage amplifier, the
isolator and “cold probe” with its
associated transmission line are
all tied to the 16°k station of a
cryogenic refrigerator. A quartz
dome over the probe acts as a
vacuum seal.

A dual channel receiver was
packaged within a single vacuum
dewar. It is cooled by a standard
CTI Model 21° cryogenic refrig-
eration system. The dewar, wave-
guide adaptor flange, waveguide
adaptor ports with quartz domes
and “cold probes” (one per chan-
nel) together with the isolators
and amplifiers are shown in
schematic form. (see Figure 3)
Precautions were taken to mini-
mize heat loss and to assure long
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Fig. 2 Single channel of cold probe assembly.
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Fig. 3 Block diagram of RF dual channel GaAs FET cooled front end.
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-e
Integration time = 10 secs.
Receiver = Micromega parametric amplifier.
~ .47 T T T T T T T T T
" > M -
standard level (+10 dBm LO) 5
3
n g€ 2
g
(™=
<
z
~ z
S .08 B
<
n .05 1 I 1 ] L | 1 ] 1
253 278 1303 328 358 378 403 408 453 478 503
50 KHZ I,o 2000 MHZ SPECTRAL LINE PROFILE (39 KHz/channel)
32695 Fig. 4a Signal from source UGC 3376 as compared to background noise.
only (5-24)
z AVAILABLE IN STOCK FOR term reliable operation. A separ- since. It provides a stable low
IMMEDIATE DELIVERY ate package attached to the dewar noise receiver system with excel-
provides GaAsFET bias supplies, lent baseline. (See comparison of
L : metering and calibration signals. original parametric amplifier
m °*miniature 0.4 x 0.8 x 0.4 in. The total mechanism is designed results with those of the new
t directly above the GaAs FET amplifier system.) See
* MIL-M-28837/1A perfor 10 mount . .
s 2883_ / P s antennaturnstile thus keeping the Figure 4, a and b)
e l[ow conversion loss 6.0 dB waveguide lengths to each port of Receiver equivalent noise temp-
« high isolation 25 dB @he dual p'olarlzed feed to a min- erature atthe waveguide flange is
imum (<2'). measured to be <15°k across the
The system was installed at the band from 1300 to 1500 MHz. Sys-
SRA-220 SPECIFICATIONS Arecibo facility in early December tem temperature (including
FREQUENCY RANGE, (MHz) 1980 and has been in operation antenna) is calculated to be 40°k,
LO, RF .05 - 2000
IF .05 - 500
CONVERSION LOSS, dB TYP. MAX. i
One octave from band edge 60 75 integration time = § secs.
Total range 7.0 9.0 Receiver = New cooled GaAs FET amplifier system
2 ISOLATION, dB TYP. MIN. -54 3 T 1 T T T 8 T T
.05-.5 LO-RF 25 20
LO-IF 25 20
.5-1000 LO-RF 40 30 g
LO-IF 40 30 ‘: =
1000-2000 LO-RF 30 20 [
LO-IF . E
ol Signal 1 dB Compression level +3dBm ﬁ
= o]
For complete specifications and performance E
curves refer to the 1980-1981 Microwaves Product ;
Data Directory, the Goldbook or EEM z
- *units are not QPL listed E
z —
“For Mini Circuits sales and distributors listing see page 93.” <
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mMInI-CIrCUItS e e N e
A Dwision of Scientific Components Corporation SPECTRAL LINE PROFILE (39 KHz/channel)
[ World's largest manufacturer of Double Balanced Mixers
2625E. 14th St. B'klyn, N.Y. 11235 (212) 769-0200
ok Fig. 4b Signal from source UGC 3376 as compared to background noise.
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in which noise contribution of the
antenna has been estimated to be
20°k and sky noise contribution is
about 5°k.

In summary three technologies
have been incorporated to achieve
a stable low noise, L-band front-
end. Thedevelopment of GaAs FET
amplifiers and the design of opti-
mum match for minimal noise
contribution have been borrowed
from other designers. Commer-
cial manufacturers were encour-
aged to develop L-band isolators
to operate at cryogenic tempera-
tures. Thedevelopment of a“cold
probe” to operate at L-band was
the final technology which, when
incorporated with the cooled
amplifiers and isolators, resulted
in a quality low noise dual chan-
nel receiver system.
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power
splitter/

combiners
2 way 0°

10 to 1500 MHz
only $499 (4-24)

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

* rugged 1% in. sq. case

* 3 mounting options-thru hole,
threaded insert and flange

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

e connector intermixing
male BNC and Type N available

ZFSC-2-5 SPECIFICATIONS
FREQUENCY (MHz) 10-1500

INSERTION LOSS,

above 3dB TYP. MAX.
10-100 MHz 025706
100-750 MHz 0.5 1.0
750-1500 MHz 0.8 15
ISOLATION, dB 25
AMPLITUDE UNBAL., dB 0:2 0.5
PHASE UNBAL.,

(degrees) -, 10
IMPEDANCE 50 ohms

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

“For Mini Circuits sales and distributors listing see page 93.”
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Application Note

Biphase
and Quadriphase
Digital
Modulators

Robert Moody
Anzac Div., Adams Russell

Burlington, MA

Introduction

Digital modulators provide the
basic building blocks for bridging
the boundary between the quant-
ized video world of the data user
or digital designer and the RF
oriented discipline of the com-
municator or communications
system designer. The modulators
accept a digital data stream and
an RF carrierinput and produce a
phase modulated output. The prop-
erties of the output signal are
dependent upon those of the in-
puts, the variable source is the
data waveform.

MODULATED
OUTPUT

£zl

RF
CARRIER

DATA INPUT

DATA [ by —

OuTPUT f\/\Aj\/V\/\/\/\

Fig. 1 Biphase modulator.

Biphase Modulators

Biphase Modulators utilize a cir-
cuit similiar to that of doubly bal-
anced mixers (Figure 1) as the
basic modulating device. A car-
rier signal injected at the RF input
will appear at the RF output
reduced slightly in amplitude due

toinherentdiode and transformer
losses in one of two possible phase
states with the modulating signal
and the carrier surpressed. In the
0° phase state, control current is
supplied to the diode ring to turn
on a pair of diodes (either D1/D4
or D2/D3) which directly connect
the inputand output transformers.
In the 180° phase state, current of
opposite polarity switches on the
other pair of diodes causing a
180° phase inversion relative to
the 0° state. If the modulating bit
rate is near the carrier frequency,
a waveform of the kind shown in
Figure 1 might be obtained. This
waveform can be interpreted as a
biphase signal or as a double
sideband suppressed carrier mod-
ulation since in this case they are
equivalent.

Quadriphase Modulators

The basic modulating elements
in a quadriphase or QPSK modu-
latorare a pair of matched biphase
modulators. The carrier signal ap-
plied to the RF input first passes
through a quadrature hybrid. The
two resulting carrier signals now
having a 90° phase relation then
pass through the matched pair of
biphase modulators, and finally
the resulting signals are added
vectorially in an output power
combinerasshownin Figure?2.In
this case, two control bits at a
time are used, each controlling
the phase of one of the orthogon-
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al components of the output sig-
nal. Itisassumed that any serial to
parallel conversion required to
generate the simultaneous modu-
lating bits will be performed with
external logic.

Four phase states are possible
with this configuration. The ref-
erence or 0° state occurs when
both biphase modulators are in
the straight through or 0° state. In
this case, the two signals from the
quadrature hybrid at 0° and -90°
relative phase appear unshifted at
the output power combiner and
add vectorially to give a resultant
insertion phase shift of -45°. The
other three states occur when the
biphase modulators are in the 0°
and 180° states, 180° and 180°
states, and 180° and 0° states,
giving respective insertion phase
shifts of +45°, -135° and +135°.

The circuit element that gener-
ally limits the usable range of car-
rier frequency ina QPSK modula-
tor is the quadrature hybrid.

Digital Modulator Functions

Both biphase and QPSK modu-
lators transform a stream of dig-
ital “1” and “0” bits into phase
shift keyed modulation on an RF
carrier. While the RF parameters
of a biphase or QPKS modulator
can be determined by static meas-
urements, it is important to con-
sider the actual operation with
digital signals applied. The bit
pattern of the data waveform will
tend to be random with the excep-
tion of any overhead bits used for
framing or synchronization.

Figure 3 shows the envelope of
the baseband spectrum and the
output from the phase modula-
tors. Asindicated, the quadriphase
modulators will produce the same
spectrum as the biphase unit with
the appropriate2to 1 scale change
for frequency. The width of the
main lobe envelope of the ((sin

x)/x)? distribution is determined
by the bit rate of the modulating
sequence and the line spacing
under the envelope is determined
by the repetition rate of the
sequence.

Most of the energy in the spec-
tra is contained in the main lobe,
only about 10% is contained in the
sidelobes; and the spectral
bandwidth is directly dependent
upon the data bit rate.

The datarate oftenis anindica-
tion of the type of logic which will
be supplying the modulating sig-
nal and the type of driver used in
the modulator.

The two major types of drivers
used are TTL and ECL. The TTL
logic employing Schottky type
elements will function at bit rates
up to near 100 Mbps, while emit-
ter coupled logic can extend
operation into the 500 Mbps
region.

Modulator Characteristics

Spurious Spectrum Compo-
nents: The previous section has
described the general character
of the input data stream and the
resulting spectra observable at
the modulator output. The data
user or digital designer is often
less interested in the spectra
shown in Figure 3 than in the
measurement of the quality of the
recovered data sequence at the
demodulator output. However,
there arespectral properties which
may affect system operation which
are not readily deduced by study-
ing the recovered data stream. A
modulator output spectrum con-
tains a variety of spurious signals
which might be treated by a de-
modulating system as inter-
ference. The component most
often specified is the suppressed
carrier. The carrier component is
in band and can be reduced by

RF CARRIER

BIPHASE

PHASE MODULATOR

SPECTRUM
QUADRIPHASE
X | SPECTRUM Eyva.ops
J.1 ENVELOPE
= 7T
> N

Gc 5% Yy
fa MODULATOR
PSEUDO RANDOM OUTPUT SPECTRA
DATA SPECTRUM

DATA MODULATORS

Fig. 2 Quadriphase modulator.

MAY — 1982

Fig. 3 Data and modulator spectra.
[Continued on page 162]

power
splitter/

combiners
2 way 0°

10 fo 1000 MHz
only $1995 ;4

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

* miniature 04 x 0.8 x 04 in.

* MIL-P-23971/15 performance*

* low insertion loss, 0.7dB
¢ hi isolation, 25dB

e excellent phase and
amplitude balance

PSC-2-4 SPECIFICATIONS

FREQUENCY (MHz) 10-1000

INSERTION LOSS,

above 3dB TYP. MAX.
10-100 MHz 0.6 1.0

100-1000 MHz 0.7 1.2

ISOLATION, dB 25dB TYP.
AMPLITUDE UNBAL. g2 TP,
PHASE UNBAL. - o
IMPEDANCE 50 ohms.

For complete specifications and performance

curves refer to the 1980-1981 Microwaves Product

Data Directory, the Goldbook or EEM.

* units are not QPL listed
“For Mini Circuits sales and distributors listing see page 93."
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sealed packages
make them well
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airborne Radar and
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For Complete Specifi-
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#782 or consult Factory.
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¥ ngineering Co.
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[From page 161] MODULATORS

improving modulator balance.
Levels of 30 dB or more carrier
suppression are commonly a-
chieved in well designed biphase
and QPSK modulators.

Insertion loss of a biphase or
QPSK modulator is measured
statically in either of the possible
phase states and represents the
worst case loss for any state.

Biphase modulators theoreti-
cally would have no loss when
measured in this manner. How-
ever, finite losses do occur
because of transformer and diode
dissipation. Typical losses of 3-
3.5 dB are to be expected. QPSK
modulators have a theoretical
insertion loss of 3 dB to the quad-
rature phase relation of the two
signals fed to the output power
combiner. Additional dissipative
losses in the biphase modulator,
quadrature hybrid and power
combiner increase this loss. Typ-
ical losses of 5.5-6.5 dB are to be
expected.

VSWR is a measure of the
impedance mismatch at the RF
input and output ports of the
modulator. It is of importance
because the presence of imper-
fect source and load impedances
in real system application com-
bined with mismatches at the input
and output of the modulator may
introduce phase errors due to
multiple reflections. For this rea-
son, the VSWR of modulators
should be tightly controlled, typi-
cal values are 1.3:1.

Amplitude balance is a measure
of the variation in insertion loss
between the possible phase states
of the modulator. For biphase
modulators, it is simply the varia-
tion in insertion loss between the
0° and 180° states, while for QPSK
modulators it is a measure of the
worst case of variation between
any of the four possible states.

Phase deviation is a measure of
the offset from the desired carrier
relative phase shift in any of the
possible phase states. It is meas-
ured with respect to a reference
or 0° phase state.

Carrier suppression is the dif-
ferenceinlevelin dB between the
modulation sidebands and the
suppressed carrier. It is depend-
ent upon symmetry in both the
modulator circuitry and in the

modulating waveform. Carrier
suppression is typically 35 dB or
greater in well designed biphase
and QPSK modulators.

Modulator Logic Interface
Biphase and QPSK modulators
are generally available with or
without integral drivers. The
modulators containing ECL driv-
erssimplify the designer’s task by
standardizing the logic interface
while still allowing the high data
rates typical of ECL logic. The
interface to the control ports of
these devices should follow
standard ECL practices. Typical
control voltages are -0.9 V for a
high state and -1.75 typically for a
low state. (See Figure 4).
Modulators without integral
drivers typically require an exter-
nal driver capable of delivering +
10 ma. Care should be taken in
design of the external driver to
maintain symmetry of the positive
and negative half cycles of the
driving waveform and RF interfac-
ing practices appropriate to the
data rate should be used in con-
necting the driver to the modulator.
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Fig. 4 Typical ECL
and transfer characteristics.

Conclusion

Phase modulators provide the
designer with a compact compo-
nent capable of providing com-
plex waveform modulators needed
for today’s systems. Specific or
customized versions of both
biphase and quadriphase modu-
lators for special applications are
generally available from suppliers
of the basic components. &
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