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Passive Direction Finding
and Signal Location

A.R. Baron, K.P. Davis, C.P. Hofmann
Amecom Division - Litton Systemes, Inc.

Introduction

This paper addresses 3 types of
passive location of stationary,
ground based emitters from air-
borne platforms (Figure 1):

e the azimuth/elevation (AZ/EL)
location technique which yields
single pulse instantaneous emitter
location,

e conventional triangulation,

e multiple aircraft time difference
ofarrival (TDOA), an extension of
phase interferometry w ith spacing
between antenna elements of
miles, not inches.

Not considered in this paper
are comparisons of received signal
power with estimates of effective
radiated power (ERP) and meas-
urement of TDOA between direct
and reflected waves because of
their sensitivities to propagation
anomalies.

‘Value of Passive Intercept

Passive intercept systems pro-
vide the military with critically
important data which can influ-
ence the outcome of a military
engagement as highlighted by
recent events in Lebanon and the
Falkland Islands. Israeli success
in eliminating the Syrian surface-

MICROWAVE JOURNAL ¢ SEPTEMBER

to-air missile sites was due in part
to information derived from pas-
sive Electronic Warfare (EW) sys-
tems. Similarly the success of the
Exocet missile in destroying the
British ship HMS Sheffield under-
scores the need for early detection,
identification, and location of
radiating hostile missile threats.

—Emitter Identification

Emitter ID requires identifying
and associating consecutive

pulses produced by the same
emitter from a contemporaneous
population of pulses in the IF
receiver passband. Once a signal
is isolated the single pulse para-
meters are combined with the
derived pulse repetition -interval
(PRI) and the emitter’s scan rate
(derived by processing the pulse
amplitude measurements) to iden-
tify the emitter by matching meas-
ured parameters with a previously
stored listing.

BEARING MEASUREMENI ONLY
P S o
EMITTER

-
——
-

BEARING & ELEVATION ANGLE MEASUREMENT

CRA

” T
- ’El'.'EﬁTlou NGLE_ \BEARING gf“
B ot ALT

TIME DIFFERENCE OF ARRIVAL

PRECISE MEASUREMENT OF
T:-TAND T,-T3
YIELDS EMITTER LOCATION
it
1

Fig. 1 Passive location.
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FOR GAUSSIAN ANTENNA PATTERN

SEE APPENDIX
EQUATIONS (2,3)
FOR: DF ANGLE

DF ACCURACY

Fig. 2 Amplitude DF concept.

— Precision Direction of
Arrival (DOA)

The emitter’s DOA is not easily
varied so it is a very reliable
monopulse sorting parameter for
both emitter identification and
location. In addition precise DOA
information can be used to point
highly directional jamming anten-
nas to increase effective jamming
power and better screen pene-
trating aircraft. This data can also
be used to steer narrow field of
view systems such as infrared
missile seekers, laser range finders
and TV.

For radiating targets, very wide
field passive direction finding
systems using two orthogonal
arrays can measure the signal’'s
azimuth and elevation angles with
high precision using interferomet-
ric techniques.

Direction Finding Techniques
—Amplitude Comparison

Amplitude comparison DF is
used by virtually all currently
deployed radar warning receiving
systems. The typical system con-
sists of four broadband, ortho-
gonal antennas covering 360 de-
grees. Gross DOA is determined
by the antenna receiving the
strongest signal. A comparison of
amplitudes between adjacent an-
tennas provides fine DF. If each

antenna has its own dedicated
receiver, these amplitudes can be
measured simultaneously, provid-
ing monopulse DF to accuracies
of 3 to 10 degrees.

Fine amplitude comparison is
based on the ratio of amplitudes
of antenna patterns of known
shapes. An example in Figure 2
uses four antennas squinted at 90
degrees to cover 360 degrees.
Gain patterns of broad bandwidth
spiral antennas, commonly used
in such systems closely approxi-
mate Gaussian and the DF angle
can be expressed as shown in
Figure 2.

DF accuracy and sensitivity can
be increased by adding more
antennas of narrower beamwidths
at the expense of additional re-
ceiver channels and space. Ampli-
tude mistrack between channels
is a function of component
matching and signal-to-noise ratio
at the comparison level. Calibra-
tion reduces amplitude mistrack
due to components and pulse
amplitude averaging reduces mis-
track due to noise. In an octave
bandwidth system component
variations cause amplitude mis-
tracks of typically 3 dB. Total
amplitude mistrack is the Root-
Sum-Square (RSS) of the com-
ponent and noise induced mis-
track.

Figure 3 shows requirements
for different DF accuracies.

— Phase Interferometry - Single
Baseline Theory

In the phase interferometer of
Figure 4 a plane wave arriving at
an angle is received by one an-
tenna earlier than the other, due
to the difference in path length.
This time difference can be ex-
pressed as a phase difference
between the RF signals at each
antenna as shown in the figure.

Onsmall fighteraircraft d=1to 2
feet so the time difference is
usually less than one nanosecond.
Direct measurement of time re-
quires a very wide band receiver,
highly precise clock, and very
high speed logic. Consequently
the time difference of arrival tech-
nique is used only when the
antennas are on separate platforms
separated by several miles. The
phase difference between the
signals at each antenna is pre-
served for the duration of the
pulse and can be readily meas-
ured. The video bandwidth need
be wide enough only for the mini-
mum pulsewidth to be processed
(5 MHz) for a 100 ns pulse appro-
priate to modern ESM systems.

The interferometer antennas
typically have 90 degree beams.
DF accuracy and resolution are
achieved by IF or RF processing.

SEE APPENDIX EQUATION (4)

-
H

©
NUMBER OF ANTENNAS FOR 360° COVERAGE

16

132

- =S NDNW H OO
O oo o OO0

164

HUo o

128

ANTENNA BEAMWIDTH 6s (DEGREES)

01 020406 10 2 4 6

RMS AMPLITUDE MISTRACK AC (dB)

Fig. 3 Amplitude mistrack and
beamwidth requirements for
various DOA accuracies.

[Continued on page 62]
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[From page 60] PASSIVE DIRECTION

BORETG“T LINE-OF-SIGHT

TO EMITTER
PLANE WAVE
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v FEROMETER v

RECEIVER RECEIVER
NO. 1 NO. 2

@

¢ -2 CcYCLES—360°_ - 360
A CYCLE A

¢;£}\"9_snne

SPATIAL Ad AgC
ACCURACY (A8) :g COS ¢ “355aTcos 7

UNAMBIGUOUS
FIELD OF VIEW

A
(¢ ynamBiGUOUS) ~ 2SIN (ﬁ)

Fig. 4 Basic phase interferometer.

This is an advantage in high
probability of signal intercept, but
it is a disadvantage in that ap-
proximately equal amplitude time
coincident pulsed signals within
the IF passband from different
DOAs will cause large errors in
indicated DOA. In most cases, the
simultaneous signals eventually
separate in time, permitting pre-
cise DF on both signals.

In an interferometer the locus
of points that produces the same
time or phase delay forms acone.
The indicated angle is the true
azimuth angle multiplied by the
cosine of the elevation angle - the
error in assuming the incident
angle to be the azimuth angle is
negligible for signals from near
azimuth and elevation angle bore-
sight. At 45 degrees azimuth and
10 degrees elevation angle the
error is less than 1 degree, in-
creasing to 15 degrees for both at
45 degrees, independent of instru-
mentation errors.

Two orthogonal arrays, one
measuring the azimuth angle and
the other the elevation angle can
eliminate this error. Any two lin-
early independent measurements
are sufficient since there are only
two unknowns. For applications
to targets near the horizon, the
depression angle is small, needing
only horizontal arrays.

For the unambiguous field of
view of a two element interfero-
meter to be +90 degrees the
spacing between antennas must
be half wavelength or less, but the

ratio of angular error to phase
error decreases with increasing
spacing (see appendix).

—Multiple Baseline Theory

The multiple baseline interfero-
meter combines high accuracy
with a wide unambiguous field of
view (Figure 5). As the baseline
increases the phase difference of
a plane wave with respect to the
reference antenna increases. The
phase difference is measured by a
phase discriminator in the receiver.
Phase quantization up to eight
bits has been achieved.

Figure 5 illustrates four-bit
phase quantization for both har-
monic and nonharmonic multiple
baseline interferometers.

out over the field of view, rather,
the spacing ratios separate am-
biguities of each array through a
simple truth table. If RF and IF
phase mistrack is within the spec-
ified tolerance, simple logic can
compensate for it by simply man-
ipulating a digital code to select
the appropriate wide base line
cell. The accuracy of the inter-
ferometer is thus determined by
the phase error of the widest
baseline antenna pair. Nonhar-
monic interferometers have been
implemented over nine to one
bandwidths with operational ac-
curacies from0.1to 1 degree rms.

The principal advantage of the
nonharmonic interferometer over
the harmonic is its greatly in-

® TYPICAL RMS ACCURACY — 0.1 TO 1°
e UNAMBIGUOUS ARRAY BANDWIDTHS
6:1 — AIRBORNE
9:1 — SEABORNE

§§ PLANE RF
WAVE

W 7 REFERENCE

—~ 4-BIT |o

RECEIVER'?: )
@) ENCCDER|C:
REF
NON-DIRECTIONAL | 2. BiT |
ANTENNAS RECEIVER
ENCODER
REF
Ll a-BIT
RECEIVER
ENCODERJZ

@M

HARMONIC

ANGLE OF
71 819 [157-. ABRIVAL
SR 11

161 1

\
16 9
A
2

ANGLE OF
8ARRIVAL

C>  NONHARMONIC 7
1611 2 4

Fig. 5 Multiple-baseline interferometer.

An error made in resolving
interferometer ambiguities is
called a gross error. Immunity to
gross errors (phase tolerance) is
a function of the antenna spacing
ratio and the degree of phase
quantization. The grosserror rate,
however, is a statistical quantity
which depends on the relative
proportions of bias and noise in
the phase errors, as well as on the
overall errorvalue. Grosserror rates
of less than 1% are readily
achieved. Pulse to pulse correla-
tion can digitally filter out am-
biguities and accomodate even
higher gross error rates in a way
that is essentially invisible to the
ESM processing system.

In the nonharmonic interfero-
meter no pair of antennas provides
a completely unambiguous read-

1

A>o

DOA ACCURACY (©)

°
o
4

0.01 e A
5 25 5 25 50
OUTER ANTENNA SPACING(A)

Fig. 6 DOA accuracy at boresight and
45 degrees off boresight as a function
of outer antenna spacing (A¢ = 15.7°).

|Continued on page 64|
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Power:
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6 GHz
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+25 dBm at 2 GHz
+28 dBm at 4 GHz
GaAS FETs (including IMFET™
internally matched GaAs FETs)
500 MHz through 26 GHz
+34 dBm, 3.7-4.2 GHz,
5.9-6.4 GHz
+27 dBm, 12 GHz
+23 dBm, 22 GHz

For your nearest stocking dis-
tributor, contact:

Avantek

3175 Bowers Avenue
Santa Clara, California 95051
(408) 727-0700
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[From page 62] PASSIVE DIRECTION
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Fig. 7 AZ/EL location technique.

creased bandwidth for nonambig-
uous coverage. The requirement
for no more than half wave spacing
at the maximum frequency and
one wavelength perimeter at the
minimum frequency (to not de-
grade gain) set the operating
bandwidth of the harmonic sys-
tem at 7/2. Wider band systems
can be built to cover narrower
angular sectors using auxiliary
techniques to locate the sectors,
but their characteristics don’t
approach the nonharmonic sys-
tems which have been built to
operate over 2 - 18 GHz with no
ambiguities over 90 degrees.

Additional antennas can provide
increased accuracy through in-
creased baseline and extend the
unambiguous field of view, but at
the expense of increased size,
weight, and cost.

—DF Accuracy

Interferometer DF accuracy is
determined by the widest baseline
pair limited by errors due to
quantization of the phase differ-
ence, phase bias from component

mistrack, imperfect frequency
correction, and phase bias due to
receiver noise. Asin the amplitude
DF system, pulse averaging re-
duces the effects of receiver noise
at threshold levels.

Typically, multioctave micro-
wave antennas track to six elec-
trical degrees and receivers to
nine, a total RMS phase mistrack
of 11 electrical degrees. At a
typical 16 dB signal to noise ratio
the RMS phase noise is nine
electrical degrees. The quantiza- |
tion error can be made arbitrarily
small. Frequency must be known
todetermine the electrical spacing
of the antenns.

Figure 6 shows error as-a func-
tion of antenna spacing fora 15.7
electrical degree phase mistrack
error.

Location Techniques
—Azimuth/Elevation (AZ/EL)

Emitter location by measuring
azimuth angle of arrival of the
signal and the slant range to the
emitter (AZ/EL) requires only one
aircraft and (theoretically) only

TABLE |
RANGE ERROR (mi)
R (mi) ALT =1 mi ALT = 4 mi

5 0.43 .07

10 1.75 .4

20 7.0 . 1.7

30 15.7 3.9

40 - 6.9

50 - 10.9
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Fig. 8 Uncertainty model for
triangulation ranging.

one pulse, and allows measure-
ments to be made while flying
directly towards the emitter.

An AZ/EL system defines a
ground emitter position by meas-
uring the azimuth and elevations
angles of arrival and altitude of
the aircraft relative to the emitter.
The slant range is inferred by
simple geometry. As can be seen
in Figure 7, the cross range error
is a function of the azimuth angle
measurement error and target
range. The range error is a func-
tion of the elevation angle error,
target range, and altitude. For the
same elevation angle measure-
ment error (100 feet altitude,
1 degree elevation angle) Table 1
shows AZ/EL location provides
better accuracy at high altitudes
(large depression angles — see
appendix).

Two other sources of error are
the effect of altitude difference
due to the curvature of the earth
and the uncertainty in the target
altitude due to topography. Earth
curvature errors are slight for
typical slant ranges, but the target
topography error can be signifi-
cant, unless a priori knowledge is
provided to the data processor.

Multiple baseline phase inter-
ferometry is essential to provide
the angular accuracy essential to
AZ/EL location. Relatively narrow
band (10-20 MHz) receivers pro-
vide good phase tracking, and
multiple channels can measure

[Continued on page 66]
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Whether you require custom-
engineered prototypes or high
quality, high volume production for
your next electro-mechanical com-
ponent, Sage can deliver.

Our coaxial and waveguide rotary
joints are a good example. Over

the years, Sage engineers have
developed reliable rotary joints to
function in a variety of tough RF
transmission environments. Many
of those prototypes are now a part
of the standard Sage catalog. And
every standard can be further modi-
fied fo meet your project’s specific
requirements.

Boeing Company and
Hughes Aircraft selected
Sage as supplier of rotary
joints for the crucial Roland

missile program. They knew that
Sage engineers would work with
their own to develop a highly reliable
rotary joint specifically for the missile
and its fracking vehicle. Sage engi-
neers developed the custom missile
rotary joint quickly and cost effec-
tively. Then Sage proceeded to
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, at 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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combiners

2 way 0°
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only $4995 2

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

e 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 0.25 0.6
100-750 MHz 0.5 1.0
750-1500 MHz 0.8 145
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 133.

finding new ways. ..
setting higher standards

[From page 65] PASSIVE DIRECTION
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Fig. 9 Triangulation range uncertainty.

both azimuth and elevation simul-
taneously, providing single pulse
emitter location. Normally anum-
ber of pulses are measured and
averaged to reduce S-N effects.

—Triangulation

Total phase ranging has fully
resolved phases as its measur-
ables. For these measurements,
the locus of possible emitter
positions corresponding toagiven
measurement is a cone with its
axis of symmetry along the base-
line of the interferometer. Emitter
location is determined by the
intersection of two or more such
cones. This ranging technique
could be used against airborne
emitters, but present day systems
do not provide the DOA accuracy
necessary to achieve useful rang-
ing accuracies. Against surface
threats, the DOA cones are pro-
jected onto the earth’s surface
forming triangles (i.e. triangu-
lation).

Figure 8 relates measurement
uncertainties, geometric paramet-
ers, and resulting range uncer-
tainties. Critical parameters are
the measurement uncertainties
and the bearing spread, the angle
subtended at the emitter by the
baseleg flown by the interfero-
meter platform. Bearing spread is
largest when the emitter range is
small, when the baseleg is large,
and when the emitter bearings are
close to boresight. Equations are

velocity of 400 kts. Although two
measurements are all that are
needed to compute a unique
emitter location, statistical aver-
aging of many measurements
improves accuracy.

\ DISTANCE
____________ MEASURING
TEQUIPMENT

-
: [Recever | :
I [PROCESSOR I

| Rk
L _CENTRAL STATION 5

FEATURES

* MOST ACCURATE
LOCATION
TECHNIQUE
o 3 AIRCRAFT
REQUIRED
e USES INVERSE
LORAN
e REQUIRES PRECISE
KNOWLEDGE OF
AIRCRAFT POSITION
APPROACHES
e AIRCRAFT ACTS AS
REPEATER
e TDOA MEASURE
MENT MADE AT
CENTRAL STATION
¢ TOAMEASUREMENT
MADE AT AIRCRAFT
(REFERENCED TO
RUBIDIUM
STANDARD

* TOA AND OTHER
EMITTER ENCODED
PARAMETERS DATA
LINKED TO CENTRAL
STATION

Fig. 10 Time difference of arrival

s

[ JMini-Circuits

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

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

C 88-3 REV. ORIG.

given in the appendix.

Figure9 shows ranging variation
with DOA accuracy, range, and
collection time for a platform

location technique (Pulsed Signals).

—TDOA

Interferometry is a special case
[Continued on page 68]
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[From page 66] PASSIVE DIRECTION

of TDOA where the distance
between receiving antennas is
small compared to the distance to
the emitter so thatincoming elec-
tromagnetic waves can be mod-
eled as plane waves and the actual
hyperbolic measurement locus
approximated by its conical as-
ymptote. TDOA systems, on the
other hand, are multi-platform
systems where the platform (and
antenna) spacing is not small
compared to the emitter range.
Although two aircraft could be
used for a single baseline and
ranging with several pulses, TDOA
systems are more apt to use three
aircraft, and thus two baselines,
to range on a single pulse.

The complexities of a multi-
platform system are great, but
such a system provides the ability
to range on a single pulse and
thus, range on moving emitters
and in all directions.

Perhaps the most significant
feature of TDOA is that, as with
triangulation, the accuracy de-
pends on the bearing spread, the
angle subtended at the emitter by
the three aircraft. By spacing the
aircraft sufficiently far apart very
accurate ranging can be per-
formed at very long ranges.

Although similar in basic con-
cept, interferometer and TDOA
ranging systems have several
important differences. In TDOA
systems, time differences are
measured using pulse leading
edges rather than relative phase.
As aconsequence, TDOA systems
cannot range on CW signals.

An interferometer measures
phase difference essentially by
cross correlating two signals
whose phase difference is deter-
mined (ideally) only by the signal
path length difference prior to the
antennas, a TDOA system meas-
ures time-of-arrival differences
between signals arriving at non-
colocated receivers. Eitheracom-
mon reference clock must be
provided to all the aircraft, or time
of arrival information must be

[Continued on page 70]

MICROWAVE JOURNAL e SEPTEMBER 1982



H BN =

»
-

B BN N

- ] N

k4

-

vl

11.5dB
directional

couplers

Ju'&'“

0.5 to 500 MHz
only S11% 549

INSTOCK. . . IMMEDIATE DELIVERY

* MIL-C-15370/18-002
performance*

* low insertion loss, 0.85dB
« high directivity, 25dB

« flat coupling, +£0.5dB

e miniature, 0.4 x 0.8 x 0.4 in.
» hermetically-sealed

e 1 year guarantee

*Units are not QPL listed

PDC 10-1 SPECIFICATIONS

FREQUENCY (MHz) 0.5-500
COUPLING,dB  11.5

INSERTION LOSS, dB TYP. MAX.
one octave band edge 0.65 1.0
total range 0.85 1.3
DIRECTIVITY, dB TYP. MIN.
low range 32 25
mid range 32 25
upper range 22 15
IMPEDANCE 50 ohms.

For complete specifications and performance
curves refer to the Microwaves Product

Data Director, the Goldbook, EEM,

or Mini-Circuits catalog

For Mini Circuits sales and distributors listing see page 133.

finding new ways
setting higher standards

[JMini-Circuits

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

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

C79-3REV.B

cincl F A0 ON READER SERVICE CARD

[From page 68] PASSIVE DIRECTION

forwarded in raw form to some
central processing location, in
which case the distances from the
aircraft to the central processing
location must also be known and
accounted for (Figure 10). Three
surface based distance measuring
equipment (DME) sites provide
the necessary information about
the distances from the aircraft to
the central processor. These DME
sites also take the emitter position
relative to the aircraft and translate
ittofixed geographic coordinates.
For either of the two time differ-
ence measurement configurations
described above there are new
error sources which are not pres-

ent in interferometer systems, but
which ultimately limit the accur-
acy of TDOA ranging systems.
Because some locations may
see mainlobe signals while others
see sidelobe signals, TDOA sys-
tems mustdetect and leading edge
estimate over a wide received
signal power range. Signals must
be matched to a particular emitter,
and several aircraft and several
ground stations must operate
simultaneously, which requires
high reliability of the individual
systems. Even with such potential
problems the performance advan-
tages of TDOA systems have
justified their development.

TABLE |1

DIRECTION OF ARRIVAL MEASUREMENT TECHNIQUES
Amplitude Comparison

Phase Interferometer

Sensor : 2 or More RHC or LHC Spirals
Configuration Typheally < =DUNBNIGH In Fixed Array
#°sw AC oA
DFacc=————— D A
DF Accuracy s R A= Jrdcos 8t
(Gaussian Antenna Shape)
® Decrease Antenna BW
DF Accuracy e Decrease Amplitude - :{\:tl'ee:::SSpaclng of Outer
Improvement 2 ::'::;:g: Squint < e Decrease Phase Mistrack
I“':g:f;'csF 3°To 10° RMS 0.1° To 3° RMS
Sensitivity To e High Sensitivity e
Multipath/ ® Mistrack of Several dB Can ° /50 /O® €8 A0 = e
Reflections Cause Large DF Errors £ "
rrors
e Reflection Free Area
:'::\':!:::nls L] Ia.:)ec:le in Reflection Free e Real Estate For Array
® Prefers Flat Radome
e Crystal Video
Applicable : S\gnnehzer s %
Receivers M
e Compressive
e Superhet
TABLE Il
Emitter Location Techniques
Measurement
Technique Advantages Disadvantages
® Non Instantaneous
Location
Triangulation ® Single Aircraft ® Inadequate Accuracy

For Remote Targeting
e Not Forward Looking

e Single Aircraft
¢ Instantaneous
Location Possible

Azimuth/Elevation

e Accuracy Degrades
Rapidly At Low Altitude
e Function of Range

Position
Requirements

Time Difference Of
Arrival (Pulsed
Signals)

® Very High Precision
Can Support Bomb By

® Very Rapid Can Handle
Short On Time Threat

e Very Complex Diverse
Systems Required

® At Least 3 Aircraft

® High Quality Receivers

e DME (3 Sites)

e Very Wide Band Data Link

e Very High
Performance Central
Processor

e Requires Very High
Reliability Subsystems

[Continued on page 7
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Conclusion

Ofthe two key direction finding
techniques and three emitter lo-
cation approaches, no single ap-
proach in either category is best
for all applications. Their proper-
ties are summarized in Tables 2
and 3.

While the amplitude comparison
DF approach has been most
heavily used in the RWR product
area, it does not provide high
enough DF accuracy to support
either weapon control systems or
accurate emitter range measure-
ment, and is sensitive to reflections
and multipath effects. Phase inter-
ferometers, on the other hand,
provide 10:1 better DF accuracy
for the same frequency range, but
are more elaborate, so are con-
fined to those ESM systems with
very demanding requirements.
They use superheterodyne receiv-
ers almost exclusively.

Rotating, high gain antennas
can be used with centroiding or
monopulse, but flexibility is limited
and wide open receivers must be
used to minimize time to intercept,
a disadvantage in a dense signal
environment.

Future development of broad-
band phased arrays will permit
noncontiguous sampling and
adaptive revisit of the spatial
environment and provide the flex-
ibility that mechanical systems
lack.

Amplitude and phase compari-
son systems have been treated
separately, butsome ESM systems
combine both, either as two sep-
arate systems or combined at RF
of IF as in the Rotman lens which
provides full array gain at many
ports simultaneously. A phase
interferometer dual of this type
combines a circular array with a
variant of a Butler matrix in which
one output port provides 360
degrees electrical phase for 360
degrees azimuth, while additional
ports provide multiples of 360
degrees electrical phase for 360
degrees azimuth, similar to a
multiple element linear inter-
ferometer.

Ofthe three location techniques,
two can be implemented with a
single platform, while TDOA re-
quires multiple platforms. As a
result it is less widely deployed

[Continued on page 74]
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[From page 72] PASSIVE DIRECTION
than triangulation and AZ/EL sys-
tems, but offers the significant
advantage that it can provide
accurate target coordinates to
attack weapon systems while re-
maining safely behind the forward
edge of the battle area.

Conformal antennadesign, min-
iaturization of receivers, and the
explosive improvement in high
speed/VLSI processing will greatly
improve passive signal location
systems but single platform pas-
sive ranging systems will still have
to be optimized for the specific
application by balancing data rate
and accuracy against reliability,
cost, and size.

APPENDIX
Gz(62)
G1(61)

Gn(6,) isgain of antenna n atangle 6, from
boresight.

C=Log (1)

The measured DF angle is given by:

iele
783 48.1 (S/2) &

where

fsw = Beamwidth of the Antenna in Degrees
C = Amplitude Comparison Ratio in dB
S = Squint Angle in Degrees

DF accuracy (AB) is
6%sw AC
AB =81 (5/2) @)
If S = 6, then the amplitude mistrack equa-
tion reduces to

6%sw AC (4)
2405

noise induced mistrack. The single chan-
ngl amplitude errordue to receiver noise is
given by

AB =

A o 5:140B
V/SNR
360 d
A

(5)

sin 8 (6)

where

¢ isphasedifference between signals re-
ceived at each antenna

d is antenna spacing

6 is angle of arrival of signal

A is wavelength of signal

The unambiguous field of view, 6., of the

two element interferometer is

6 =2sin’" 35%2 (7)

The spatial angular error, A8, as a function
of the electrical phase error, Ag, is readily
derived by differentiating equation 6 to
obtain:

Ap g c
(360d/A) (cos 8) 360df cosé@

where
A6 = spatial angular error
A¢ =electrical phase error
6 =spatial angle of arrival
d =end element spacing

(8)

f =frequency
c = speed of light
Error 2080 ﬂ t
(Degrees) f /—3 an 6 (9)

Af =frequency error
f =frequency
8 =angle of signal arrival

8,isazimuth angle of arrival, ¢, is elevation
angle of arrival, h, is altitude of the aircraft,
with respect to the emitter.

Slant Range R = (10)

sin ¢

)2§1/2 (1)

Percent range accuracy is

6R _§r6M\2 ¢ b9
R_—g(h)+(tan¢

where

6h = Altitude Error
6¢ =Depression Angle MeasurementError
oR Slant Range Error
h =Altitude between Platform and Emitter
R =Slant Range
¢ = Depression Angle

i 8

Triangulation Ranging Error og

O 12" 8,

R ' N Af (A
R is nominal range, Aé is bearing spread,
N is number of intercepts and o, is the
angular measurement error.

%

= ——r 13

8 27d cos 6, (13)
angular measurement error, oy, the nomi-
nal emitter bearing, 8,, and the measure-
ment system’s electrical phase error, o,.

[Continued on page 76]

| 0401206

HP’s Small Wonders

Now! Measure peak

pulses.

HEWLETT
PACKARD

K

power conveniently.

HP’s direct-reading peak power meters eliminate
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Charles B. Hofmann
has been engaged in
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4 Introduction

The phased array antenna has
been applied to just about every
radar application ranging from
large multifunction radars to tac-
tical missile control systems. This
is a result of the development of
high speed, low loss phase shifters
and control circuitry. Recently,
the phased array antenna has
been applied to electronic counter-
measures. The primary reasons
for the adaptation of phased arrays
to ECM systems are:

* Highereffective radiated power
Flexible angular coverage
Broad bandwidth

High switching speed and rate
New techniques

It is in the area of the last fea-
ture, new techniques, that the
" phasedarray probably contributes
.. its most significant upgrade for
ECM applications. By providing
capabilities such as polarization
diversity and microsecond beam
il shaping and modulation, the

phasedarray hasadded new dimen-

; sions to the ECM system. High
effective radiated poweris always
a requirement for radar and/or
ECM applications. Size, weight,

' and power consumption are often
.. limitations on the thermal power
that can be generated by an ECM
transmitter subsystem. Traditional

B Bl B

4

bl |

omnidirectional antennas do not
provide sufficient gain or angular
discrimination. Larger mechan-
ically rotated antennas may have
required gain but can not provide
rapid angular coverage. Switched
horns suffer from high cross-over
losses and require excessive real
estate. The phased array overcomes
these deficiencies and provides
the high gain and rapid scanning
overalarge coverage sector needed
tor present and future high ERP
ECM systems.

The flexible angular coverage
available with aphased array pro-
vides rapid scanning from a sin-
gle antenna in both the azimuth
and elevation axes. The phased
array antenna easily provides
coverage over an octant (£45° in
both azimuth and elevation) and,
in many cases, coverage well
beyondthat range. Matching tech-
nigues have been developed which
enable greater than octave array
performance over these scan
ranges. Hence, one of the funda-
mental requirements for ECM appli-
cations, namely broad bandwidth,
can be provided by the phased
array. Octave bandwidth operation
is relatively straightforward to
achieve; bandwidths of 2.5:1 have
recently been developed. And, in
the not too distant future, two-
octave performance from a phased
array aperture will become avail-
able.

The high switching speed pro-
vided by the latching ferrite phase

. MICROWAVE JOURNAL ¢ SEPTEMBER 1982

shifter and/or diode phase shifter
(or switch) is ideally suited for
ECM applications. The ferrite
device canchange phase statesin
200 nanoseconds to 5 micro-
seconds and provide low loss,
broad bandwidth performance rela-
tively easily. The diode device can
also be made broadband and has
exceptionally good switching speed
but has higher insertion loss.

Receive Array Considerations

The use of a high gain, narrow
beam transmit phased array in an
ECM system requires that the
location of the threat emitter must
be determined to an accuracy
related to the beamwidth of the
transmit aperture. Several differ-
ent techniques may be used for
thisdirection-finding application.
These include: (1) an instantan-
eous DF multibeam subsystem;
(2) amonopulse DF array subsys-
tem; and (3) an interferometer
subsystem. In some cases the
same aperture can be used for
DF purposes as well as for high
gainjamming. On the other hand,
there are certain advantages to
locating the receive DF subsys-
tem remotely from the transmit
phased array, primarily being able
to simultaneously receive and
transmit. Figure 1 illustrates sim-
plified schematic diagrams of the
three receiver subsystems men-
tioned above.

The IDF multibeam subsystem
shown in Figure 1a uses an array
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of elements which feed into a
passive multibeam network. Re-
quired precision determines the
number of radiating elements
needed for properly pointing the
transmit antenna. For example, if
a large, narrow beamwidth trans-
mit array is used, then a relatively
large receive array must be used.
Conversely, a smaller, broader
beamwidth receive aperture may
be used if a lower gain, broader
beamwidth transmit antenna is
employed.

The multibeam network may be
a Butler matrix or a multibeam
lens. The Butler matrix produces
a number of spatial beams using
an assortment of quadrature coup-
lers and fixed phase shifters.
Each output port has a unique
antennapattern and beam-pointing
direction created by an associated
phase taper within the Butler
matrix. Assuch, the beam-pointing
direction scans with frequency
similar to all phased arrays. The
multibeam lens also produces a
number of spatial beams but
employs optical properties. Since
differential path lengths create
the individual antenna patterns

and pointing directions, the beam
angle remains stationary with
frequency. In general, for ECM
applications, a Butler matrix is
used when a phased array trans-
mit antenna is used and a multi-
beam lens is used when a lens
transmit antenna is employed.

Each output port of the multi-
beam network contains a detec-
tor and a log-video-amplifier. The
outputs of the log-video-amplifiers
are fed to DF logic circuitry which
codes the actual beam of direction-
of-arrival of all incoming RF sig-
nals. This is done with relatively
straightforward “greatest-of” logic
circuitry. The application of addi-
tional amplitude comparisoncom-
putations between adjacentbeams
provides finer DF accuracy. It is
possible to achieve between1/4
and 1/8 beamwidth accuracies us-
ing this technique.

The receive sensitivity of the IDF
subsystemis determined basically
by the gain of the receive antenna
and the tangential sensitivity of
the detectors. Nominal values rang-
ing from -35 to -45 dBm are readily
achievable. Better sensitivity can be

Fig. 1 ECM receiver subsystems block diagrams.

obtained using solid-state ampli-
fier devices but with attendant
increases in complexity and cost.
The primary function of the IDF
subsystem is, by definition, to
determine instantaneously the
direction-of-arrival of all incom-
ing signals over a very broad fre-
quency range. Its successin doing
this has resulted in its widespread
use in many operational systems.

The monopulse DF array sub-
system as shown in Figure 1b
uses a conventional phased array
and determines the direction-of-
arrival of an emitter by scanning
through the emitter location. This
requires a receive sequence in-
volving several pulses before the
position of the emitter is accu-
rately determined. By using a
monopulse RF comparator followed
by sum-and-difference phase and
amplitude comparison circuitry,
the accuracy of an emitter loca-
tioncan be determined, nominally,
tobetterthan 1/20 of a beamwidth.
The receive sensitivity of the
monopulse DF array subsystem is
determined primarily by the mixer-
preamp characteristics and isgen-
erally in the range between -65 to

[Continued on page 84|
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-75dBm. In this type of subsystem,
the same radiating aperture is
generally used for both the receive
and transmit functions. This min-
imizes the amount of hardware
required in the overall system but,
even more significantly, eliminates
array DF errors caused by instal-
lation effects or parallax associated
with separately located receive
andtransmitapertures. The mono-
pulse DF array subsystem is gen-
erally used when high sensitivity,
precision angle-of-arrival infor-
mation is required. For many
ECM applications this is highly
desirable, particularly if other on-
board systems provide initial emit-
ter identification data.

The interferometer DF subsystem
approach is illustrated in Figure
1c. For this example, four un-
equally spaced elements are used
to create a multiplicity of equiva-
lentbeamsin space. The broadest
beams are created by the closest
spaced pair of elements while the
narrowest beams are created by
the widest spaced pair of ele-
ments. Comparator circuitry is
used to combine the energy from
each pair of elements and, for the
case shown in the figure, this is
done at the subsystem IF fre-
quency. This enables the system
sensitivity to be determined to a
large extent by the mixer charac-
teristics. Simple, two-elementarray
theory may be used to calculate the
spatial patterns for each pair of ele-
ments. The antenna pattern char-
acteristics arise from the phase
difference as a function of angle-
or-arrival between the twoincom-
ing RF signals in each pair of ele-
ments. Thisistheamplitude com-
parison interferometer technique.
A phase interferometer approach
is also possible.

Fora given coverage sector, the
broadest beams (generated by
elements spaced at 1 D) split the
sector into two parts which may
be labelled “left” and “right”. The
next narrower beams (generated
by elements spaced at 2 D) split
the sector into four parts which
unto themselves are not unam-
biguous. However, these narrower
beams are unambiguous in the
“left” and “right” parts of the

broader patterns. Simple logic
circuitry can then be used to split
the coverage sector into four
unambiguous zones. Similarly,
the next narrower beams can be
used to split the coverage sector
into eight unambiguous zones
andsoon. The required angle-of-
arrival precision determines how
many elements and “sector-splits”

%, “, 4% %

POWER DIVIDER MULTI - BEAM
: e LENS

POWER DIVIDER

TRANSMITTER

A A A A

AMPLIFIER FEED |

LOW LEVEL| ;
SOURCE |

is that it is relatively simple and
inexpensive, and can provide
angle-of-arrival information on a
single received RF pulse with fairly
attractive system sensitivity.

We have seen that a number of
receive array approaches may be
used to determine the direction-
of-arrival of incoming RF signals
for ECM system applications. No

AVAVAVAVAVAVAVA

MULTI-THROW
SWITCH

LOW LEVEL
RF SOURCE]

Fig. 2 Transmit phased array configurations.

must be implemented. It should
be noted that the inter-element
spacing used for this example
was chosen for purposes of ex-
planation and not to suggest an
optimum configuration.

The system sensitivity provided
by the interferometer DF subsys-
tem is determined by the mixer
front-end and the antenna/com-
parator losses. Because of the
power splitting required for the
comparatorand the lack of antenna
gain, system sensitivity will be
nominally between -50 and -60
dBm. Subsystem accuracy is af-
fected by multipath, installation
configuration, and internal com-
ponent phase errors. The first two
effects are caused by the large
field-of-view of each element in
the antenna, effects which do not
impact the performance of the
previously described receive sub-
systemssince theirantenna beams
are focused by their total aper-
tures. The major advantage of the
interferometer receive subsystem

single approach can be desig-
nated as optimum. The appropri-
ate subsystem is determined after
all performance requirements and
trade-off analyses have been com-
pleted. The primary factors that
influence the final selection are:
required system receive sensitiv- |
ity; and required DF precision for
properly redirecting the transmit
phased array.

Transmit Array Considerations

Several different array configu-
rations can be used to generate
high gain and high ERP for ECM
system applications. Figure 2
shows simplified block diagrams
of three different basic array
approaches.

The conventional ECM phased
array antenna isillustrated in Fig-
ure 2a and consists of a single
input from the high power trans-
mitter into a power divider which
feeds a number of phase shifters
and radiating elements. Linear
arrays using this configuration

[Continued on page 86]
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FREQUENCY RANGE, (MHz)

LO, RF 5-1000

IF DC-1000

CONVERSION LOSS, dB TYP. MAX.

One octave from band edge 6.2 7.0

Total range 7.0 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 25 7 4

SIGNAL 1 dB Compression level +14 dBm min
For Mini Circuits sales and distributors listing see page 133.
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[From page 84] PHASED ARRAYS

Fig. 3 Phased array and transmitter portion of high ERP ECM system.

providefrom10to 20 dB of gain. A
specific gain level is obviously
determined by the number of
elements used. The frequency
coverage available with this type
of array is greater than an octave
which is well suited for ECM appli-
cations. Reduction of deleterious
mutual coupling and resonance
effects is responsible for provid-
ing required performance over
wide frequency and scan angle
ranges. The latching ferrite phase
shifter provides excellent phase
control with nominal loss (less
than 1dB) over very wide
bandwidths.

Recent improvements in diode
phase shifter performance such
asincreased bandwidth and lower
loss performance now make these
devices applicable to ECM appli-
cations.

Since the ECM phased array is
generally much smaller than the
radar phased array, the per ele-
ment power is generally higher.
Hence, phase shifters, radiating
elements, and power dividers must
be designed with sufficient mar-

gins of safety to insure reliability
in an operational environment.
The ferrite phase shifter has been
demonstrated to be exceptionally
reliable and capable of handling
very high power levels, more than
ever encountered on a per-element
basis. The diode phase shifter
may provide adequate power
handling capacity but has not
been proven operationally. The
switching speed of the ferrite
device, when operated in a latch-
ing mode, is about 200 nano-
seconds while diode phase shif-
ters can switch under 100 nano-
seconds.

Figure 2b illustrates a phased
array with coherent amplifiers used
to generate very high ERP. The con-
figuration incorporates a number
of high power amplifiers within
the array feed. The output from a
low-level source is divided by a
simple feed which provides RF to
each of the high power amplifiers.
Traveling-wave-tube amplifiers
are ideally suited for this applica-
tion since they operate over broad
bands and can generate substantial
power per tube. Using this approach

[Continued on page 88]
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[From page 86] PHASED ARRAYS

it is relatively easy to generate in
excess of 1000 watts of thermal
power with four traveling-wave
tubes to cover more than an
octave bandwidth. The second
feed within the array is used to
sub-divide the output power of
each TWT for application to the
phase shifter located behind each
radiating element. These phase
shifters perform beam-steering
for the array. The full ERP of this
subsystem is obtained by the
coherent addition in space of the
power radiated from each element.

Atypicalexample of this phased
array subsystem is shown in Fig-
ure 3 which is a photograph of a
system developed and built by
Sedco for the Air Force Wright
Avionics Laboratory. Two phased
arrays are used in this system.
Note the presence of two line
arrays on the side or on top of
each of the planar arrays. These
line arrays provide the DF receive
information for determining the
azimuth and elevation coordinates
of an emitter. The TWT transmit-
ter modules are located under-
neath the phased array apertures.
Figure4isa composite of antenna
patterns covering a £45° azimu-
thal sector. This system is capable
of providing ERP in excess of 500
kilowatts. Four TWT dual-type
modules generate 1600 watts of
thermal power while the antenna
provides more than 25 dB of gain.

A more detailed description of
this system may be found in
Reference 1.

The active element multibeam
antenna is shown in Figure 2c.
This subsystememploysanampli-
fier behind each radiator in the
array. Mini-TWTs have been de-
veloped for this application and
provide nominally 30 to 40 watts
per device across bandwidths in
excess of an octave. The input
from a low-level r.f. source is
applied to any one of the lens
input ports with a multi-throw
diode switch. This switch iscapa-
ble of providing switching speeds
of less than 50 nanoseconds
which meansthatbeam switching
from one angle to another is
extremely fast. The multiple beam
lens optically createsthe required
phase and amplitude at each out-
put port to generate a different
transmitbeam foreach input port.
There is a fixed beam-pointing
angle associated with each input
port of the multiple beam lens.
Each amplifier must operate co-
herently at saturation in order for
the system to function properly.
One of the features of thisapproach
is that r.f. losses in those compo-
nents located on the input side of
the TWT amplifiers do not reduce
the output radiated power and
therefore the system is very effi-
cientfor producing very high ERP
for ECM applications.

Fig. 4 High ERP system azimuth scan sector composite antenna patterns.

[Continued on page 90]
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directional
couplers

19.5dB

0.1 to 2000 MHz
only $79% (.4

AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY

* rugged 1% in. sq. case

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

e connector intermixing male
BNC, and Type N available

e 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 1.6 213
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

For Mini Circuits sales and distributors listing see page 133.
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[From page 88] PHASED ARRAYS

Another attractive characteris-
tic of the Active Element Multi-
beam Antenna is that the lens
characteristics are frequency in-
sensitive and therefore cause no
beam steering across the band. A
complete description of this
antenna and its application to an
operational system may be found
in Reference 2.

Recent Concepts

Polarization has recently become
a significant parameter for ECM
applications. Instantaneously, every
radar system radiates a specific
polarization and itsantenna char-
acteristics may be affected by
receive rf. polarization. If the
ECM system can sense the instan-
taneous polarization of a threat
system, it may take advantage of
certain polarization- related error
factors. Asan example, all curved
dish antennas have Condon lobes.
These lobes appear on the inter-
cardinal axes of the dish and are
cross-polarized relative to the
antenna’s primary polarization
Excitation of these Condon lobes
with the appropriate polarization

. cancause aradar tracking system
to produce error signals within its
detection subsystem.

Another polarization ECM tech-
nique involves the sidelobe char-
acteristics of athreat radar antenna.
The co-polarized sidelobes of a
radar antenna are suppressed by
the use of a reference or “guard”
antenna. This antenna is a broad-
beam device with a gain level set
slightly above the maximum side-
lobe of the primary antenna. Pri-
mary antenna sidelobes are sup-
pressed with simple logic circuitry
whenever the guard antenna
received signals exceed those of
the primary antenna. The cross-
polarized characteristics of the
primary antenna relative to the
polarization characteristics of the

guard antenna are essentially
random. Hence, false targets can
be generated in the threat system
by illuminating its sidelobes with
cross-polarized RF signals.
Bipolarized phased arrays have
been developed for sensing and
transmitting arbitrary polarizations.
Relatively simple polarization con-
trol networks may be used to
measure incoming polarization
and to generate an appropriate
response. Figure 5 is a block dia-
gram of such a Polarization Con-
troller that contains an amplitude
control unit and two phasers.
Each phase shifter is connected
to the vertical and horizontal ele-
ments in a bipolar array. The
amplitude control unit is used to
vary the tangent y function and
the phase shifters are used to
control the ¢ factor. (y and ¢ are
defined in the figure.) By sensing
the phase and amplitude of r.f.
signals received at the input side
of the amplitude control unit, the
polarization of the received signal
canbe uniquely determined. Con-
versely, these same controls can
be used to establish any arbitrary
transmit polarization. The bipolar
phased array with a polarization
controller can be used to gener-
ate the totally polarization-diverse
phased array ECM system.
Radar cross-section of ECM
antennasisbecoming more signi-
ficant as the RCS of operational
aircraft is reduced. It is therefore
important to design an ECM
antenna with a minimum RCS.
One of the advantages of using
nonreciprocal ferrite phase shif-
tersinan ECM phased array sys-
tem is its nonreciprocal behavior.
This causes the receive and trans-
mit patterns of an array using
these devices to point in different
directions except at boresight.
Hence, when a phased array with
ferrite phase shifters is transmit-

AMPLITUDE
CONTROL

UNIT

% Fig. 5 Polarization controller block diagram.

[Continued on page 92]
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IN STOCK...IMMEDIATE DELIVERY
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—

s tiny...only 0.23 x 0.5 x 0.25 in.

« can be mounted upright
W oras a flatpack

“ < low insertion loss, 0.8dB (typ.)
__ *hiisolation, 25dB (typ.)
* hermetically-sealed

« excellent phase/amplitude
» balance

.. * 1yearguarantee

&

TSC-2-1 SPECIFICATIONS
FREQUENCY (MHz) 1-400

“% INSERTION LOSS, dB TYP.
(above 3 dB)
_ 1-10 MHz 0.25
10-200 MHz 0.4
L, 200-400 MHz 0.8
ISOLATION, dB 25
_ AMPLITUDE UNBAL. 0.2
PHASE UNBAL. 2°
&8 IMPEDANCE 50 ohms
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[From page 90] PHASED ARRAYS

tinginagivendirection, its receive
RCS is reduced by a factor asso-
ciated with its sidelobe level. Fig-
ure 6 is a graph illustrating the
array cross-section fora 12 square
inch aperture. The VSWR at its
input portis arbitrarily chosen as
2.5:1 and its array sidelobe level
has been arbitrarily chosenas-16
dB. The cross-section of thisarray
would range from 0.15 to 0.60

ARRAY WITH
RECIPROCAL
PHASE

smFTEHS),/

=

ARRAY WITH NONRECIPROCAL
PHASE SHIFITEHS

I
2 ARRAY AREA - 12 IN?
"1 RECEIVER VSWR = 2.5:1
ARRAY SIDELOBES - -16 dB

o
ezl

Fig. 6 Array cross section vs frequency.

square meters over the frequency
range of 10to 20 GHz ifitemployed
reciprocal phase shifters, whereas
its cross-section would range from
.004 to .015 square meters if it
contained nonreciprocal phase
shifters. This is a very important
design consideration in today’s
environment where antenna RCS
isbecoming increasingly significant.

Conclusion

The phased array provides an
optimum link from the ECM sys-
temtothe environmentas required
to counter modern threat scena-
rios, and, therefore, it is not sur-
prising that virtually all new ECM
systems are being designed with
phased array antennas. The SLQ-
32 ECM system, being built by
Raytheon ESD and presently
installed on a number of surface
ships, is a prime example of an
operational system which uses
several lens array antennas to
provide wide-angle coverage and
high ERP.The ALQ-161 ECM sys-
tem built by the Eaton Corpora-
tion AIL Division for the B1-B
Bomber contains a number of
phased array receive and transmit
antennas. The ALQ-172 system,
in its final stages of development

by ITT Avionics Division, contains
phased arraysand will be installed
in the B-52 Bomber in the not-
too-distant future.

As phased array components
are made smaller, lighter,and less
expensive, the phased arrayantenna
will be used more and morein air-
borne and ground-based ECM
systems. In anticipation of the
deployment of millimeter threat
systems, ECM phased arrays are
being developed at higher and
higherfrequencies. Multi-megawatt
and higher ERP ECM systems will
become a reality using phased
array technology. It is safe to say
that all future sophisticated ECM
systems needed to meet the
demands of existing and antici-
pated threat environments will
rely on the phased array antenna
to provide required ERP, cover-
age, bandwidth, speed, and new
techniques.
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Miniature 1-Watt
7-15 GHz FET Amplifier

S. A. McOwen and A. J. Stein

Raytheon Electromagnetic Systems Division

6380 Hollister Avenue
Goleta, California 93117

Introduction

Wideband, 1-watt C.W. power
amplifiers that operate above 8
GHz have been developed using
circuit power combining tech-
niques '?. However, many systems
applications do not allow sufficient
physical size to use these power
combining hardware techniques,
therefore, the use of large gate
periphery FET’s are a necessary
alternative.

This paper presents data on four
miniature (48.00 x 10.67 x 5.5 mm)
amplifiers consisting of three cas-
caded balanced modules incorp-
orating six FET's (3 pairs) whose
gate peripheries are respectively
500, 800 and 1600 um, see Figure
1. The 500 um FET isan AVANTEK
AT8251 with an lpss of 130 mA.
The 800 and 1600 um FET’s are
Raytheon, via-hole FET’s with 380
and 500 mA lIpss respectively. All
FET's were mounted in common
source configuration using sep-
arate gate and drain bias supplies.

Phased array and lens fed type
applications require very good
phase and gain tracking from
amplifier to amplifier. This design
gave primary consideration to out-
put power while maintaining phase
and gain tracking over the full 7-15
GHz band. The performance of the
amplifiers was very satisfactory
allowing a successful set of sys-
tem tests. Table | summarized the
goals for this project and com-

~ pares them to the actual achieved

performance. Small signal S-par-
ameters, suitably modified, were
successfully used for design of
these high power amplifiers.

The design procedure can be
divided into five major steps:

e FET Characterization
e Computer Aided Design
e Fabricateand Test Single-Ended

Modules

e Fabricate and Test Balanced

Modules

e Fabricate and Test Multiple

Stage Amplifiers

Fig. 1 Miniature 1 watt amplifier.
FET Characterization

This consists of dc and small sig-
nal S-parameter measurements as
well as optimum outputimpedance
measurements for maximum out-
put power. The dc data is used to
set the operating bias level. The
S-parameters and output impe-
dance data are used for RF
matching.

Each FET type was evaluated. At
least two FET's from each wafer
used were chosen for evaluation.
Table |l summarizes the S-param-
eters for three different gate peri-
pheries. The S-parameter refer-
ence plane is at the edge of the rib
upon which the FET’s are mounted.
As can be seen, as the gate periph-
ery increases, the Sy1 and Sz
become more difficult to match
and the Gumax (maximum unilat-
eral transducer power gain)

MICROWAVE JOURNAL e SEPTEMBER 1982

decreases. It was found that the
Gumaxat the high end of the band
was the most useful small signal
gain figure of merit for large gate
periphery FET’s. Even so the real-
izable small signal gainis1to2dB
below Gumax for maximum gain
designs. For maximum power
designs, the deviation from Gumax
can be 2 to 3 dB lower at the high
end of the band. Maximum power
designs are achieved when the
FET is matched for best power out,
not best gain.

The optimum outputimpedance
for maximum power was obtained
by an approximate method. This
method is to assume that the large
signal Sz> is equal to the small
signal value of S, at the knee of
the lps versus Vps curve.
Thisassumption was tested a num-
ber of times using various gate
periphery FET’s and the easily
tunable circuits discussed below.
In all cases the circuit based on the
approximate large signal Sz gave
maximum output power across the
band. While approximate, this
method has the obvious advantage
of reduced design time when com-
pared with the various large signal
measurement techniques dis-
cussed in the literature. We found
it to be very satisfactory as demon-
strated by the results of this work.

Comparative Evaluation
of Circuits

Computer aided design makes
use of the small signal S-param-
eters to determine the RF input
and output matching circuits.
Optimun output impedance for
maximum power is also consid-
ered here.

97



TABLE |
SUMMARY OF SIZE AND ELECTRICAL PERFORMANCE
OF ALL FOUR AMPLIFIERS.
PERFORMANCE GOALS
Size 48 x 10.67 x 5.5 mm 48 x 10.67 x 5.5 mm
Weight 13 grams 13 grams
Frequency 7 -15 GHz 7 -15 GHz
Small Signal Gain (Nominal) 11.5dB 12 dB
Small Signal Gain (Tracking)
(Worst Case) +1.5dB +1 dB
SAT Power @ 11GHz 30.5 dBm 32 dBm
SAT Power Tracking i
(Worst Case) +.85 dB +1 dB
SAT Power (Max) 31.5 dBm 31 dBm
1dB Compression Power
@11GHz 30 dBm 30 dBm
1dB Compression Power
Tracking (Worst Case) 20 a8 =1 db
2 +25° Full Band A ‘
fhdse Foanking +19° for 85% of Band s
POWEI: Added Efficiency 12.5% 13%
(Nominal)
Power Added Efficiency 17% 13%
(Best)
TABLE II
MEASURED S-PARAMETERS AND CALCULATED GUMAX.
AVANTEK 500um FET STAGE 1
FREQ S 0° Sz, 0° S 0° S22 0° GUMAX
(GHz) (dB) (dB)
& .79/-120 7.2/ 81 -23.5/23 .57/- 45 13.2
9 77/-132 5.9/ 68 -22.5/27 .58/- 50 115
11 .77/-140 4.3/ 50 -22 /25 .56/- 81 9.8
13 .75/-150 4.5/ 45 =21 /27 .56/~ 76 8.7
15 .77/-170 7.5/ 90 -25 /15 .55/- 90 7.9
18 .78/-180 1.5/ 27 -25 /40 .65/-116 7.8
RAYTHEON 800um FET STAGE 2
7 .87/-123 2.98/ 66 -32 /28 .71/- 58 12.2
9 .88/-137 1.51/ 44 -28.6/35 JT7/- 76 14.6
11 .87/-149 - .92/ 24 -25 /38 .80/- 98 9.7
13 .88/-157 -1.62/ 10 -26.7/24 .84/- 98 10.2
15 .88/-169 -3.22/- 3 -28.4/36 .82/-130 8.1
18 .88/-180 -6.74/-22 -30.5/17 .94/-142 8.8
RAYTHEON 1600um FET STAGE 5
7 .90/-148 .83/ 45 -32.8/34 .69/- 96 10.7
9 .91/-157 -1.62/ 24 -30.5/50 .78/-110 10.0
11 .90/-164 -4.15/ 13 -24.7/48 .82/-124 7.9
13 .90/-164 -5.04/- 6 -26 /37 .84/-126 74
15 .90/-172 -7.94/-18 -29 /44 .86/-148 5.0
18 .90/-176 -12.04/-33 -34 /28 .94/-156 4.5

The first step in a CAD circuit
designistochooseatopologyand
three candidates considered dur-
ing this program are shown in Fig-
ure 2. Thecircuitin Figure 2b uses
shorted stubs and consists of series
transformersand openand shorted

stubs. This circuit is discussed by
K. Niclas®. The major drawback
arises fromthe shortcircuited stubs
which are found to be larger and
more difficult to tune than the
shunt lumped indicators of the
circuitin Figure 2a, the one chosen

Fig. 2 RF circuit topologies investigated
during this program.

for this program. Both of these

types of circuits were built and

tested.

The high/low series impedance
circuit shown in Figure 2¢c was not
fabricated, but an analytic com-
parison conducted with the shunt
inductor-open stub circuit. Figure
3 summarizes the results of this
comparison. Small signal S-param-
eters from a Texas Instrument m
gate 600 um FET were used for the
comparison of the two circuits.
CAD was used with identical
optimization goals for both circuits.
As can be seen, the optimized
results are essentially identical. The
advantages for the shuntinductor-
open stub circuit include:

e Fewer tuning elements, 6 com-
pared to 7

e Tuning elements are easier to
build, all lines are 50 ohms.

e Easiertotune because positions
and values of stubs and induc-
tors can be varied independently.

e Smallersize. The high/low series
impedance circuitis 5 to 6 times
longer.

e dc bias circuitry can be incorp-
orated within the RF circuit
elements. The high/low series
impedance circuit has no shunt
elements to bring the bias to the
FET’s.

On the other hand, the high/low
impedance seems to have two
advantages:

e Wider bandwidth at lower fre- |

quencies. Since the bias circuit
is optimized separately from the
[Continued on page 100]
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RF circuit, it could be designed
so that very little low-end roll-off
ingain occurs. The shuntinduc-
tors cause sharp gain roll-off at
the low edge of the frequency
band. Very wide bandwidths have
been reported using the high/low
impedance circuit, for example
see references (4) and (5).

e Positioning the gate of the FET
very close to the RF circuit is
less critical.

In view of these considerations,
the shunt inductor-open stub cir-
cuit was selected. This could be
expanded to include series trans-
formers, but such action was not
found to be necessary to meet the
program goals.

— Specific Design Procedure

The value of the Sz, that gave
maximum output power was used
to obtain a circuitthat gave a good
RF match to 50 ohms across the
frequency band. This output cir-
cuit was then fixed and the input
circuit optimized for flat gain
across the band.

The circuits are very versatile
and lend themselves to ease of
tuning. The stubs were realized by
small pads so placed that, when
attached using bonding wire, they
form open circuited stubs. The
position (distance from the FET),
length and characteristic impe-
dance of the stubs is varied by
attaching various combinations of
the pads. CAD used to model the
bonding wires to the pads revealed
that any effect they introduced
could be compensated by using
somewhat shorter lengths of open
stubs than would otherwise be
used.

The shunt inductors are formed
by 0.7 mil wires which are RF
grounded thru 27 pF capacitors
attached to the rib on which the
FET's are mounted. The induc-
tance of these wires can be varied
by changing their length, which in
turn can be varied by changing
the FET attachment position on
the 50 Q line. It was found thattwo
parallel wires the same length did
not reduce inductance to one-half
and a third wire did not further
reduce the inductance at all. The
same inductor wires were used to
bring the gate and drain bias to
the FET’s, no further bias network
being needed.

: Sz (dB)

+

+

FREQUENC
Shunt Inductor-Open
Circuit
Circuit
Elements Value
Iy~ 2769 mm

Z,, 22,25

6 8 10113 4

9 18 g

Y (GHz) . b .975 mm

- Z, 218 Q
l2 4.689 mm
y 23 381 .0
s 1.875 mm
Z3 11220
L, 146 nH
L2 .566 nH
Is 1.356 mm

Fig. 3 Comparison of high/low — series and shunt
inductor — open stub circuits.

The versatility of this circuitcan
be appreciated from the following
features:

e A common circuit layout was
useable for both the gate drain
circuits. The same two layouts
were used throughout the pro-
gram for all FET evaluation (S-
parameters and power tests),
circuit design verification and
final realization of the amplifier
stages, various tuning require-
ments for the three gate periph-
ery FET’s being accomodated
by attaching different combina-
tions of open-stub tuning pads
and lengths of inductors.

e The FET evaluation was accom-

plished using a single-ended
version of the two circuits,
whereby no pads or inductor
wires were used, bias was
applied with external bias T's.
This provided a representative
50 Q system for S-parameter
measurements. Thereafter, the
circuit could be tested imme-
diately by attaching tuning pads
and inductor wires. In fact,
tuning elements could be applied
one at a time to evaluate their
separate effects. Considerable
time was saved because no new
circuits were required to be
etched, no additional FET’s
mounted or test fixtures
fabricated.

e Another advantage was that the

low-end of the frequency band

is primarily affected by the shunt
inductors and the high-end
affected by the open stubs. The
middle of the band is affected by
both. Thus, once an approximate
circuit optimization has been
generally realized in which one
portion of the frequency band is
slightly out of specification, it is
clear which circuit elements are
to be modified. This feature
allows less experienced per-
sonnel to perform the test and
tune operations.

Fabricate and Test
Single-Ended Modules

A single-ended module consists
of one FET, one input, and one
output RF matching circuit. As
noted already, the single ended
tests were performed with the FET’s
in situ before proceeding to bal-
anced modules so that the effects
of the matching circuitry could be
monitored concerning input and
outputimpedance. The 3dB quad-
rature hybrid couplers prevent the
observation of these impedances
in the balanced circuit module
configuration.

Fabricate and Test
Balanced Modules

Based on the single-ended tests,
the balanced modules were fine
tuned as required.

Figure4 comparesthe predicted
small signal gain to the measured
small signal gain of the four bal-

[Continued on page 102]
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GAIN (dB)

Stage’s o o o
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Balanced Module
1600 um FET

Vp = 8v

IDs = 250mA
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14 16" 18
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Fig. 4 Predicted gain shows excellent correlation
with measured results for output stages.

anced output stages used in the
four amplifiers. The gain is within
approximately 1 dB of the pre-
dicted results. Stages 1 and 2 simi-
larly duplicated predictions, with
mid-band gains of approximately
6 and 4 dB respectively. All stages
had approximately the same shape
to their gain curves, very little effort
being needed for gain flattening.
Approximately 75% of the gain var-
iationisdue toindividual FET varia-
tions, particularly true of the 800
and 1600 um gate periphery FET's,
the remaining 25% is attributable
to circuit variations.

Two major difficulties were
encountered, the first,inherent low
gain of large gate periphery FET’s
at 12 GHz and above, and the
second, FET to FET parameter
variation for the 800 um and 1600
um FET’s. The latter no doubt due
to the fact that these FET's were
among the first wafers of this type
to be produced.

Future programs should encoun-
ter fewer problems and closer
tracking between amplifiers and a
closer match bewtween predic-
tions and measurements, because
the FET fabrication technology
should improve. Also, circuit repro-
ducibility willbe improved by such
techniques as automatic wire
bonding.

Fabricate and Test
Multiple Stage Amplifiers

The final step is to fabricate and
test multiple stage ampilifiers. This
consists of checking each balanced
module for proper gain and power
and then cascading the balanced
modules. To obtain optimum track-
ing and power performance, our
primary goals, the various stages
were “mixed and matched”, to find
the optimum combination of stages

1, 2, and 3 for the four amplifiers
that provided optimum tracking
and power-output. Presumably,
this need will be reduced in future
programs as FET and circuit
improvements are made.

Structural Considerations

The amplifier consists of three
microwave circuit stages mounted
inside an aluminum housing with
coverand 50 ohm RF coaxial feed-
throughs for the input and output.
Two dc supply voltages of -5V and
+7V are required and enter the
housing from each end. Both the
RF and dc voltages share a com-
mon alumina substrate to which
gold circuits are plated 5.1 and 6.4
microns thick. This circuit provides
interconnections between external
voltages and RF power into the
internal microwave amplifier cir-
cuit stages. The circuit stages are
made from alumina ceramic and
bonded to a molybdenum carrier
for thermal expansion compatibil-
ity and high thermal conductivity.
The FET isattached toa central rib
of the carrier using a gold-tin solder
preformto ensure a good electrical
ground and high heat transfer from
FET to mounting surface. Each
stage isindependently mounted to
the housing with two screws at the
center of the carrier and rib. An
indium shim is clamped and com-
pressed between the carrier and
housing to absorb surface rough-
ness and eliminate gaps.

Thermal modeling and computer
analysis was used to predict FET
channel temperatures. The calcu-
lated temperature rise of 54° C gives
a device temperature of 134°C for
a 90°C mounting surface. The
thermal design goal was to prevent
the maximum channel temperature
from exceeding 150°C for proper

[Continued on page 104]
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Fig. 6 3 stage 1-watt FET amplifiers
Good gain tracking was exhibited.

reliability. Theoretically the design
goal was met but tests were not
performed to verify this.

Future amplifiers will have a stiff-
ness requirement for all parts of
the stages and housing which will
preclude resonant characteristics
below 2800 Hz to ensure reliability
within MIL-Spec environments.

Test Results

Figure 5 shows the saturated
power and the 1 dB compression
powerforall fouramplifiers. Within

the 7.0 to 15 GHz bandwidth, the
worst case spread in power is 1.7
dB for the saturated case, and 2.1
dB for the 1 dB compression case.
These data were obtained using a
power divider at the input to the
amplifier and separate power
meters forinput and output power.
Figure 6 shows the small signal
gain for each amplifier, the maxi-
mum spread being =1.5 dB. The
gain over the band is not flat but
this was not considered an impor-
tant design criteria for the present
amplifiers. Future designs will
[Continued on page 106]
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require flat gain.

Figure 7 shows the phase
response for each amplifier, within
+25°Cat14 GHz. Upto 13 GHz the
spread drops to £19°C. With
amplifier 1 -2 eliminated the phase
spread is =10°C up to 15 GHz.
On the other hand, amplifier1-2is
best in gain and power over most
of the band. The output stage of
amplifier1-2 seemed to have very
good FET’s but significantly dif-
ferent tuning when compared to
the other amplifiers. Presumably,
with additional tuning the phase

tracking of these amplifiers could
be improved. As FET technology
advances, the typical performance
will likely approximate amplifier
1 - 2. It is very significant that no
tuning was performed after the
amplifier stages were assembled
into the amplifier housing and that
the phase variation with input
drive was tested and found to be
insignificant.

Figure 8 illustrates the power
added efficiency for the four ampli-
fiers, amplifier 1 - 2 being signi-
ficantly better than the others.
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Fig. 7 Amplifier design provides excellent phase tracking.
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Fig. 8 Power added efficiency vs frequency.

[Continued on page 108]
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Recommendations, Predictions
and Conclusions

It is recommended that future
designs use four stages of amplifi-
cation, which can be accomplished
in the same length amplifier. This
is practical because the length of
the matching circuits used herein
were intentionally much longer
than necessary since these same
circuit layouts were used for many
purposes. The fourth stage option
should provide higher gain, as well
as the flexibility to flatten the gain
versus frequency.

Based on the performance of
amplifier 1 - 2, the performance of
future designs can be expected to
achieve this behavior routinely, as
FET technology improves.

Also, future designs should allow
phase tracking to approximately
+10° for the 7 - 15 GHz band,
based on 2 factors, first, three out
of four amplifiers built tracked
within £10° without any tuning
after amplifier assembly, and,
second, preliminary calculations
show that with slight phase tuning
on the present amplifiers they can
all be brought to within +15°.
Improved FET reproducibility
should reduce this to £10°.

Four 1-watt miniature amplifiers
with instantaneous bandwidths of
7-15 GHz have been demonstrated
which closely follow theoretical
prediction of performance.

It is concluded that very small,
light weight and reliable 1-watt,
wideband amplifiers presently can

be produced. Measured data sug-
gests that future designs will pro-
vide gain and phase tracking to
within =1 dB and £=10° respectively.
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This paper reviews development,
describes potential advantages
and discusses problems to be
solvedin the areas of open guided
wave techniques as applied to
millimeter-wave integrated cir-
cuits. Several waveguide struc-
tures are firstdescribed with some
new insight into the waveguiding
mechanism. The construction of
passive components, integrated
antennas, active components and
nonreciprocal devices with open
guide structures is then explained
in some detail. Discussion will
include hybrid approaches where
more than one type of waveguide
structures are used, such as a
combination of dielectric wave-
guides and printed transmission
lines. Also discussed are possible
use of unconventional materials
such as LiINbO3 and YIG films to
realize controlling and nonrecip-
rocal devices based on distrib-
uted interactions. Feasiblities of
monolithic approaches in which
devices and circuits are fabricated
in-situ in a semi-conductor mate-
rial are also discussed.

Introduction

One of the key requirements for
the realization of full potentials of
millimeterwave systems is the

development of low cost inte-
grated circuits.

The millimeter-wave spectrum
extending from 30 GHz to 300
GHz lies between the microwave
and optical frequency bands. At
the lower side of this spectrum, a
number of techniques originally
developed for microwaves have
been extended and applied. Com-
ponents and circuit arrangement
of this type resemble those of
microwave circuits. Although rec-
tangular waveguides are still being
used, a preferred way is the
millimeterwave integrated circuit
based upon printed transmission
lines and solid state devices such
as beam lead diodes. These
printed lines include suspended
microstrips,' fin-lines® and even
microstrip lines.® As the operat-
ing frequencies become higher,
these “low frequency” techniques
face increasing challenge as the
performance of the transmission
lines and the solid state compo-
nents generally degrades. It is
natural to think if there are
alternative approaches to circum-
vent these problems based on
those used in optical circuits. As
such, these approaches are more
suited at higher millimeter-wave fre-
quencies.

There exist two basic ap-
proaches. One is the “quasi-op-
tical” structure which is the
millimeter-wave counterpart of the
beam optics in which mirrors,

MICROWAVE JOURNAL ¢ SEPTEMBER 1982

polarizers and lenses are used in
the free space optical path. This
approach is particularly favored
for low noise receiver develop-
ment used for radio astronomy.
Many low loss passive compo-
nents have been developed,* and
a number of mixers are available
including monolithic ones.®

The other approach is to form
integrated cirucits by means of
dielectric waveguides, and is con-
sidered as a millimeter-wave
replica of integrated optics struc-
ture. Dielectric waveguides used
in this scheme are desired to be
the ones convenient to realize
various functional components.
Low attenuation constants should
not be the sole criterion for
selecting waveguides.

In this paper, we focus our
attention to the dielectric wave-
guide technology. Some of the
recent progress as well as the
problems to be solved will be
described. In addition, important
problems of interfacing dielectric
waveguides with other transmis-
sion line structures and solid state
devices will be addressed. It is
also attempted to compare some
accomplishments with those at-
tained with more conventional
techniques. Before going into the
topics of different components, it
should be helpful to briefly de-
scribe the wave propagation char-
acteristics in some of the die-
lectric waveguides.
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Waveguiding Phenomena

Many printed circuit transmis-
sion lines have characteristics
inherent to open structures such
ascoupling, dispersion and radia-
tion. However, these characteris-
tics are predominantly observed
in dielectric waveguides which
will be focused in this section. For
strongly guided rectangular die-
lectric rods or image guides (fig-
ure 1a), the method developed by
Marcatili is the simplest and yet
quite accurate for many applica-
tions.” To improve the accuracy
especially near the cutoff, the
effective dielectric constant (EDCg
method was introduced.
Basically, this method provides
the EDC to replace Region | in
Figure 1a so that we only need to
solve the eigenvalue equation for
a hyppthetical vertical slab of
thickness equal to that of Region
. This technique can be applied
toa weakly guiding structure such
as the inverted strip dielectric
waveguide (Figure 1¢).° Anumber
of methods have been introduced
to furtherimprove the accuracy of
analytical results.’® '

It was recently pointed out that
interesting and potentially useful
leakage phenomenaexistinaclass
of dielectric waveguides.'® '® The
leakage is in the form of a surface
wave propagating in Region |l
away from the central core Region
| and is caused by the mode
coupling at the interface between
| and Il. Obviously, this phenom-
enacouldoccurinawaveguidein
which Region |l consists of a
layered structure which supports
surface waves /Figures 1b and c,
but notin Figures 1a,dand e). In
usual circumstances where the
attenuation in the waveguide
should be minimized, this phe-
nomenon is undesirable as it
contributes to the loss. However,
this phenomenon can be used to
possibly create a new device such
as a directional coupler. It is also
interesting to note that, since this
leakage phenomenon involves cou-
pling of TE and TM waves, a
polarization filter or discriminator
may be constructed.

One of the most undesirable
characteristics of open wave-
guides is the radiation loss at the
bends and discontinuities. Some

attempts have been made to alle-
viate this radiation problem. One
possibility is to use a dielectric
waveguide made of a high permit-
tivity material to concentrate more
electromagnetic field inside the
dielectric rod. A trapped image
guide (Figure 1d) consists of a
dielectric rod placed in a metal
trough so that the radiated field at
a bend in a horizontal plane is
“reflected” back into the rod by a

side wall."® As much as 10 dB of
loss reduction has been attained
at a 90° bend in the Ka band.
Recently, a nonradiative dielec-
tric waveguide has been intro-
duced.'® As shown in Figure 1e,
this structure resembles that of an
H-guide. However, the separation
of the top and bottom conducting
plate is such thatthe field is below
cutoff in the air region and above
cutoff in the dielectric when the
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Fig. 1 Cross sectiqns of typical dielectric waveguides.
(a) Image guide, (b) Insulated Image guide, (c) Inverted strip dielectric guide,
(d) Trapped image guide, (e) Non-radiative dielectric guide.
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guide is excited with its E field
parallel to the conducting walls.
Because of this below-cutoff
nature, no radiation occurs at a
bend.

Passive Components

Directional couplers and band-
passfilters are examples of passive
components developed with di-
electric waveguides. A number of
works have been done to develop
3 dB hybrid couplers based on
distributed coupling prin-
ciple.'®'” These couplers are used
in many ways including the bal-
anced mixer development. The
length L needed for complete
power transfer from port 1 to port
3isgiven by L =7/Be-Bowhere B¢
and B, are respectively the prop-
agation constants of the “even”
and “odd” modes in a coupled
waveguide. The length required
fora 3 dB coupleris one half of L
given in this equation. Figure 2
shows a typical example of a3 db
hybrid performance. In general, it
is necessary to include coupling
effects between the connecting
arms fordesign of these couplers.
Therefore, the effective coupling
length is longer than that of a
parallel coupled portion of the
structure.

Bandpass or channel-dropping
filters can be constructed with
several ring resonators'® (Figure
3a). Filter characteristics can be
tailored by adjusting each ring
size and separation between them.
The design of ring resonator itself
is quite similar to that of a micro-
strip ring except that the radiation
lossisan important consideration
for the dielectric ring realized in
an image guide type structure.
The radiation loss can be sub-

(a) .

Fig. 3 Filter structures (a) Ring type,
(b) Nonradiative dielectric guide type, (c) E-plane filter.

stantially reduced in the ring made
of the waveguide in Figure 1e.
Band reject as high as 30 dB has
been attained with this scheme."®

Another interesting structure is
a two-pole band pass filter de-
signed at center frequency of 50
GHz using Figure 1e structures
(Figure 3b)."® A pair of dielectric
chips is inserted between two
radiative dielectric waveguide
ports. Since the top and bottom
conducting plates are separated
by less than half a wavelength,
this filter is similar to metal
waveguide evanescent mode fil-
ters. The reported insertion loss
atthe center frequency of 50 GHz
is1dB. Itisinterestingto compare
this filter with fin-line filters made
of inductive strips separating
resonators (Figure 3c).° In this
structure, the portions with vertical
metal fins are below cutoff. There-
fore, the resonatorsare again con-
nected by way of evanescent
fields. The insertion loss at the
center frequency was found to be
about0.5dBat34 GHzand 1.9dB
at65 GHzinthe case of 3resonator
filters.

In optical structures, a grating

can often be used as a frequency
selecting device. This idea has
also been tried. Figure 4 shows
the reflection coefficient of a notch
grating created inaninverted strip
dielectric guide.?' Around 15 GHz,
a strong reflection appears as the
period of the grating was designed
to have a stopband there. A more
detailed analysis of stopband
phenomena in a dielectric wave-
guide has been performed.??

Integrated Antennas

Perhaps one of the most useful
features of dielectric waveguide
techniques is a possibility of real-
izing high-performance antennas
being integrated with the RF front
end. Traveling wave antennas
made of dielectric waveguides are
especially suited for this purpose.
Both surface wave antennas®® and
leaky wave antennas®" ?* have
been developed and tested. The
former is essentially a dielectric
rod antenna, radiating principally
in the endfire direction. The latter
is a millimeter-wave replica of the
grating coupler used in integrated
optics to couple a Gaussian beam
into or out of a planar dielectric
waveguide. As shown in Figure 5,

.  FREQUENCY (GH2)
124

OF GRATING

-

<
-+

& % : ' MAIN BEAM

DIELECTRIC WAVEGUIDE

Fig. 4 Input reflection coefficient of a grating.

Fig. 5 Typical leaky wave antenna.
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the main beam emerges in a
direction by 8 from the broadside.
Since this angle is a function of
the electrical length of the grating
period, the beam can be steered
by changing this electrical length.
The easiest method toaccomplish
this is to change the frequency.
Change in the propagation con-
stant is also possible if a dis-
tributed phase shifteris available.
(Seethe section on Nonreciprocal
and Control Devices later.) One
example is the use of adistributed
PIN diode attached on the side
wall of the dielectric waveguide
gratingantennaso thatthe bound-
ary condition can be modulated
by the diode bias.?® The radiation
patternand the sidelobe level can
be controlled by various beam
shaping techniques such as the
use of tapered section in the first
portion of the grating.

An interesting hybrid approach
has been taken recently in which
an insulated image guide (Figure
1b) is used as a low-loss feeder
for a microstrip patch antenna
array.?® As shown in Figure 6, the
radiating elements are made of
resonant microstrip patches. For

MICROSTRIP, DIELECTRIC
PATCH \ GUIDE
SUB-
STRATE
~
i X
GROUND
PLANE

Fig. 6 Microstrip array
excited by a dielectric guide.

a longer array, the feeder loss is
much smaller in this scheme than
in the conventional microstrip
array with microstrip feed struc-
tures. Otheradvantagesinclude a
greater flexibility in controlling
and shaping the radiation pattern
and ease of fabrication of a rather
complexarray configuration. More
attention should be paid to this
type of hybrid approach because
it may open up new possibilities
and provide solutions to the prob-
lems which cannot be solved by
printed line or dielectric wave-
guide techniques individually.

Active Components

Development of active compon-
ents is more difficult than other
components. This is mainly due
to the inherent nature of open
waveguide structures. Any dis-
continuity arising out of imple-
mentation of solid state devices
causes radiation. Therefore, the
device sees an impedance con-
sisting of two resistive parts, one
due to radiation and another due
to the loading circuit, as well as
the reactive part. These junction
problems need to be characterized
more accurately. Many earlier ac-
tive component fabrications a-
voided direct confrontation with
this problem by providing a me-
chanical shield to thedevice. Gunn
oscillators and self-oscillating
mixers have been developed with
an image guide in which a Gunn
diode is inserted vertically and a
tuning metal disk is on the top
surface to control the radiation
ioas, 72"

The distributed feedback con-

-

? T \GROUND PLANE
DIODE

i

- S

-

LI L o

Fig. 7 Distributed reflection oscillator (a) Dielectric guide, (b) Fin-line.

[Continued on page 120]
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cept originally employed in semi-
conductor laser development has
been applied to a Ku-band Gunn
oscillator in an image guide®®
(Figure 7a). The grating structures
on both sides of the diode provide
frequency selective feedback so
that the diode is provided with a
high Q cavity. Although the output
was rather low due to radiation
loss, the oscillation frequency
was fairly stable. The grating
structure has also been used as a
distributed feedback mechanism

for a Gunn oscillator in a fin-line
arrangement®® (Figure 7b). Using
a 250 um RT/Duroid fin-line sub-
strate and an MA Type 49172-138
Gunn diode, the oscillation fre-
quency of the Ka-band oscillator
agreed with the theory within 2%.

A balanced mixer has been de-
veloped with a 3 dB hybrid made
of boron nitride image guides and
with GaAs beam lead diodes.*
Metal strip lines are printed on the
top surface of the image guide in
order to provide bias input and IF

e.-i.lll

CONTROL LIKE THIS
COMES ONLY FROM ROGERS.

Rogers RT/Duroid® 5870, 5880. The unique
microwave laminates with the lowest tolerance in
dielectric constant available. Anywhere.
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microwave laminate. Closer control. Consistency.
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Ask us about it. Call Mike Norris,
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Circle 87 for immediate need

Circle 88 for information only

output to the diodes. A typical
noise figure at 60 GHz was 13 dB
including the IF amplifier noise
figure of 3.5 dB. This figure com-
pares reasonably well with the
one attainableinabalanced mixer
developed with printed circuit
techniques. For instance, planar
balanced mixers made of fin-lines
and suspended microstrip lines
on RT/Duriod substrate exhibit
the typical conversion loss of 7dB
atKa-band and 10 dB at w-band.*?

A hybrid constuction of a quasi-
optical detector has been accom-
plished in which a dielectric sur-
face wave antenna is combined
with a planar slot detector.®
Bismuth bolometers have been
installed in dielectric waveguide
structures by way of stripline type
V-couplers.* It is expected that
these approaches will eventually
allow monolithic construction of
reciever frontends with Si or GaAs
material.

As discussed in the paragraph
concerning Gunn oscillators, dir-
ectimplementation of devicesina
dielectric waveguide may not at-
tempts have been made todevelop
hybrid structures in which both
dielectric waveguides and printed
lines are coupled and a device is
installed in a planar line environ-
ment. Solbach used slots created
inanimage guide with metallized
dielectric substrate for a detector
mount.*® This metalized substrate
isused as the ground plane of the
image guide and at the same time
for accomodating the low fre-
quency coplanar line connecting
the slot and the output patch. A
detector diode is installed in the
slot and the image guide rod is
placed on top of it.

Nonreciprocal and
Control Devices
Relatively few works have been
done in the area of nonreciprocal
device development. A Y-junction
circulator operating in the dielec-
tric waveguide medium was re-
cently developed at 35 GHz with
8% bandwidth.*® The device is
made of NiZn ferrite as the gyro-
magnetic material and magnesium
titanate as the dielectric wave-
guide. The latter is physically
supported on a Rexolite plate.
The insertion loss was less than 1
dBandtheisolation more than 15
[Continued on page 122]
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dB from 32 to 34.7 GHz.

It is generally recognized that
as the frequency increases, per-
formance of ferrite devices dete-
riorate due to increased material
loss and reduced off-diagonal
permeability tensor elements. To
make maximum use of weak non-
reciprocity, use of distributed
structure may be a possible solu-
tion. Afield displacementisolator
was tested in which a resistive
card is placed near a ferrite loaded
dielectric waveguide.*’ Whenadc

magneticfield is applied, the field
displacement occurs. The wave
propagating in the direction for
which the displacement is toward
the resistive card isabsorbed more
than the wave propagating in the
opposite direction for which the
shift is away from the card (see
Figure 8). The problem of this
structure is that the insertion loss
increasesif anincrease inisolation
is attempted, because the lossy
film affects the waves shifted
in either direction.

e

LOSSY FILM

Drop-in

Descguers (Chocee

Attenuator

1t030dB ¢ DC to 18 GHz

TRANSMISSION

'l '

L 1

-215 i i 1
0

A
10GHZ FREQUENCY

20

TYPICAL ATTENUATION - MODEL PSAM-20

Attenuation Accuracy:

1dB to 10 dB +0.5 dB

11dBto30dB +£0.75 dB

VSWAR:

DC to12.4 GHz: 1.30 Max

12.4 t018.0 GHz: 1.50 Max

Dimensions

SR _.025 x .006

=i

125 __ Y0625
R

FINISH: CASE & LEADS GOLD PLATED

PER MIL-G-45204

KDI PYROFILM

60 S. Jefferson Road ¢ Whippany, N.J. 07981 ¢ (201) 887-8100

CIRCLE 91 ON READER SERVICE CARD

Fig. 8 Field displacement isolator.

Two new types of distributed
nonreciprocal devices have been
proposed recently.®® *° They rely
on nonreciprocity of the propa-
gation constants in a ferrite di-
electric waveguide with nonsym-
metric cross section. In such
structures, when the field is dis-
placed by a dc magnetic field, the
propagation constants of the
guided waves traveling in the
opposite directions are different
as the fields of these waves are
transversely displaced in different
directions. When a grating with
an appropriate period is created
on this nonsymmetric ferrite
loaded dielectric guide, it is
possible within a certain frequency
range to make the wave propagat-
ing inonedirection leaky, whereas,
the one in the opposite direction
is still guided as a surface wave. In
this way, adistributed isolator can
be constructed.®®

Another structure which looks
more promising than the grating
type is the one based on non-
reciprocal coupling phenomena.
As discussed above, the propa-
gation constants of the wave
traveling in opposite directions in
anonsymmetric ferrite waveguide
are different, say B¢ and B .
Suppose we create an isotropic

FERRITE

,;2;;;};;,{/"7’ :
GUIDEDS#55555554 ////

GROUND PLANE

LEAKY
1 ’
Atd
U @

Fig. 9 Nonreciprocal leakage isolator.
[Continued on page 124]
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dielectric waveguide with its
propagation constant B4 (inde-
pendent of the direction of prop-
agation) equal to that of one of
the waves in the ferrite guide, say
Bt ischosen,and place this guide
near the nonsymmetric ferrite
guide. The distributed coupling
takes place for only one direction
as indicated in Figure 10. There-
fore, the wave propagating in one
direction in the isotropic guide is
diverted into the ferrite guide and
absorbed by a termination or by
the ferrite loss itself. On the other
hand, the wave propagating in the
oppositedirection does not couple
into the ferrite and is little affected.
In this manner we can create an
isolator or a circulator.®® “° A
design example for a 200 GHz
deviceindicated the insertion loss
of 1 dB and the 15 dB isolation
bandwidth of 5 GHz if a metal
backed ferrite (4mMs = 5kG, € =
10-j0.005) layer of 190 um and a
dielectric layer (¢ =10.3-j0.005) of
180 um are coupled through alow
dielectric layer (¢ = 2) of 670 um.
The device length of 15 mm was
used for calculation.®® High purity
epitaxial YIG films deposited on
gadolinium gallium garnet may
be used for realization of this
distributed isolator.

The surface plasmon effectin a
high purity GaAs may be another
candidate for distributed nonre-
ciprocaldevices. Recent modeling
studies indicated sufficient pro-
mise for development of such de-
vices.*

In the area of control devices,
we have already mentioned the
distributed PIN diode in conjunc-
tion with scannable dielectric
antennas.?® The electrooptic effect
in crystals has been used to create
modulators and phase shifters in
optical circuits. Recently, the feasi-
bility of using LiNbOz and LiTaO3
at 94 GHz has been studied.*?
Dielectric waveguide structures

containing these electrooptic ma-
terials may be an interesting topic
of study.

Conclusion

In this paper, we reviewed recent
advances in open waveguide
structures as applied to milli-
meter-wave integrated circuits by
way of illustrating several exam-
ples. Here, we try to address some
of the important areas of further
investigation to make the dielectric
waveguide technique more practi-
cal.

— Interfacing problems

Hybrid structures in which both
dielectric waveguides and printed
transmission lines are used may
alleviate some of the problems
which otherwise are difficult to
handle. We have shown several
examplesin this paper. Investiga-
tion of this approach is especially
important for active component
development, because the device
must be supplied with at least two
conductors for dc bias or low
frequency signals.

— Active devices

Many active devices available
today have been developed for
metal waveguides and printed cir-
cuit structures. Itis easier to build
dielectric waveguide active com-
ponentsifthere are semi-conductor
devices created for this technique.
Perhaps, the monolithic approach
should be looked into as the de-
vices can be created in situ in the
dielectric waveguide made of
semiconductor.

— Optimization of waveguide
structure

As the wave interactions with
matters generally become weaker
with increasing frequencies, we
need to find the waveguide struc-
ture which makes the best use of
phenomena without significantly
increasing the loss. This study is
especially importantin the area of

i ) FERRITE
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Fig.10 Nonreciprocal coupling isolator.
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1 allthe works which have appeared

“10. Solbach, K. and J. Wolff,

distributed nonreciprocal and con-
trol devices.

— Fabrication techniques

Most of the dielectric waveguide
structures require some forms of
machining process. For greater
accuracy, other fabrication tech-
niques should be adopted. At
higher frequencies, the size be-
comes smallerand non-mechani-
cal fabrication may be more easily
applied.

There are other problems in-
cluding better materials and more
accurate solutions for waveguide
junction problems.

Finally, it is not intended that
this paper comprehensively cover

in literature. There are many
excellent works not referenced
here. Also, some opinions ex-
pressed in the paper are quite
subjective.
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- Introduction

The Integrated Operational
Nuclear Detonation (NUDET) Detec-
@ tion System (IONDS) Global Seg-
ment (IGS) isa NUDET detection
“and digital communication net-
work which provides space sur-
™ veillance capability for NUDETS.
The space related portion of IGS
“isa part of the Global Positioning
System satellite. The L-Band trans-
mitter developed and space quali-
fied for this system incorporates
the quadriphase modulator that is
- the subject of this paper. The
paper describes a useful circuit to
“ provide four diode switched quad-
rature spaced output phase sig-
1 nals depending on the bias ap-
plied to thediodes. The important
~ aspect of the design is that unlike
a conventional 2-bit phase shifter
' (which would consist of the cas-
. cade combination of a 90 degree
bit and a 180 degree bit) this
_design utilizes 180 degree bit
phase shifters which are identical
““and achieve the 90 degree offset
between them by virtue of the
inherent 90 degree phase differ-
ence (whichis frequency insensi-
““tive) of the backward wave coupler.
In this case the backward wave
coupler is realized as a Lange,
. interdigitated microstrip device.
" Theinherent3dB power loss with
this configuration is of no conse-
quence since amplitude leveling
.. by an AGC circuit preceding the
QPSK modulatoris used and isan
acceptable tradeoff for phase
stability purposes. Figure 1 shows
“this transmitter and the quadri-
phase modulator can be seen in
the lower right-hand corner.
The quadriphase modulator is
““designed for high data rate (10
megabit) digital input. It can be

used either in the bi-phase shift
keyed (BPSK) or quadriphase
(QPSK) mode. For BPSK opera-
tion, the input carrier at 1.381
GHz is modulated by identical
data inputs at the modulation
input ports, Data 1 and Data 2.
The output carrier phase, relative
to the input carrier, is phase
shifted by 0 to 180 degrees, de-
pending upon the data input.

For QPSK operation, the input
carrier is modulated by two inde-
pendent data channels at the
Data 1 and Data 2 input ports.
Each data channel consists of a
two-level biphase pulse code. The
output carrier phase, relative to
the input,is phase shifted by 0, 90,
180 or 270 degrees, depending on
the properties of the data input.

In the primary on-orbit opera-
tional mode, Data 1 is at 10.23
megabit and Data 2 is at 1.023
megabit.

Basic Design Considerations

The QPSK modulator consists
of three dB quadrature hybrids,
one Wilkinson power combiner,
four PIN diodesandtwo TTL con-
trolled drivers. Two ports of two of
the hybrids are loaded with shunt
mounted PIN diodes followed by a
shorted quarter wave transmission
line. The phase shiftingisachieved
by switching the diodes “on” and
ottt

To clearly understand the opera-
tion of the QPSK modulator, the

phase shifting effect of the quad-
rature hybrid loaded with PIN
diodes and their relationship with
the shorted quarter wave trans-
mission lines is briefly reviewed.

Fig. 1 Lstransmitter.

Consider the network shown in
Figure 2 where an ideal 3 dB
quadrature coupler and two iden-
tical circuits, each consisting of a
shunt mounted PIN diode followed
by a A/4 shorted stub, connected to
Ports 3 and 4. Defining S+ as the
reflection coefficient of the cir-
cuits connected to Port 3 and 4
and under the conditions when
the coupling coefficient K of the
coupler is .707, the RF output at
Port 2 is depicted and summar-
ized in Table 1. That is, when the
diodes switch from open to short
circuit, the reflection coefficient

TABLE |
DESCRIPTION OF OPERATION OF HYBRID COUPLED PHASE SHIFTER
S1i
Diode Refl. coeff. of Input Signal Output Signal
State Diode Term. Stub at Port 1 at Port 2
Diodes ON 1/180° 2£0° 1/ 90°
Diodes OFF 1/0° 1/0° 1/-90°
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S11 of diode terminated stub trans-
formsfrom 1£180° when the diodes
are on, to 1Z0° when they are

TABLE Il

AMPLITUDE AND PHASE
RELATIONSHIP AT VARIOUS PORTS

off. Viewing from the output (Port 2)
S, is transformed to 1/90° when InputPort| Port1 | Port2 | Port3
the diodes are on, and 1/-90° port1 | 1/0° |707/-90°|.707/-90°
when the diodes are off. .
The output of the QPSK modu- PORT 2 |.707/-90°| 1/0° -

lator utilizes a Wilkinson hybrid,® : -
a 3-port network of the form PR e 2 1

JS1 ¢——— @ Js”" I-KZ‘,____ Alg

Aa

el

Alg 700
@ ,
' 100 @
Q
®

Fig. 3 Wilkinson power divider.

shown in Figure 3. Wilkinson
hybridischaracterized as follows.
An RF input at Port 1 divides
equally between Ports 2 and 3 by
the virtue of the symmetry. The
resulting fields of these two ports
are equalin pnase and amplitude.
Also, no power is dissipated in
resistor R when matched loads
are connected to the Ports 2 and
3. An RF input at Port 2 divides
equally between Port 1 and the
resistor. The halved signal appear-
ing at Port 1 is delayed by 90°,
while the other half is lost in the
resistor. Correspondingly, an RF
input at Port 3 propagates to Port
1 with a phase lag of 90° while the
other halfis dissipated in the resis-
tor. A table of the amplitude and
phase relationship of various ports
is shown in Table 2.

Figure 4 shows a schematic of
the QPSK modulator. The RF sig-
nal out of this modulatoris rapidly
phase-shifted between one of four
orthogonal positions by the binary

Fig. 2 Block diagram of hybrid coupled phase shifter.

data word supplied by the logic
network tothe two TTL controlled
drivers."®

To clearly follow the phasing of
the QPSK modulator, refer to Fig-
ure 4 and trace the signal from the
input to the output. At the input,
assume a signal of normalized

unity at zero phase. This signal is
divided equally by the 3 dB quad-
rature hybrid 1 and the signal
appearing at Ports A and B are
.707£0° and .707£-90°. Continu-
ing the flow toward the output
from the right-hand side (RHS),
the signal at Port A is divided
equally by hybrid 3. Assume both
D3 and D4 are turned “on”. The
signal component at D4 is .5/0°,
but upon conversion by the shorted
diode termination, it is .5/-180°.
Propagating toward Port C, it is
.353£-270°. At D3, the signal com-
ponent from A is reduced to
.5/-90°. D3 being a shorted diode
termination, adds -180° so that it
is .6/-270°. Propagating toward
the output to Port C, it is .3532-
270°. Summing both signal com-
ponents from D3 and D4, we get
.707£-270° at Port C. Finally, div-
iding equally at Port C between
the resistor and the output Port E,
the signal component from the
(RHS) equals .5<0.

Following the same procedure
through the left-hand side (LHS)
except assuming D1 and D2 are
“off”, the signal output at Port E
from the LHS equals .5/-270°.
Summing both signal components
from LHS and RHS, we get.707 /45°.

In the cases where the diodes
are biased “off”, the shorted ter-

ouT

90° 0°

180°

270°

Fig. 4 QPSK modulator block diagram.

[Continued on page 134]
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[From page 132] MODULATOR

mination is lagged an additional
180°. D1and D2 are paired, asare
D3 and D4, and driven by the TTL
controlled driver A1 and A2, re-
spectively, shown in Figure 5. A
table of magnitude and phase
conditions at various ports is
summarized in Table 3.

1GS’s QSPK Modulator Circuit

The QSPK modulator shown in
Figure 5 was fabricated on micro-
stripona2” x 2” x .025” alumina
substrate. The input RF frequency
is L-band at +10 dBm level. The
PIN diodes are fast switching. HP-
3305 ceramic package device
requiring low drive current sup-
plied by the ultra high-speed

diode drivers at 10.23 MHz bit

Fig. 5 QPSK modulator fabricated on
microstrip of alumina substrate.

TABLE 1l
DESCRIPTION OF QPSK MODULATOR OPERATION
B T Voltageat E | Voltage at E Voltage
‘ From C at E
Lig, ' L ET S
8 .707 /-135°
4 .707 / -45°
QPSK MODULATOR TRANSMITTER
10458-516-1
II Freq Phase Phase Phase RTN Loss RTN Loss RTN Loss
MHz 2Rel1 3Rel1 4Rel1 Meas 1 Meas 2 Meas 3
1376.050 179.55 91.34 -90.33 17.48 14.27 20.26
1377.050 179.40 91.31 -90.38 17.49 14.25 20.28
1378.050 179.13 91.16 -90.55 17.49 14.26 20.30
1379.050 179.00 91.08 -90.63 1:57 14.25 20.32
| 1380.050 178.66 90.98 -90.77 17.52 14.26 20.34
” 1381.050 178.37 90.76 -90.94 17.54 14.27 20.36
1382.050 178.16 90.67 -91.10 17.56 14.28 20.39
1383.050 177.97 90.60 -91.07 17.59 14.29 20.42
1384.050 177.73 90.47 -91.24 17.63 14.31 20.44
|| 1385.050 177.50 90.29 -91.42 17.67 14.32 20.46
1386.050 177.30 90.28 -91.49 17.69 14.34 20.49
Freq RTN Loss Loss-DB Loss-DB Loss-DB Loss-DB
MHz Meas 4 Meas 1 Meas 2 Meas 3 Meas 4
i 1376.050 16.67 4.37 419 4.42 4.33
1377.050 16.62 4.38 4.20 4.41 4.35
1378.050 16.58 4.39 4.21 4.41 4.39
1379.050 16.54 4.40 4.21 4.39 4.40
1380.050 16.52 4.41 4.23 4.38 4.43
1381.050 16.48 4.41 4.22 4.37 4.46
1382.050 16.46 4.41 4.24 4.35 4.49
1383.050 16.43 4.42 4.24 4.34 4.50 i
1384.050 16.41 4.41 4.25 4.32 4.53
1385.050 16.39 4.42 4.24 4.30 4.54
1386.050 16.37 4.41 4.25 4.28 4.57
REF PLANE EXT (CM): REFL = .00, TRAN = .00

Fig. 6 Quadriphase performance to less than 2° from the desired quad phase.

In the previous analysis, it was
assumed that the transmission
line, hybrid balance, PIN diodes,
A/4line spacing, port match is ideal
and lossless. In actuality, the sum
total of the lossesamounted to 1.3
dB and this added to the theo-
retical 3.0 dB loss amounted to
4.3 dB loss for the modulator.
Actual test data, Figure 6, show the
quadriphase performance to less
than 2° from the desired quad
phase. The unit was tested envi-
ronmentally from -24° C through
+71° C with the quad phase sepa-
ration virtually unchanged. From
the cold to the hot extreme, there
was a counterclockwise displace-
ment of ~3°, but all quad phase
moved synchronously to maintain
the original quadriphase per-
formance.

Besides quadriphase perform-
ance, it was also required that the
output magnitude of the QPSK
modulator remain constant within
a small tolerance of 0.3 dB. The
reason for thisrequirementis that
in the IGS system, the modulator
output feeds a cascade of class C
amplifiers. Class C amplifiers,
depending on bias level, are ex-
tremely sensitive to AM/PM mod-
ulation. For minimum insertion
phase shift, the class C stagesare
biased at saturation. Therefore, to
maintain the system quadriphase
performance, the amplitude vari-
ation is controlled to less than 0.3
dBvariation between quad states.

Modification For Realization of
Production Modulators

The concept of a quarter-
wavelength shorted termination
from a reference 0° point to
achieve 180° phase shiftis simple
and straightforward. Yet in prac-
tice, when biased PIN diodes and
blocking chip capacitorsare used,
the presumption of ideal shorts
and lossless blocking does not
hold true. Furthermore, tolerance
on components contributes to
phase differences beyond the
accepted 3° tolerance per quad
between units. If we can manipu-
late the quarter wave stub section
by adding positive or negative
susceptance, this problem s
alleviated.

Figure 7a shows a A/4 diode
terminated stub, where the stub

[Continued on page 136]
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AVAILABLE IN STOCK FOR
IMMEDIATE DELIVERY
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has 50 ohm characteristic impe-
dance. In an ideal case this stub
will result in a 180° phase shift.
However, in practice, due to diode
parasitics and/or slight deviation
in the short position, the actual
phase shift may deviate from 180°.
This phase discrepancy can be
corrected by adjusting the physi-
cal length of the stub if possible.
In microwave integrated circuits
(MIC), theline isetched and there-
in lies the problem. However, there
are ways to circumvent this prob-
lem. Two methods are described
which can be used to adjust for
phase deviation without actually
changing the physical length of
this stub.

Figure 7b illustrates the case
where the phase deviation can be
corrected by varying the impe-
dance of a part of the stub. If the
overall phase of the diode termi-
nated stub is greater than 180°,
the phase can be corrected by
widening the line (i.e., lowering
the impedance). On the other
hand, if the phase of the diode
terminated stub is less than 180°,
it can be corrected by narrowing
theline width. The amount of cor-
rectionisrestricted tosmall phase
deviation, generally less than 10°
or else other complications, such
as mismatch loss, become a factor.

Figure 7cillustrates this method
in detail where a phase error of 6°
is corrected by changing the
impedance of the stub. That is,
assumethe diode terminated stub
measured 186° because of para-
sitics.

The analysis is as follows. The
normalized admittance of a loss-
less, short-circuited transmission
line stub is

Ysc = Yse/Yo = -j cot B1.
where
Ysc = unnormalized short circuit
admittance
Y, = characteristic admittance
B=2m/A
| = length of transmission line
section.

In Figure 7b, let yo1 =.0222 and
Yoz = .02 with l4 and |2 = A/8 at
1.381 GHz. On the Smith Chart
(admittance), starting at y = joo,
the physical short postion, we
traverse CW a distance of A/8 to
-j1.0. We next renormalize, -j1.0 x

.0222/.02 =-j1.11, shown as Point
A in figure 7c. Continuing CW for
another A/8, we reach point B (-
j.05). The resultant phase shifts
show 174° for these composite
A/8 sections. Next, add the 6° due
to parasitics and we obtain the
desired 180° phase shift.

. Dioc}e yo’z =.02

y=itb——a/a

 Diode yo2=.02 Ty
f Riode ;

l'_""2<t; (b)i i* <&

Fig. 7 Phase correction by stub
impedance adjustment.

Another way toadd small phase
compensation is to use open cir-
cuit shunt stub. Small sections of
islands are etched next to the pin
diodes as shown in figure 8a.
Assumethat | is slightly less than
180°and lzisrequired to compen-
sate for the difference. That is,

Yeomp = Ysc T Yoc
where
Ycomp = Normalized composite
admittances of short
circuit and open cir-
cuited stubs.
ysc = normalized admittance of
short-circuit stub
Yoc = j tan B1 = normalized
admittance of open-circuit
stub
Letl>=A/80
A

80

Shown in Figure 8b on the
Smith Chart, |y is less than A/4
and |z is required to compensate
for the difference.

Finally, as mentioned earlier,
the magnitude balance between
all quad states must be constant
to within 0.3 dB at the output. To
alleviate this problem we add a
provision to selectively mismatch

[Continued on page 138]
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Systems Engineering

Major long-term defense programs provide
a strong and stable business base for us—
and exceptional potential for technological
achievement and professional growth for
you. Immediate staffing requirements involve
the Sperry Mk 92 Fire Control System—a fast-
reacting modular system capable of contin-
uous search, multiple tracking and simul-
taneous engagement—as well as Radar,
Navigation/Guidance and ASW systems.

SENIOR RESEARCH SECTION MANAGER
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degree.

RESEARCH SECTION MANAGER

Provide technical direction and lead in pursuing new defense and civil system
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modeling and simulation skills. Engineering degree.

SYSTEMS ENGINEERS

Help develop systems controlled by or employing computers/processors. Encom-
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ments, computer architecture design/selection, and software performance and
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Engineering/Computer Science/Math, MS preferred.
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or more of the following: Tactical Air Operations (command center console config-
urations, IFF equipment); Communications Control (system technical control,
preferably both system architecture and equipment specifications); Communica-
tions Equipment (HF, troposcatter radio, telecommunications switching, mobile
telephone, UHF, VHF, hardware and operational procedures); Displays (color CRT
and large screen displays, software/hardware interface); Radar Data Processing
(search, beacon and strobe—coordinate transformations, interfaces, digital data
extractors also desirable).

DISPLAY SYSTEMS DESIGN ENGINEERS

Help develop display subsystems associated with radar, sonar, IR and optical sen-
sor systems. Should have knowledge of 3-D, color CRT, computer graphics, image
processing and man/machine interface requirements. Need at least 3 years exper-
ience in design, development, test and evaluation of display subsystems.
Salaries are highly competitive and our benefits package is excellent. SPACE-
Sperry Program for Advancing Careers through Education—a free college level,
after hours technical and business education program offered on-site to all em-
ployees. Over 60 courses offered each semester. To learn more about our stimu-
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Fig. 8 Phase correction by open circuit
shunt stub adjustment.

either of the resistively coupled
ports ofthe Wilkinson power divider.
Small islands to add capacitive
susceptance are generally suffi-
cient to balance the modulator
output to within 0.3 dB for any of
the quad states. Actual loss data
shown in Figure 6 demonstrates
that the magnitude balance
achieved for the modulator was
less than 0.25 dB.
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Introduction

For more than twelve years, the
Gunn Effect Device (also called
the Transferred Electron Device,
(TED), has been serving as a use-
ful device for oscillators of all
types across the microwave spec-
trum. Most of the first broadband
microwave solid state sweepers
used YIG-tuned Gunn oscillators,
and many present radar and com-
munication systems use fixed-
tuned Gunn oscillators for low
noise, local oscillators. The ma-
jority of solid state parametric
amplifier pumps were, and still
are, Gunn Effect oscillators. Thus,
Gunn Effect devices have been
used in almost every microwave
application where low noise, low
and medium power performance
characteristics are required.

The rapid development of the
GaAs FET, as a device for micro-
wave sources and amplifiers, has
led to the use of the FET in place
of the Gunn diode in many appli-
cations where its characteristics
are suitable. Primary advantages
of the FET over the Gunn devices
are ease of characterization and
circuit design obtainable with a
three-terminal device, lower power
drain (i.e., higher efficiency), and
compatibility with microstrip cir-
cuits. With the present practical
upper frequency limit of the GaAs
FET at 26 GHz and intense devel-
opment to push this practical limit
higher, what can one say about
the future of the Gunn Effect
device?

First of all, in the microwave
range below 30 GHz, the GaAs
Gunn Effect device will continue
to be used in oscillator applica-
tions where its low FM and AM
noise characteristics are essen-
tial for system performance.

Radars and many communication
systems need high sensitivity and,
therefore, require low noise local
oscillators. However, except for
some other special applications,
the practical use of the GaAs
Gunn device below 30 GHz will be
limited to theselow noise applica-
tions. Itisatthe frequencies above
30 GHz, where the millimeter-
wave growth has spawned many
new requirements, that the Gunn
Effect device will become a major
device in system components. To
see more clearly where the Gunn
Effect device will be used and its
present and future capabilities at
millimeter-waves, a discussion of
GaAs and InP Gunn characteris-
ticsis helpful. Thisarticle will dis-
cuss the development of Gunn
Effect devices above 30 GHz and
some specific applications at milli-
meter-waves. Also, a forecast of
where the Gunn device will ulti-
mately be used is also given.

Comparison of GaAs and InP
Gunn Characteristics

It is well known that both GaAs
and InP materials with proper dop-
ing characteristics will exhibit the
transferred electron effect. Thus,
both GaAs and InP devices can be
used insimilarapplications. How-
ever, InP has several properties
sufficiently different from those
of GaAs that allow its application
to a wider group of products.
Specifically, the major character-

istics of InP relative to GaAs are:

e The transferred electron effect
is calculated to be effective to
about twice the frequency of
GaAs.

e The efficiency of InP is about
twice as high as that of GaAs.

e The noise measure of InP is
approximately 6 dB lower than
GaAs.

e The threshold field in InP is
about three times that of GaAs.
Simply speaking, InP is best for

high-frequency applications, i.e.,

millimeter waves, as both an oscil-

lator and an amplifier. The effi-
ciency curves of GaAs and InP
versus frequency, shown in Fig-
ure 1, summarize the calculated
oscillator characteristics. Experi-
mental data to date are in good
agreement with these curves.
The optimum noise measure of

a practical InP Gunn diode can be

expected to be less than 10 db

-
o
T

EFFICIENCY (%)

GW!
L i

100
FREQUENCY (GHz)

Fig. 1 Predicted transferred electron
device efficiency vs frequency.

TABLE 1
RF PERFORMANCE OF
FIXED FREQUENCY
InP GUNN OSCILLATORS
OUTPUT
wiiee Fne(%:ez;acv BOWER EFFICDIIENCY

EE209 56.4 200 6.35
EE210 56.8 157 4.86
EE201 56.8 125 4.50
EE196 66.0 115 4.10
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TABLE 2

RF PERFORMANCE OF FIXED
FREQUENCY InP GUNN OSCILLATORS

CW InP GUNN DIODES

ical and electronic tuning at 60
GHz. Mechanical tuning of a CW
oscillator is shown in Figure 2.
Ten percent tuning bandwidths
are achievable with reduced-
height waveguide cavities. Elec-
tronic tuning of 60 GHz oscilla-
tors is achievable over nearly the

F Po n
DEVICE TYPE (GHz) (mW) (%)
EE211-1 2L 89.5 125 3.27
EE198-380 2L 89.6 107 3.48
EE198-395 2L 90.1 100 2.80
EE198-380 2L 93.1 91 2.96
EE198-384 2L 93.15 79 2.81
EE198-382 2L 94.48 71 2.48
EE198-390 2L 94.8 68 2.5
EE198-392 2L 94.9 63 24
EE198-390 2L 100.5 44 1.52
EE196 2L 89.7 35 4.7

through 100 GHz, making the InP
Gunn the only low noise amplify-
ing device for all millimeter wave
frequencies through 100 GHz. Be-
cause of this, significant empha-
sis of development work at milli-
meter-waves has been placed on
InP materials, devices, and com-
ponents in recent years.

Millimeter-wave Oscillators
The development of InP mate-
rial for oscillator devices over the

operation of a Gunn Effect device.
Design effort has been concen-
trating onreliable current limiting
cathode contacts and “two-zone”
cathodes for highest efficiencies.
The best CW results of the devel-
opmentwork at 60 GHz are shown
in Table 1. The highest CW pow-
ers in the 50 to 60 GHz range are
also still somewhat limited by
thermal considerations as well as
skin effectlosses and these areas
are under development to further

TABLE 3

RF PERFORMANCE OF 2 AND 4
DIODE COMBINING CIRCUITS

é

-
o
FREQUENCY (GHz)

7

-
o

| LB e e e g T

6!

OUTPUT POWER (dBm)
a

3

|
e
j
]

iy 55
30 3540 45 50 55 6.0 65
SHORT POSITION (mm)

ne

Po n ncomb

HinhEe (GHz) (mW) (%) (%)
EE198-397 EE198-401 89.55 170 2.89 93
EE198-397 EE198-401 90.25 150 2.7 82
EE198-207 EE198-213 91.8 97 1.6 106
EE271B-8 EE271B-26
EE271B-31 EE271B-24 90.6 260 16 92.85
EE268-22 EE268-26
EE268-6 EE268-15 90.8 480 14 1088

last several years has been primar-
ily at 60 and 94 GHz. Work has
continued on the development of
the InP Gunn diode design to in-
crease the efficiency and power
output at these frequencies. The
effect of the cathode on the
“launching” of electrons into the
active region has been shown to
be the critical design factor in the

increase the efficiency and power
of these CW Gunn diodes. Pres-
ent designs use a40um substrate
thickness which is well over the
skin depth at both 60 GHz and 94
GHz. Final product designs will
require the overall thickness to be
10 um or less.

Oscillator-type circuits have
been developed for both mechan-

Fig. 2 Output power and frequency vs
sliding short position for a mechanically-
tuned InP Gunn oscillator.

same bandwidth, but the power
outputis considerably less due to
the power absorbed in the varactor.
Best varactor tuning results are
shown in Figure 3. Also, work is
being undertaken to increase the
tuning bandwidth and the power
level for a given electronic tuning
bandwidth.

The development of the InP
Gunn diode for operation at 94
GHz has received considerable
attention in the last several years
and the summary of the best CW
efforts of this work are shown in
Tables 2 and 3. The highest CW
power obtained to dateis 125 mW
with an efficiency of 3.27%. One
of the most promising develop-
ments in this area has been the
straightforward application of
power combining techniques to
achieve overaquarter-watt of CW
power at 90 GHz as indicated in
Table 3. The use of standard in-
line half-wavelength spaced
diodes allows combining efficien-
cies well above 90% in every case.
The use of the InP Gunn diode in
this manner creates a good me-
dium powercomponent which has
low-noise properties as well
as reasonable efficiencies and
good lifetimes. Only a small effort
has been devoted to achieving
pulse powers at 94 GHz; however,
the results to date are encourag-
ing in that typical pulse powers
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Fig. 3 Output power and frequency as a
function of varactor bias voltage.

are 2 to 4 times the best available

CW power per diode. Best pulse

powers at 1% duty cycle witha 0.5

usec pulse width are given in

Table 4.

~ Millimeter Wave Low Noise and

Medium Power Amplifiers

The initial effort in the develop-
ment of InP Gunn diodes for am-
plifiers at millimeter waves was
forlow-noise applications. Speci-
fic designs were centered around
the development of broad-band
low-noise amplifiers for use above
26 GHz. A drop-in replacement
for a low-noise traveling wave
tube amplifier which operates over
the entire 26.5 to 40 GHz frequency
band has been developed using

dB at 40 GHz is the best obtained
to date with the n minus notch
design. Characteristics of an am-
plifier which was developed to
cover the 48 to 52 GHz band are
shown _in Figure 5. The typical
noise figures were around 12 dB
for thisamplifier with an optimum
noise figure of 10 dB at 50 GHz. A
broad-band low-noise amplifier
covering the complete 50 to 60
GHz band is now in the prototype

[Continued on page 146]

ing the full bandwidth. The noise
figures are alsoshownin Figure 4,
and indicate that it is well within
the 17 dB noise figure of the travel-
ing wave tube. A program is now
underway to reduce the overall
noise figure to less than 10 dB.
The design of low-noise ampli-
fiers using InP Gunn diodes was
also extended to 60 GHz, with typi-
cal noise measures in the 9 to 12
dB range. A noise measure of 7.8

N.F. (dB)
r T ]
a0 © wn o ) ~ ) <
o ot d el ™ ™ - wn
- - - - - - - -
‘ :

L 1

30 32 34 36
FREQUENCY (GHz)

Fig. 4 Gain and noise figure of an
all solid state amplifier replacement
for a low-noise TWT.

InP Gunn diodes in all of the
amplifier stages. This prototype
TWT replacement was built as a
demonstration of the capabilities
of the InP Gunn diode with the
results shown in Figure 4. The
amplifier uses eight stages, with
approximately 5 dB per stage,
with each stage essentially cover-
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[From page 145] GUNN EFFECT DEVICES

TABLE 4
InP DIODE RF EVALUATION
(BEST-TO-DATE, PULSED, 75-110 GHz)
OUTPUT
FREQUENCY EFFICIENCY
POWER

DEVICE (GHz) (mW) (%)
EE214 89.8 240 2.66

92 215
EE220 90 248 2.70
EE285 89.8 255 142
EE211 90.3 236 4.28
EE198 89.8 195 3.58

93.7 155 3.25

TABLE 5
MEDIUM POWER AMPLIFIERS
OPERATING MINIMUM MINIMUM NUMBER
BANDWIDTH POWER OUTPUT SS GAIN OF STAGES
(GHz) (mW) (dB)

27.0 to 35.0 100 20 3
33.5 to 36.5 200 25 3
42.0 to 46.0 100 30 3
54.0 to 58.0 100 25 3

0.3 dB across a minimum 6 GHz
bandwidth. These circulators also
have a minimum return loss and
isolation of 15dB across the same
bandwidth. Circulatorsare now in
development which will cover a
minimum 10 GHz bandwidth in
the 40 to 60 GHz band. Amplifiers
operating over at least 10 GHz
can be diplexed to cover the full
40 to 60 GHz band in one com-
plete module.

GAIN (dB)
ocwn 3 a B3R 8

-5 T

| ‘ Y L NS L 1 1
44 47 49 57 53 55 57 59 61
FREQUENCY (GHz)

stage. Work is continuing with the
p notch design to further lower
noise measures.

A number of amplifiers have
been developed recently for me-
dium-power applications requir-
inga minimum of 100 milliwatts of
power output. These types of am-
plifiers are being used as ihe out-
put transmitter of a short-range
communications system or as a
driver for a much higher power
microwave tube. Some specific
amplifiers which have been de-
veloped over the past year are de-
scribed in Table 5, and their char-
acteristicsare: shown in Figures 6,
7 and 8. A photograph of a 3-stage
60 GHz amplifier is shown in Fig-
ure 9. These amplifiers are similar
in that they use standard reflec-
tion amplifier design with approxi-
mately 10 dB gain per stage. For
the amplifiersinthe 35 GHz range,
GaAs diodes were used in the out-
putstages. Higher power InP Gunn
diodes will be developed for higher
power output at these lower fre-
quencies. In the design of these
medium power amplifiers, flat pro-
file InP Gunn diodes were used to
furnish the highest power in the
least number of stages. Even

though specific low noise InP
Gunn diodes were not used, the
noise figures were typically in the
15to 18 dB range. These types of
low-noise figures were required
for best system operation.

The development of amplifiers
above 40 GHz for high gain and
higher power operation has also
required the development of circu-
lators which has also been done
at Varian. Circulators for opera-
tion up through 60 GHz have been
developed with insertion loss of

VSQ-7407B, S/N 101

T T T T T
24 ]
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3 20 A
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Fig. 6 Gain responses of three-stage
amplifier at low and high drive levels.

These amplifiers are linear, up
to the power level 10 dB below the
“saturation” point, as shown by
the transfer characteristics shown
in Figure 8, and they are generally
designed to operate over a tem-
perature range of -10°C to +70°C.
There has been no compensation
design to make these amplifiers
operate over a broader tempera-
ture range as yet, but straightfor-
ward thermal designs of the indi-
vidual devices and components
will be done in the near future to
allow operation over the complete
military environment.

Future of Gunn Effect Devices
From the previous discussions,
it is apparent that the future of
Gunn Effect devices is at milli-
meter-wave frequencies, with both

T BT LS S Y

HEAT SINK AT 35°C

30 32 34 36 40
FREQUENCY (GHz)

Fig. 5 Gain and noise figure of a
two-stage InP Gunn amplifier with
saturated power greater than 50 mW.

Fig. 7 Small-signal gain of a half band
amplifier with saturated power greater
than 100 mW.
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oscillators and amplifiers being
useful components. It is planned
to develop the InP Gunn diodes
and oscillators for low-noise, low-
power applications up to 200 GHz.
Power levels sufficient for local
oscillator performance and for
some short range radars should
be possible with the InP Gunn
diode over this frequency range.
Peak pulse powers of one-half
watt at 1% duty cycles up through
100 GHz should also be available
with single diodes. Straightforward
power combining techniques will
increase both CW and pulse
powers to at least four times typical
single-diode values. Realistic
values would probably be 300 mW
of CW power and 1.0 watt of peak
power in power-combined circuits
at 100 GHz.

Perhaps the most popular usage
of an InP Gunn diode is in low-
noise and medium-power amplifi-
cation. Low-noise amplifiers, with
narrow and broadband perform-

i “
| 10 4

-10| -

i VSA-7407C | |
» 30.5 GHz

A
sl =10 0 410 +20
POWER INPUT (dBm)

Fig. 8 Transfer characteristics of the
three-stage half band amplifier.

Fig. 9 V-band solid state amplifier.
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cent. Although no pulsed ampli-
fiers have been developed to date,
power levels should be consider-
ably higher than the CW power
levels.

Below 30 GHz, Gunn effect
devices have been used almost
solely as oscillator devices, but
above 30 GHz, the excellent low
noise and broad-band properties
of the InP diode have made the
Gunn diode more versatile as an
amplifier device as well as for

ance, will be available to 100 GHz.
Narrow-band noise measures less
than 10 dB will be possible with
the broad-band noise measure at
less than 15 dB. The amplifier
bandwidth will be limited primarily
by circulator characteristics, but
a 10 GHz bandwidth design should
be available from 40 to 100 GHz.
Power levels of 100 mW will be
typical of the broad-band medium
power amplifiers and power levels
of 0.25 W to 0.5 W may be avail-
able over bandwidths of a few per-

oscillators. B

MULTIMATIC
Connector Bodies
let you
“put it all together!”

MULTIMATIC's precision machined Connector Bodies
are used on all types of connectors.
SMA-BNG-TNG-ADAPTORS = TERMINATORS-CABLE ASSEMBLIES
Many of the Connector Bodies are in stock.
Our Engineering Department also welcomes inquiries as to
particular applications. Simply send us a print of your special design.

MULTIMATIC provucrs inc.
E o e ]

\ 390 Oser Avenue, Hauppauge, New York 11788 + (516) 231-1515 /

CIRCLE 105 ON READER SERVICE CARD

147



9 150

Technical Feature

WAVE /o

&K1 %
YY)

ORjar *°

M,
@3
9,
#5 A

Investigations on the
Operating Modes of
Millimetre Wave Gunn-

osciliators

Helmut Essen
Egon Wennerscheid

Introduction

After the mm-wave Gunn-oscil-
lator had become a commercially
available component including
W-band (75-110 GHz) in recent
years, a number of publications
were dedicated to the explanation
of the operating modes of this
device'®. While its operation at
W-band frequencies was attributed
to fundamental oscillations either

in a hybrid mode or the quenched
space char59e mode in earlier pub-
lications*®, more recently the
Gunn devices oscillating at
W-band frequencies have been
claimed to operate in a harmonic
mode '™

The experiments leading to this
assumption up to now did not
take advantage of electronic tun-
ing of the Gunn-oscillator by

MIXER

|sPECTRUM-|
- | ANALYZER

LOCAL-OS-
CILLATOR
94 G Hz

| |CILLATOR

| pRECISION {

~ |ATTENUATOR|

~ |FREQUENC
METER

Fig. 1 Block-diagram of test set-up.

means of the bias voltage with
simultaneous observation of the
spectral components of the out-
putsignal. They achieved the tun-
ing strictly by mechanical means,
possibly with a certain amount of
load pulling.

Experimental Set-Up

The test set-up, shown in Fig-
ure 1, tried to minimize the influ-
ence between the output chan-
nels during the tuning of the
device. As shown in Figure 2, the
device under test was mounted
into a full height W-band wave-
guide with a tunable backshort.
Above the diode-position, a cross-
wise Q-band waveguide includ-
ingatunable plunger was coupled
to the diode by a circular hole
with the bias-pin crossing both
the Q-band and W-band wave-
guide. The Gunn-device was em-
bedded into adisc-type resonator
in a design employed usually®®

Fig. 2 Oscillator set-up.
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for W-band full height waveguide
Gunn-Oscillators.

In both the Q-band and the
W-band waveguides, the output-
signals were down-converted and
observed on a spectrum-analyzer
used for precise IF-frequency-
measurement.

From the IF-frequencies the
oscillator's spectral outputs could
be calculated from the known fre-
quencies of the stable local oscil-
lators. The use of broadband
mixers allowed the observation of
spectral components starting at
the cut-off frequency of the
Q-band waveguide at about 25
GHz to above 100 GHz at the
W-band port.

Simultaneously, the output
power in Q-band and W-band were
monitored. The GaAs-Gunn-
devices which were tested in the
above set-up had active layer
length of nominally 2.4 um (vapour
phase epitaxy)’.

Experimental Results

In order to investigate the opera-
ting modes of the device, the oscil-
lator was tuned electronically by
variation of the applied bias vol-
tage as well as mechanically by

, variation of the backshort-posi-

-l

tion in the Q-band or W-band
waveguides. During the measure-
ments it turned out that the oper-
ating mode of the device was
strongly influenced by the posi-
tion of the W-band plunger if it
was in proximity of the resonator
disc. This is due to the fact that
the plunger acts as a tuning rod if
it is sufficiently tight to the reso-
nator disc.

In cases where the W-band
backshort was sufficiently far away
from the resonator disc, two spec-
tral lines could be observed at the
Q-band port, one at about 47.5
GHz and one at about 63.4 GHz.
The corresponding spectral line
at the W-band port was found at
94.0 GHz. The bias tuning charac-
teristics of the observed spectral
components were recorded simul-
taneously and are shown in Fig-
ure 3. It is apparent that in the
case under consideration the tun-
ing behavior of the 47.5 GHz and
94.0 GHz lines are practically iden-
tical while the gradient of the 63.4
GHz tuning curve differs consider-
ably. Assuming harmonic opera-
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Fig. 4 Tuning by variation of the Q-band
backshort position. Conditions otherwise
unchanged compared to Fig. 3.
tion of the device the relations f, =
(n/m) * fn and A f, = (n/m). A f
can be used forthe determination
of harmonic numbers. Under this
supposition the harmonic num-
ber extracted from the Q-band
and W-band spectral components
is 1.5, indicating the 63.4 GHz line
to be the first and the 94 GHz line
to be the second harmonic of a
31.24 GHz oscillation. The first Q-
band spectral line at 47 GHz ob-
served simultaneously falls out of
this scheme. Moreover a spectral
component at 31.24 GHz could
not be observed, though the set
up was sufficiently broadband to
allow observation of oscillations
in this frequency region. This
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behavior makes the assumption
of harmonic operation doubtful
for the operation mode under
consideration.

A similar behavior was observed
during mechanical tuning of the
device by variation of the position
of the Q-band backshort under
otherwise unchanged conditions.
The47.5 GHz andthe 94 GHz line
show the same gradient for the
tuning characteristic while the
gradient of the 63.4 GHz charac-
teristic is smaller, leading again to
a harmonic number of 1.5 between
the 63.4 GHz and 94 GHz oscilla-
tion. Figure 4 shows the tuning
characteristic for variation of the
Q-band backshort-position; Fig-
ure 5, the output power when the
short position is varied.

While variation of the Q-band

Pw PQ
[mW1 , 150 [mW)

3.0 40 5.0
Backshort position [mm]

Fig. 5 Variation in output-power at
Q-band and W-band and W-band port by
changing at Q-band backshort position.

[Continued on page 152]
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[From page 151] INVESTIGATIONS

backshort position allowed tun-
ing of the device over a range of
about 1 GHz for 47 and 94 GHz, it
was only possible to tune the
deviceover 10 MHz by variation of
the W-band backshort position.
The W-band backshort-position
however was of substantial impor-
tance for matching the diode
towards maximum output power.

Another mode of operation
could beachieved by bringing the
W-band plunger into close proxi-
mity to the resonator disc. At a
certain position, a second spec-
tral line could be observed at the
W-band port which grew stronger
while the first line faded away
when the plunger approached the
disc. In that mode of operation
three spectral components were
observed at the Q-band port, at
47.69, 54.02 and 60.36 GHz re-
spectively with the W-band line at
94.15 GHz. The gradients of the
tuning characteristic in this case
decrease with increasing fre-
quency of the spectral line, as
shown in Figure 6. This can by no
means be explained by a harmonic
mode of operation. Figure 7 shows
the power variation as the
W-band backshort position is
varied.
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Fig. 6 Tuning characteristic of spectral
components during variation of Q-band
backshort position.

The results presented in this
paper show that the W-band per-
formance of Gunn devices can
not alone be claimed to be based
on harmonic operation, but other
phenomena have also to be taken
into account. As it was shown else-
where, Gunn devices can deliver

Pq
[mW]|[mW] Xi

100+ <

xXx Q-Band

09000 W-Band
1041 TS

4. 5.
BACKSHORT POSITION [mm]

Fig. 7 Output power at Q-band and
W-band parts during variation of W-band
backshort position. -

output power operating at har-
monic modes, butin addition other
operating modes which deliver,
substantial output power at
W-band can appear when Gunn:
diodes originally designed for
lower frequency operation are
employed in W-band oscillators
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Application Note

Simuitaneous Transmission/Refiection
Measurements Using the
Hewlett-Packard 8410B*

D.E. Bradfield

Stable Energy Sources, Inc.
Lancaster, PA

Introduction

Network analyzer measure-
ments play an importantrolein the
characterization of microwave cir-
cuits, because they provide mag-
nitude and phase information
about a circuit at a particular fre-
quency. The magnitude and phase
information is derived by compar-
ing two sources: the reflected wave
andthetransmitted wave. When a

reflection/transmission test unit’,
and a sweep frequency generator.
The sweep frequency generator
output power is sampled by a 20-
dB directional coupler. The sam-
pted signal is the reference signal
for the HP-8410B, and the other
signal is applied to the unit under
test (UUT). If the UUT does not
have an input impedance equiv-
alent to the system impedance

Fig. 1 Simplified RF schematic diagram of HP-8743A reflection/transmission test unit.

filter is characterized, it is advan-
tageous to be able to monitor
both the transmitted and the re-
flected waves simultaneously. A
technique for monitoring both
wavefronts in real time has been
developed. This paper discusses
this technique and a test system
using the Hewlett-Packard micro-
wave network analyzer (HP-8410B)
and the transmission/reflection
test unit (HP8743A).
Theory of Operation

The test system illustrated in
Figure 1 consists of the HP-8410B
network analyzer, the HP-8743A
*This paper is based upon work performed
at COMSAT Laboratories under the spon-

sorship of the Communications Satellite
Corporation.

(50 Q), a reflected wave results.
The signal at the output of the
UUT is the transmitted wave. The
operator selects the signal to be
monitored from a switch on the
front panel of the test set.

The technique for monitoring
both the transmitted and the re-
flected waves is based on the abil-
ity to independently switch the
two signals on and off. This opera-
tion can beaccomplished by using
two pulse modulators as shownin
Figure 2. A 1-kHz clock signal is
applied to a J-K flip-flop, which is
connected so that the Q and Q
outputs complement each time a
clock pulse occurs. The Q output
provides one modulator drive

PULSE
MODULATOR

PULSE
MODULATOR

Fig. 2 RF switching circuit.

Fig. 3 Simplified RF schematic diagram of the modified network analyzer system.
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signal while the Q output provides
the other. Because the RF input to
each modulator is from an inde-
pendent radio frequency (RF)
source, the output of each modu-
lator is a time sample of that RF
input. The summation of the two
outputs results in a continuous
waveform that contains an equal
timesample of the two RF sources.

Figure 3 depicts the Hewlett-
Packard measurement system
using the technique described in
the previous paragraph. The
sweeper supplies ablanking pulse
during the retrace, and this pulse
isusedto clock the flip-flop. Each
time the pulse occurs, the outputs
of the flip-flop complement.
Because the RF input to the first
modulator is the reflected wave,
andtheinput tothe second modu-
lator is the transmitted wave, the
summation of the two signals re-
sultsinatimesample of the trans-
mitted and reflected waves. The
flip-flop is pulsed once each sweep;
hence, the sample time of each
wave is equivalent to the sweep
time. Thus, the display alternates
from reflection to transmission at
the end of every odd number trace
and from transmission to reflec-
tion at the end of every even num-
bertrace. Ifthe sweep rateis high
enough, the eye cannot detect the
alternating pattern, and an effec-
tive simultaneousdisplay of trans-
mission and reflection information
results.
Conclusion

A technique for an effective
simultaneous real-time transmis-
ion/reflection measurement has
been described that makes the
tuning of filters easier because of
its dual trace capability. This tech-
nigue can be expanded to enable
a greater number of traces. A
pulse modulator must be added
foreach signal to be sampled, and
the flip-flop must be replaced with
ashift register having N bits, where
N is the number of signals to be
traced. As N increases, it may be
advantageous to chop the signals
rather than alternate them, be-
cause the sweep rate may not be
high enough to prevent the eye
from seeing each sweep of the
sequential traces.

REFERENCE

1. Reflection-Transmission Test Unit,
Operating and Service Manual, Hewlett-
Packard Company, 1972. B

MICROWAVE JOURNAL e SEPTEMBER 1982

Microwave Antenna
Engineers

Major long-term defense programs provide
a strong and stable business base for us—
and exceptional potential for technological
achievement and professional growth for
those who join us. Immediate assignments
involve a variety of advanced radar antenna
systems and the Sperry Mk 92 Fire Control
System—a fast-reacting modular system ca-
pable of continuous search, multiple tracking
and simultaneous engagement. You may also
participate in large co-sponsored research pro-
grams in radar technology.

You’ll analyze, design, build and test antennas in all frequency bands, from simple
parabolic dishes to electronic scanning and adaptive arrays. includes design and
development of confined and optical feed systems, radiating elements and
radomes, phase shifters and solid-state modules, and basic antenna system design.

Requires at least 5-8 years hands-on experience with at least 3 years theoretical
and experimental experience in antenna-microwave engineering. Also ability to
write programs for computer analysis of performance and derivation of design
parameters. BS Engineering/Physics, MS preferred.

Salaries are highly competitive and our benefits package is excellent, including
Tuition Refund for advanced studies in graduate schools specializing in antenna
technology. A popular feature at Sperry is our on-premises Athletic Club with facili-
ties for weight lifting, jogging, volleyball, indoor golf-driving and other activities.

To learn more about our stimulating
professional environment, where inno-
vation and creativity are encouraged
and rewarded, CALL COLLECT (516)
574-3291,2,3 or send a detailed resume
in confidence to: PW. Smith, Supervisor,
Employment Department ANT18, Sperry
Division, Great Neck, LI, NY 11020.

e U.S. Citizenship Required. e

=-SPERRY

We understand how important it is to listen.
Sperry is a Division of Sperry Corporation.
An Equal Opportunity Employer M/F.

LOWEST PRICED, HIGHEST QUALITY ATTENUATORS ~

BNC $11.00,5SMA$14.001-9¢a

pesmmmm| AND TERMINATIONS -BNCS$5.60 |olA,SMA$5.60!0IA,MII..HI"EL.N!'I'WORKS

Mode! Impedance Frequency UNIT PRICE (4) EFFECTIVE 8-15-82
Number (2) Ohms (Power W) Range BNC TNC N SMA UHF PC
Fixed Attenuators. 1 to 20 dB
AT-50(3) 50 (5W) DC-1.5GHz 14.00  20.00 00 18.00 - -
AT-51 50 (5W) DC-1.5GHz 11.00 15.00 15.00 14.00 - 12.00)
AT-52 50 (1W) DC-1.5GHz 14.50  20.50 50 19.50 - %
AT-53 50 (.25W) DC-3.0GHz 14.00 17.00 - 15,00 - -
AT-54 50 ( 25W) DC-4.2GHz - - - 18.00 - -
AT-750/AT-90  750r93(5W) DC-1.5GHz(750MH2)14.00  20.00 20.00 18.00 = -
Detector. Zero Bias Schottky
co-s1 50 01-4.2GHz - - - 54.00 - -
Resistive Impedance Transformers. Minimum Loss Pads
RT-50/75 50 to DC-1.5GHz 10.50 19.50 19.50 17.50 - -
RT-50/93 50 to 93 DC-1.0GHz 13.00 19.50 19.50 17.50 - -
Terminations
CT-50 (3) 50 (5W) DC-4.2GHz 11.50  15.00 15.00 17.50 - -
CT-51 50 (.5W) DC-4.2GHz 9.50 12 00 12.00 9.50 - -
CT-52 50 (1W) DC-2.5GHz 10.50 15.00 15.00 13.00  15.50 -
CT-53 M 50 (5W) DC-4.2GHz 560010 Pc)— = 5.60 (10 Pci— =
CT-54 50 (2W) DC-2.0GHz 1400  15.00 15.00 17.50 - -
CT.75 75 (.25W) DC-25GHz 10.50 1500  15.00 13.00 15.50 -
cr.93 93 (.25W) 0DC-25GHz 13.00 1500 - - 15.50 -
Mismatched Terminations. 1.05:1 to 3:1. Open Circuit. Short Circuit
MT-51 50 DC-3 0GHz 25.50  25.5 25.50 25.50 - -
MT-75 75 DC-1.0GHz - - 25.50 - -
Feed thru Terminations. shunt resistor
FT-50 50 DC-1.0GHz 1050  19.50 19.50 17.50 - -
FT.75 75 DC-500MHz 1050  19.50 19.50 17.50 - -
FT-90 93 DC-150MHz 13.00 19.50 19.50 17.50 - -
Directional Coupler, 30 d8
DC-500 50 250-500MHz 60.00 - 3 o = =
Resistive Decoupler. series resistor or Capactive Coupler. series capacitor
RD or CC-1000 1000 (1000PF)  DC-1.5GHz 18 18.00 17.00 - -
Adapters.
CA-50 (N to SMA) 50 DC-4.2GHz - - 13.00 13.00 - &t
Inductive Decouplers. series inductor
LD-R15 0.17uH DC-500MHz 12.00 18.00 18.00 17.00 - -
LD-6R8 6.8uH DC-55MHz 12.00 18.00 18.00 17.00 - -
Fixed Attenuator Sets. 3. 6. 10. and 20 dB. in plastic case
AT-50-SET (3) 50 DC-15GHz 60.00 84.00 84.00  76.00 - -
AT-51.SET 50 DC-1.5GHz 4800 8400 8400 80.00 - -
Reactive Multicouplers. 2 and 4 output ports
TC-125 0 15-125MHz 54.00 - 57.00 57.00 - -
TC-125-4 50 15-125MHz 57.00 - 81.50  81.50 - -
Resistive Power Dividers. 3, 4 and 9 ports

-2-30 50 DC-2.0GHz 54.00 - = 54.00 = -
RC-3-30 50 DC-500MHz 54.00 - - 54.00 = -
RC-8-30 50 DC-500MHz - - - 84.50 - -
Double Balanced Mixers
DBM-1000 50 5-1000MHz 61.00 - 71.00 61.00 - -
DBM-500PC 50 2:500MHz - - - - 34.00]
RF Fuse. 1/8 Amp. and 1/16 Amp,
FL-50 50 DC-1.5 GHz 12.00 18.00 - 17.00 - -

75 DC-1.5 GHz 1200  18.00 17.00 % -
1) Critical parameters fully tested and guaranteed. Fabricated from Mii Spe o
i omplete Model 4 oga . @
jectto change

(,/ end for Free rhead

Olcom sYSTEMS INC. 305-994-1774
4032 CLINT MOORE ROAD, BOCA RATON, FL 33431
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Application Note

Tunnel Diode Osciliators

Charles Blaine

Custom Components, Lebanon, NJ

The tunnel diode can be used
as a microwave oscillator and can
deliver output powers greater than
0.5mW up to frequencies as high
as 30 GHz. Some tunnel diode os-
cillators have been operated at fre-
quencies as high as 100 GHz.

Tunnel diode oscillators typically
exhibit 20 to 30 dB lower noise
than that achieved with either
Gunn-effect or avalanche oscil-
lators and they operate at high
dc-to-R.F. efficiencies under low
voltage (1.0 volts or less) dc power
supply conditions. In addition, the

GaAs tunnel diode oscillator has
exhibited extremely long life at
temperatures as high as 100°C
and is particularly useful in those
applications where size, power
drain, and long life are important.

The equivalent circuit of a tun-
nel diode oscillator is shown in
Figure 1.

In oscillator applications, the
GaAs tunnel diode provides a
voltage swing which is twice that
available from germanium and
produces four times the power
output for a given negative re-

sistance. The power output of a

EXTERNAL DIODE

CIRCUIT ™

Fig. 1 Equivalent circuit of a tunnel diode
oscillator.

Electrodeposited bellows

contacts

Servometer’s gold plated contact springs are actually tiny
bellows with one closed end. They can be: ® Mated to
diode packages e Used in blind connections e Leak
tested for use in instruments e Used to protect fragile
crystals from probe damage @ Used to absorb vibration,
temperature expansion, or tolerance build-ups.

Available in nine sizes, .037"" to 0.245"” O.D.

EREE | S

Sample o :
and

CATALOG

and varying contact pressures
from .02 to .3 02./.001".
Special designs can be made
to your specifications or
standard items can be
modified.

s H E L FOLUTIONS TO YOUR
Fl PACKAGING
| PROBLEMS
° 1oo Different Case SIzos.

ailable with or without ﬁ“’%}

nmctors

e Custom Confljutatlons to moet
your requirements are off-the-
elf.

W Compiele Line of Conslbl
Accessories -

- terminations,

279 Skidmore Road
Deer Park, N.Y. 11729

MINIATURE METAL BELLOWS

501 Little Falls Rd., Cedar Grove, N.J. 07009 (201) 785-4630

Phone (516) 667-3933
TWX 510-227-1064
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GaAs tunnel diode oscillator is
given by:

Po~3/16 (Ip - Iv) e (Vv - Vp)

. ( ¢ fo? )
fro?

where: f,o = RGN, o3
2 |Rm| C4
1/2
°<E”l - 1) and
Rs

Rs = spreading resistance
Rm=minimum negative resistance
Cj = junction capacity

Vv = valley voltage

Vp = peak voltage

Power output versus frequency
of typical tunnel diode oscillators
is shown in Figure 2.

Becausethetunnel diode exhibits
a negative resistance, it is easily
tuned over a broad range of fre-
quency and generally has a linear
frequency deviation versus tem-
perature as indicated in Figure 3.

For extremely stable oscillator
performance the tunnel diode is
easily cavity-stabilized or can be
clock locked to the harmonics of a
low frequency crystal. Cavity stab-
ilized oscillators at L band have
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Fig. 2 Oscillator Output Power.

Fig. 3 Frequency deviation as a function
of temperature for a GaAs
tunnel-diode oscillator.

exhibited a frequency stability better
than 80 kHz over the temperature
range from 20-100°C.

Main features ofthe tunnel diode
oscillator are:

low voltage operation

low noise performance

circuit simplicity

immune to radiation exposure

excellent frequency stability

high dc-to-RF conversion

efficiency

e capable of self oscillation from
dc to 100 GHz

e operating temperature: -65° to

100°C =

Watkins-Jobnson extends your source’s
frequency range to 60 GHz!

Do you have an 18 to 60 GHz signal generator need?

Do you have an 18 GHz microwave frequency
synthesizer/sweeper and a need to extend the

frequency to 60 GHz?

Do you need FULL WAVEGUIDE BANDWIDTH

outputs to 60 GHz?

If s0, a Watkins-Johnson Company frequency extender
is the answer. This is a self-contained unit with
matched-amplifier doubler/tripler. Standard waveguide

outputs are provided. For higher power and/or higher
frequencies (60 to 110 GHz), contact the factory.

For more details,
call Watkins-Johnson Company,
Applications Engineering,

2525 North First Street, San Jose, CA 9513 1. Telephone (408) 262-1411, ext. 507.
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Input Frequency’
(GHz)

131020
13.33t0 20
9to 13

8.66 to 13.33 26 to 40 3

Output Power?
(dBm)

Output Frequency
(GHz)

26 to 40
40 to 60
18 t0 26 +7

Notes: 1. Input power 0 dBm minimum
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2. Guaranteed. Typical 3 dB higher
The frequency extender product line complements
Watkins-Johnson’s WJ-125X Frequency Synthesizer and
the WJ-1204-1 Synthesized Signal Generator to provide
frequency coverage from 0.01 to 60 GHz.
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1kW Solid State L-Band
Uplink Transmitter

M/A-COM MPD, Inc.
Hauppauge, NY

A fully solid state one kilowatt
satellite uplink transmitter subsys-
tem has been produced by M/A-
Com Microwave Power Devices,
Inc. Operating over the 1750-1850
MHz band, the mobile or fixed
transmitter communicates to an
orbiting satellite via frequency or
phase-modulated signals. As part
of the SGLS (Space Ground Link
Systems) program, the transmitter
subsystem can be used to control
the satellite’s propulsion system
for orbital positioning, the trans-
ponder for data retrieval, and var-
ious other control functions.

The block diagram of the trans-

mitter subsystem is shown in Fig-
ure 1. The amplifier chain con-
sists of a 15W, 40 dB gain driver
amplifier feeding eight plug-in
power amplifier “books”, whose
outputs are combined to achieve
the required final output power.
Each power amplifier “book”
delivers a minimum of 200 watts
and provides 23 dB gain. Asshown
in Figure 2, each “book” consists
of a three stage driver and a
balanced intermediate power am-
plifier module, followed by four
balanced power amplifier modules
operating in parallel. The four-
way divider and combiner are iso-
lated Wilkenson type couplers.
The amplitude and phase of the
output signal is adjustable by a
regulatorand an electronic phase

shifter, respectively. A circulator
at the output of each “book” pro-
tects the final power amplifier
devices against high load VSWR’s,
including open and short circuit
conditions.

The output combiner of the
transmitter subsystem is of the
air-stripline form, and includes a
transition intoa 1-5/8" coax flange
output connector. The combined
output power is fed thru a low
pass filter for harmonic rejection,
adual directional coupler to moni-
tor forward and reflected powers |
and, finally, a waveguide switch |
which selects the output load cir-
cuit, either the built-in dummy
load or external antenna.

The loss from the PA “book” |

output to the main output of the
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Fig. 1 Block diagram of satellite uplink transmitter subsystem.

[Continued on page 160]
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