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Technical Feature

Passive Direction Finning 
and Signal Location

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

Introduction
This paper addresses 3 types of 

passive location of stationary, 
ground based emitters from air- 
borne platforms (Figure 1):

• the azimuth/elevation (AZ/EL) 
location technique which yields 
single pulse instantaneousemitter 
location,
• conventional triangulation,
• multiple aircraft time difference 
of arrival (TDOA), an extension of 
phase interferometry v\ ith spacing 
between antenna e lem ents 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 m ilitary w ith critica lly 
important data which can influ- 
ence the outcome of a m ilitary 
engagement as h igh ligh ted by 
recent events in Lebanon and the 
Falkland Islands. Israeli success 
in elim inating the Syrian surface-

to-air missile sites was due in part 
to information derived from pas­
sive Electronic Warfare (EW) Sys­
tems. Sim ilarly the success of the 
Exocet missile in destroying the 
British ship HMS Sheffield under- 
scorestheneed forearly detection, 
iden tifica tion , and loca tion  of 
radiating hostile missile threats.

—Emitter Identification
Emitter ID requires identifying 

and a ssoc ia tin g  c o n se cu tive

pulses p roduced by the  same 
em itter from a contem poraneous 
Population of pulses in the IF 
receiver passband. O nce a Signal 
is isolated the single pulse para­
meters are com b ined  w ith  the 
derived pulse repetition interval 
(PRI) and the em itter’s scan rate 
(derived by processing the pulse 
amplitude measurements) to iden- 
tify  the emitter by m atching meas- 
ured parameters w ith a previously 
stored listing.

MICROWAVE JOURNAL •  SEPTEMBER 1982 59



— Precision Direction of
Arrival (DOA)

The em itte r’s DOA is not easily 
va ried  so it is a very re liab le  
m onopulse sorting parameter for 
both  em itter iden tifica tion  and 
location. In addition precise DOA 
in form ation  can be used to point 
h ighly directional jamming anten­
nas to increase effective jamming 
power and better screen pene- 
tra ting  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 
fie ld  passive d ire c tion  find ing  
Systems using two orthogona l 
arrays can measure the signal’s 
azim uth and elevation angles with 
high precision using interferomet- 
ric techniques.
Direction Finding Techniques 

—Amplitude Comparison
Am plitude comparison DF is 

used by v irtu a lly  all cu rren tly  
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 rece iv ing  the 
strongest Signal. A comparison of 
am plitudes 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 fu n c t io n  o f co m p on e n t 
matching and signal-to-noise ratio 
at the comparison level. Calibra- 
tion reduces amplitude mistrack 
due to  com ponents and pulse 
amplitude averaging reduces mis­
track due to noise. In an octave 
bandw id th  system com ponent 
variations cause amplitude mis­
tracks of typically 3 dB. Total 
am plitude mistrack is the Root- 
Sum-Square (RSS) of the com­
ponent and noise induced mis­
track.

Figure 3 shows requirements 
fo r d ifferent 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 d ifference 
between the RF signals at each 
antenna as shown in the figure.

I
e
d
o
ö

On small fighter aircraft d=1 to2 
feet so the tim e d iffe rence  is 
usually less than one nanosecond. 
D irect measurement of time re- 
quires a very wide band receiver, 
h ighly precise clock, and very 
high speed logic. Consequently 
the time difference of arrival tech- 
n ique  is used on ly  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 m ini­
mum pulsewidth to be processed 
(5 MHz) fo r a 100 ns pulse appro- 
priate to modern ESM Systems.

The in terferom eter antennas 
typ ically have 90 degree beams. 
DF accuracy and resolution are 
achieved by IF or RF processing.

Fig. 3 Am plitude mistrack and 
beamwidth requirements for 

various DOA accuracies.
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[Continued on page 62] 
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|From page 601 PASSIVE DIRECTION
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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, perm itting pre­
cise DF on both signals.

In an interferometer the locus 
of points that produces the same 
time or phase delay forms a cone. 
The indicated angle is the true 
azimuth angle m ultip lied by the 
cosine of theelevation 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 
elim inate this error. Any two lin- 
early independent measurements 
are sufficiënt 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, butthe

62

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

—Multiple Baseline Theory
The multip le baseline interfero­

meter combines high accuracy 
with a wide unambiguous fie ld of 
view (Figure 5). As the baseline 
increases the phase d ifference o f 
a plane wave with respect to the 
reference antenna increases. The 
phase difference is measured by a 
phase discrim inator in the receiver. 
Phase quantization up to eight 
bits has been achieved.

F igure 5 illu s tra te s  fo u r-b it  
phase quantization fo r both har­
monie and nonharmonic m ultip le 
baseline interferometers.

out over the fie ld of view, rather, 
the spacing ratios separate am- 
b iguities of each array th rough  a 
sim ple tru th  table. If RF and IF 
phase m istrack is w ith in  thespec- 
ified tolerance, sim ple log ic can 
compensate fo r it by s im ply man- 
ipu lating a d ig ita l code to  select 
the appropriate wide base line 
ce lI. The accuracy of the in ter­
ferom eter is thus determ ined by 
the phase error of the w idest 
baseline antenna pair. N onhar­
monic interferom eters have been 
implemented over nine to one 
bandwidths with operationa l ac­
curacies from 0.1 to 1 degree rms.

The principal advantage o f the 
nonharm onic in terferom eter over 
the harm onie is its g rea tly  in -

Fig. 5 M ultip le-baseline interferometer.

An e rro r made in reso lv ing  
in te rfe ro m e te r a m b ig u itie s  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 gross error 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 
o f less tha n  1% are re a d ily  
achieved. Pulse to pulse correla- 
tion can d ig ita lly  filte r 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-

F ig .6  DOA accuracy at boresight and 
45 degrees off boresight as a func tion  
of outer antenna spacing (A <p = 15.7°).

IC on tinued on page 6 4 1 
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Avantek
Reliable

Microwave
Transistors

A complete line of hermetically 
p a c k a g e d  ( and c h i p ) ,  g o l d-  
metallized transistors. Made in 
America, backed by Avantek and 
available from stocking distributors 
throughout the country.

Low Noise:
Silicon bipolar, 10 MHz through 

6 GHz
NF as low as: 1.0 dB; 60 MHz

1.8 dB, 2 GHz
2.8 dB, 4 GHz

GaAs FETs, 1 through 45 GHz 
0.9 dB, 4 GHz 
2.0 dB, 18 GHz

Power:
Silicon bipolar, 100 MHz through 

6 GHz
P0 (1 dB gain compression) up to: 

+25  dBm at 2 GHz 
+ 2 8  dBm at 4 GHz 

GaAS FETs (including IMFET™ 
internally matched GaAs FETs) 

500 MHz through 26 GHz 
+ 3 4  dBm, 3 .7-4 .2  GHz,
5.9-6 .4  GHz 
+ 2 7  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

/'Iiar'i e «  OM RPADFR SFRVICF CARD

creased bandwidth fo r nonam big- 
uous coverage. The requirem ent 
forno more than half wavespacing 
at the maximum frequency and 
one wavelength perim eter at the 
minimum frequency (to  not de- 
grade gain) set the o p e ra tin g  
bandwidth o f the harm onie sys­
tem at tt/2. W ider band Systems 
can be built to cover narrower 
angular sectors using auxilia ry 
techniques to locate the sectors, 
but the ir c h a ra c te ris tic s  d o n ’t 
approach the nonharm onic Sys­
tems which have been bu ilt to 
operate over 2 - 1 8  GHz w ith no 
ambiguities over ±90 degrees.

Additional antennas can provide 
increased accuracy th rough in- 
creased baseline and extend the 
unambiguous fie ld o f view, but at 
the expense o f increased size, 
weight, and cost.

—DF Accuracy
Interferometer DF accuracy is 

determined by th e w id e s t baseline 
pa ir lim ited  by e rro rs  due to  
quantization of the phase d iffe r­
ence, phase bias from  com ponent

m is track , im p e rfe c t fre q u e n c y  
correction, and phase bias due to 
receiver noise. As in the am plitude 
DF system, pulse averaging re­
duces the effects o f receiver noise 
at threshold levels.

T yp ica lly , m u ltio c tave  m ic ro ­
wave antennas track  to  six e lec- 
trica l degrees and receivers to 
nine, a tota l RMS phase m istrack 
o f 11 e le c tr ic a l degrees. A t a 
typ ica l 16 dB signal to  noise ra tio  
the  RMS phase n o ise  is n in e  
e lectrica l degrees. The quan tiza ­
tion  e rro r can be made a rb itra rily  
small. Frequency m ust be known 
tode term inethe  e lectrica l spacing 
of the antenns.

Figure 6 shows e rro r as a fun c - 
tion  o f antenna spacing fo r a 15.7 
e lectrica l degree phase m istrack 
error.
Location Techniques 

—Azimuth/Elevation (AZ/EL)
Em itter loca tion  by m easuring 

azim uth angle o f arriva l o f the 
signal and the slant range to  the 
em itter (AZ/EL) requires on ly  one 
a ircra ft and (theo re tica lly ) on ly

TABLEI
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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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 e rro r (100 feet a ltitude ,
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 s ligh t fo r 
typical slant ranges, but the target 
topography error can be sign ifi­
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 to meet your projecfs specific 
requirements.
Boeing Company and 
Hughes Aircraft selected 
Sage as supplier of rotary 
joints for the crucial Roland

missile program. They knewthat 
Sage engineers would work with 
their own to develop a highly reliable 
rotary joint specifically for the missile 
and its tracking 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.

a s a q e
^ L A B O R A T O  R IE S , I IM C.

3 Huron Drive • Natick, MA 01760 
(617) 653-0844 -TWX: 710-346-0390
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power
splitter/

combiners
2 way 0°

10 to 1500 MHz
only $49g5 (4-24)

AVAILABLE IN STOCK FOR 
IMMEDIATE DELIVERY

•  rugged 11/4 in. sq. case
• 3 mounting options-thru hole, 

threaded insert and flange
• 4 connector choices

BNC, TNC, SMA and Type N
• connector intermixing

male BNC and Type N available

ZFSC-2-5 SPECIFICATIONS

FREQUENCY (MHz) 10-1500 
INSERTION LOSS,
above 3 dB TYP. MAX
10-100 MHz 0.25 0.6
100-750 MHz 0.5 1.0
750-1500 MHz 0.8 1.5
ISOLATION, dB 25
AMPLITUDE UNBAL, dB 0.2 0.5
PHASE UNBAL., 
(degrees) 5 10

IMPEDANCE 50 ohms

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

For M in i Circuits sales and distributors listing see page 133.

finding new w ays... 
setting higher Standards

C3Mini*Circuits
A Division of Scientific Components Corporation 

World s largest manufacturer of Double Balanced Mixers
2625 E. 14thSt. B'klyn.N.Y. 11235(212)769-0200

C 88-3 REV. ORIG.

66 CIRCLE 47 ON READER SERVICE CARD
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Fig. 9 Triangulation range uncertainty.

both azimuth and elevation simul- 
taneously, providing single pulse 
em itter location. Normally a num- 
ber o f pulses are measured and 
averaged to reduce S-N effects.
—Triangulation

Total phase ranging has fu lly 
resolved phases as its measur- 
ables. For these measurements, 
the  locus of possib le  em itte r 
positions corresponding to a given 
measurement is a cone with its 
axis o f symmetry along the base­
line o f the interferometer. Emitter 
lo ca tion  is determ ined 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 
fo rm ing  triangles (i.e. triangu- 
lation).

Figure 8 relates measurement 
uncertainties, geometrie 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 hearings are 
close to boresight. Equations are 
given in the appendix.

Figure9 shows ranging Variation 
with DOA accuracy, range, and 
c o lle c tio n  time fo r a p latform

velocity of 400 kts. Although two 
measurements are all that are 
needed to  com pute  a unique 
em itter location, Statistical aver- 
aging o f many measurements 
improves accuracy.

•F AIRCRAFT

[ RECEIVER 3
| PROCESSOR 

CENTRAL STATION
]

□
DISTANCE 

MEASURING 
1 EQUIPMENT

L
FEATURES

•  MOST ACCURATE
LOCATION 

TECHNIQUE 
•  3 AIRCRAFT 

REQUIRED 
•  USES INVERSE 

LORAN
• REQUIRES PRECISE

KNOWLEDGE OF 
AIRCRAFT POSITION 

APPROACHES
•  AIRCRAFT ACTS AS

REPEATER
• TDOA MEASURE 

MENT MADE AT
CENTRAL STATION

• TOA MEASUREMENT 
MADE AT AIRCRAFT
(REFERENCED TO 

RUBIDIUM 
STANDARD

• TOA AND OTHER 
EMITTER ENCODED 
PARAMETERS DATA 
LINKEDTO CENTRAL

STATION

Fig. 10 Time difference of arrival 
location technique (Pulsed Signals).

—TDOA
Interferometry is a special case

[Continued on page 68]
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D o u b l e  B a l a n c e d

Lorch Electronics is proud to announce a new series of microwave 
mixers with extremely low conversion loss — at affordable prices. 
Single side band conversion losses range from 4.5 dB for the Tacan 
Band (0.960-1.215 GHz) to 5.5 dB for X-Band (7.125-7.750 GHz). The 
ultra-low conversion losses achieved with our mixers are guaranteed to 
be maximum (not typical) values, and result from a breakthrough in 
technology.

Frequency 
Range, RF 

(GHz)

Frequency 
Range, IF 

(GH z)

Convers ion 
Loss 

(dB max)
Model

Number
0.9601.215 DC .200 4.5 FC-325A
1.700-2.500 DC-.200 5.0 FC-325B
3.700-4.200 DC-.500 5.3 FC-325C
3.700-4.200 DC-1.100 5.3 FC-325CD
4.400-5.000 DC-.500 5.3 FC-325D
DC-1.100 5.900-6.400 5.5 FC-325U1*

5.900-6.400 DC-1.100 5.5 FC-325DE
7.250-7.750 DC-1.100 5.5 FC-325E
7.900 8.400 DC-1.100 5.5 FC-325F
9.000-9.500 DC-1.100 5.5 FC-325G

10.000 10.500 DC-1.100 5.5 FC-325H
*Up-Converter

FC-325-A CONVERSION LOSS (dB) FC-325-E CONVERSION LOSS (dB)

RF FREQUENCY (GHz) RF FREQUENCY (GHz)

Specific models of our Series FC-325 are designed for the most populär 
frequency ranges. Other bands can be covered, if your requirement 
demands it. For complete details write for Data Sheet FC-803.
Better yet: call us!

LORCH ELECTRONICS CORP.
105 CEDAR LANE, ENGLEWOOD, NJ 07631 • (201) 569-8282 • TWX: 710-9718

s /

o f T D O A  w h e re  th e  d is ta n c e  
between rece iv ing  antennas is 
small com pared to  the d istance to 
the em itte r so tha t incom ing  elec- 
trom agnetic  waves can be m od­
eled as plane waves and the actual 
hype rb o lic  m easurem ent locus 
approxim ated by its conical as- 
ym ptote. TDOA systems, on the 
o the r hand, are m u lti-p la tfo rm  
systems where the p la tform  (and 
antenna) spac ing  is no t sm all 
com pared to the em itte r range. 
A lthough two a irc ra ft could  be 
used fo r a s ing le  baseline and 
ranging with several pulses, TDOA 
system s are m ore apt to  use three 
a ircra ft, and thus tw o  baselines, 
to range on a s ing le  pulse.
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The com plex ities  o f a m ulti- 
p la tform  system are great, but 
such a system provides the ab ility  
to range on a s ing le  pulse and 
thus, range on m oving em itters 
and in all d irections.

Perhaps the m ost s ig n ifican t 
feature o f TDOA is that, as w ith 
triangu la tion , the accuracy de- 
pends on the bearing spread, the 
angle subtended at the em itter by 
the three a ircra ft. By spacing the 
a ircra ft su ffic ien tly  far apart very 
a ccu ra te  ra n g in g  can be per- 
formed at very long ranges.

A lthough  s im ila r in basic con­
cept, in terfe rom eter and TDOA 
ra n g in g  sys tem s have several 
im portant d ifferences. In TDOA 
system s, tim e d iffe rences  are 
measured using pulse leading 
edges rather than relative phase. 
As a consequence, TDOA systems 
cannot range on CW signals.

An in te r fe ro m e te r m easures 
phase d ifference essentia lly by 
c ross  c o rre la t in g  tw o  s ig n a ls  
whose phase d iffe rence is deter- 
mined (ideally) on ly  by the signal 
path length d iffe rence  p rio r to the 
antennas, a TDO A system meas­
ures tim e -o f-a rriva l d iffe rences 
between signals arriv ing at non- 
colocated receivers. E ithera  com ­
mon re fe rence  c lo c k  m ust be 
provided to a ll the a ircra ft, o rtim e  
o f a rriva l In fo rm a tion  m ust be 

[C on tinued  on page 70]
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11.5dB
direcfional

couplers

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 (F igure 10). Three 
surface based distance measuring 
equipment (DME) sites provide 
the necessary inform ation about 
the distances from  the a ircra ft to
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ent in interferom eter systems, but 
which u ltim ately lim it the accur­
acy of TDOA ranging systems.

Because some locations may 
see m ainlobe signals whiIe o thers 
see sidelobe signals, TDOA sys­
tems must detect and leadingedge 
estim ate over a w ide received 
signal power range. S ignals must 
be matched to a particu la r emitter,

i \
0.5 to 500 MHz

only $1195 (ws>
IN STOCK . ..IMMEDIATE DELIVERY

• MIL-C-15370/18-002
performance*

• low insertion loss, 0.85dB
• high directivity, 25dB
• flat coupling, ±0.5dB
• miniature, 0.4 x 0.8 x 0.4 in.
• hermetically-sealed
• 1 year guarantee

*Units are not QPL listed

PDC 10-1 SPE C IF IC A TIO N S

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

C3Mini-Circuits
A Division of Scientific Components Corporation 

World's largest manufacturer of Double Balanced Mixers
2625 E. 14thSt. B'klyn, N.Y. 11235(212)769-0200

C 79-3 REV B

the central processor. These DME 
sites also take the em itter position 
relative to the aircraft and translate 
it to fixed geographic coordinates. 
For either of the two time d iffe r­
ence measurement configurations 
described above there are new 
error sources which are not pres­

and several a ircra ft and several 
g round  stations m ust opera te  
sim ultaneously, which requires 
high re liab ility  o f the ind ividual 
systems. Even w ith such potentia l 
Problems the perform ance advan- 
tages o f TDOA system s have 
justified  their development.

T A B L E  II
DIRECTION OF ARRIVAL MEASUREMENT TECHNIQ UES

Amplitude Comparison Phase Interferometer
Sensor
Configuration Typically <  <Beamwidth 2 or More RHC or LHC Spirals 

In Fixed Array
_ _  02bwA C

DF Accuracy DFacc ~  _ .
24dB S

(Gaussian Antenna Shape)

DFacc-  " A 6 2ttó COS 6

DF Accuracy 
Improvement

•  Decrease Antenna BW
•  Decrease Amplitude 

Mistrack
•  Increase Squint <

•  Increase Spacing of Outer 
Antennas

•  Decrease Phase Mistrack

Typical DF 
Accuracy 3°To 10° RMS 0.1° To 3° RMS

Sensitivity To
Multipath/
Reflections

•  High Sensitivity
•  Mistrack of Several dB Can 

Cause Large DF Errors

•  Relatively Insensitive
•  Interferometer Can Be Made 

To Tolerate Large Phase 
Errors

Platform
Constraints

•  Locate in Reflection Free 
area

•  Reflection Free Area
•  Real Estate For Array
•  Prefers Flat Radome

Applicable
Receivers

•  Crystal Video
•  Channelizer
•  A/O
•  Compressive
•  Superhet

Superhet

Measurement
Technique

T A B L E  I I I
Emitter Location Techniques 

Advantages Disadvantages

Triangulation •  Single Aircraft

•  Non Instantaneous 
Location

•  Inadequate Accuracy 
For Remote Targeting

•  Not Forward Looking

Azimuth/Elevation
•  Single Aircraft
•  Instantaneous 

Location Possible

•  Accuracy Degrades 
Rapidly At Low Altitude

•  Function of Range

Time Difference Of 
Arrival (Pulsed 
Signals)

•  Very High Precision 
Can Support Bomb By 
Position 
Requirements

•  Very Rapid Can Handle 
Short On Time Threat

•  Very Complex Diverse 
Systems Required

•  At Least 3 Aircraft
•  High Quality Receivers

•  DME (3 Sites)
•  Very Wide Band Data Link
•  Very High 

Performance Central 
Processor

•  Requires Very High 
Reliability Subsystems

[C on tinued  on page 72
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MIL-C-14409
and

Johanson
Variable Capacitors...

TWO TIMES ACTUAL SIZE

Now qualified to MIL-C-14409 are Johanson high performance 
Giga-Trim® Capacitors, military styles PC21, PC22, PC23, and 
PC24. Air dielectric capacitors are available in m ilitary styles 
PC25 through PC32. These rugged sapphire and air d ie lectric 
trimmer capacitors meet the highest Standards of quality and 
reliability. From the early space programs to today’s sophisti­
cated military electronic circuitry, Johanson Variable Capacitors 
continue their record of outstanding service.

Electronic Accuracy through Mechanica! Precision

Manufacturing Corporation
Rockaway Valley Road Boonton, New Jersey 07005 

201-334-2676 TWX 710-987-8367

U.s. Patent No. Re30,406
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Conclusion
Of the two key d ire c tion  fin d in g  

techniques and three em itte r lo­
cation approaches, no s ing le  ap- 
proach in e ither ca tegory is best 
fo r all app lications. T he ir p roper- 
ties are sum m arized in Tables 2 
and 3.

While the am plitude com parison 
DF a p p ro a ch  has been m o s t 
heavily used in the RWR product 
area, it does not p rovide h igh 
enough DF accuracy to  suppo rt 
e ither weapon con tro l system s or 
accurate em itter range m easure­
ment, and is sensitive to reflections 
and multipath effects. Phase in ter­
ferometers, on the o the r hand, 
provide 10:1 better DF accuracy 
fo r the same frequency range, but 
are more elaborate, so are con- 
fined to those ESM system s w ith  
very dem anding requ irem en ts . 
They usesuperheterodyne receiv- 
ers almost exclusively.

Rotating, high gain antennas 
can be used w ith  cen tro id ing  or 
monopulse, bu tfle x ib ility  is lim ited 
and wide open receivers m ust be 
usedto m in im ize tim e to  intercept, 
a disadvantage in a dense signal 
environment.

Future developm ent o f broad- 
band phased arrays w ill perm it 
n o n c o n tig u o u s  s a m p lin g  and 
adaptive  re v is it o f the  sp a tia l 
environment and provide the flex- 
ib ility  that m echanical system s 
lack.

Am plitude and phase com pari­
son systems have been treated 
separately, but some ESM systems 
com bine both, e ither as tw o sep­
arate systems o r com bined at RF 
of IF as in the Rotman lens w h ich  
provides füll array gain at many 
ports s im u ltaneous ly . A phase 
interferom eter dual o f th is  type 
combines a c ircu la r array w ith  a 
variant o f a B utle r m atrix  in w h ich  
one ou tpu t port provides 360 
degrees e lectrica l phase fo r 360 
degrees azimuth, w h ile  add itiona l 
ports provide m ultip les o f 360 
degrees e lectrica l phase fo r 360 
degrees azim uth, s im ila r to  a 
m u ltip le  e lem ent lin e a r in te r­
ferometer.

Of the three location techniques, 
two can be im plem ented w ith  a 
single platform , w h ile  TDO A re- 
quires m ultip le  p latform s. As a 
result it is less w ide ly deployed 

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

Conformal antenna design, 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 optim ized fo r the specific 
application by balancing data rate 
and accuracy against reliability, 
cost, and size.

APPENDIX

C = Log
g  2m  

G ,(0 i)
( 1)

Gn(0n) is gain of antenna n at angle ö„ from 
boresight.

The measured DF angle is given by:

where

^BW C 
48.1 (S/2)

( 2 )

0bw = Beamwidth of the Antenna in Degrees 
C = Am plitude Comparison Ratio in dB 
S = Squint Angle in Degrees

DF accuracy (AB) is
62bvi AC

AB =- (3)48.1 (S/2)
If S = 8, then the am plitude m istrack equa- 
tion reduces to

ff2Bw A C  (4)AB
24.05

noise induced m istrack. The single Chan­
nel amplitude e rro r due to receiver noise is 
given by

AA =
6.14dB

V "S N R
(5)

where

360 d
• sin 8 ( 6 )

<p is phase difference between signals re- 
ceived at each antenna 

d is antenna spacing 
8 is angle of arrival of signal 
A is wavelength of signal 
The unambiguous fie ld  of view, 0U, o f the 
two element interferom eter is

The spatial angular error, A 8, as a function  
of the electrical phase error, A 0 , is readily 
derived by differentia ting equation 6 to 
obtain:

A 0  ■
A<p Aip

(360d/T) (cos 8) 360 df cos 8
( 8 )

where
A 8 = spatial angular error 
Aip = electrical phase error 

8 = spatial angle of arrival 
d = end element spacing

f = frequency 
c = speed of light

(A f) 57.3
Erropoegreest —  ̂ tan 8 (9)

A f  = frequency e rro r 
f = frequency 
8 = angle of signal arrival

8, is azim uth angle o f arrival, 0 , is e levation 
angle of arrival, h, is a ltitu d e  o f the a ircraft, 
w ith  respect to  the em itter.

S lant Range R =
h

sin 0
Percent range accuracy is

R f v h '  v tan <p' )
where

( 10)

( 11)

<5h = A ltitud e  E rror
<50 = Depression Angle Measurement Error 

<5R = S lant Range E rro r
h = Altitude between Platform and Emitter 
R = S lant Range 
0  = Depression A ng le

Triangu la tion  Ranging E rro r erR 

R ’  N A 8
( 12)

R is nom inal range, A d  is bearing spread, 
N is num ber of in te rcep ts  and a g is the 
angu lar m easurem ent error.

o aoÄ
Öa = ' -----7"~ (13)

0 2 n ó  cos 80
angu lar m easurem ent error, crg, the nom i­
nal em itte r bearing, 80, and the m easure­
ment system ’s e lec trica l phase error, a 0.

[C on tinu ed  on page 76]

H P’s Small Wonders
Now! M easure peak  
power conveniently.
HP’s direct-reading peak power meters eliminate 
computation errors commonly made with “average” 
power/duty cycle. HP’s 8900C (analog) and 8900D 
(digital) meters use the 84811A detachable power 
sensor and can also measure peak power of irregulär 
pulses.

• 100 MHz to 18 GHz
• 0 to + 2 0  dBm (1 to 100 mw)
• Direct reading, lps to CW, 100 Hz to 100 kHz
• Compare mode measures down to 100 ns pulses
• Up to 60 dB correction for extemal signal couplers

‘ Prices: 8900C, S1800; 8900D, $2300; 84811A, $700. 
For more information, call your nearby HP sales 
office. Or write Hewlett-Packard Co., 1820 
Embarcadero Road, Palo Alto, CA 94303.

0401206

Whp% HEWLETT
wLKm  p a c k a r d

•D o m e s tic  U.S. prices only.
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You wanted our 
Epsilam 10,.but with 
improved water 
resistance and tighter 
dielectric constant.”

Mike Toner 
Manager
Microwave Products 

Laboratory/3M

“We now 
deliver ± .25”
“Epsilam 10® is a copper-clad, ceramic-filled 
Teflon® alternative to alumina substrates. 
Durable, large sheets, 100%tested and 
certified for thickness and a Er of 10.2. But 
stripline and microstrip designers wanted 
more. So we now deliver improved tolerance 
of ±  .25 instead of ±  .5, together with greatly 
improved resistance to water absorption.”

And “deliver” is a key word. 3M manufactures 
and inventories a füll line of quality substrates 
from Er 2.17 to Er 10.2. A major commitment 
infacilities, equipment and personnel assure 
you of product when and where it’s needed.

For a FREE füll line selection guide, write 
on your Company letterhead to: Microwave 
Products/3M, 223-4, St. Paul, MN 55144.
Teflon® is a registered trademark of DuPont Company.

3M Hears You.. .

3M

Charles B. Hofmann
has been engaged in 
the deve lopm ent o f 
electronic warf are Sys­
tems fo r 18 years. He 
is presently Vice Pres­
iden t o f E ng ineering  
at the A m ecom  D iv i­
s io n  o f L itto n  S ys­
tems, Ine., where he 
has been em ployed  
fo r  the past 12 years.
He is responsib le  fo r 
a ll eng ineering  tech- 
n ica l and adm in is tra­
t iv e  a c t iv i t ie s  fo r  
A m ecom ’s en tire  p ro ject line that includes e lec tron ic  warfare, 
C om m unications, te lecom m unica tions and ra d io  n a v ig a tio n  
systems. Previously, at Amecom, Mr. H o fm ann  was P rogram  
M anager fo r the developm ent o f the Passive D e tec tion  System  
[A N /A LR -59] fo r  the Navy's E-2C A ircraft. He was E ng inee ring  
Program  D irec to r fo r  the developm ent o f the Term inal C o n tro l 
Voice S w itch ing  System presently opera tiona l at the D a lla s /F o rt 
W orth A irport. Mr. Hofm ann  was also D irec to r o f  the E ng in ee ring  
P roduct D evelopm ent Directorate, responsible fo r the des ign  o f  
a ll e lec tron ic  Subsystems. Mr. Hofm ann received a B.S.E.E. from  
Leh igh  U n ivers ity  in  1961 and an M.B.A. from  the C o lum b ia  
U nivers ity  G raduate School o f Business in 1963.

Allan R. Baron has
been engaged in the 
developm ent o f e lec­
tro n ic  w arfa re  Sys­
tems fo r 23 years. He 
is presen tly  D irec to r 
o f E lectron ic  Warfare 
Systems Engineering  
at the Am ecom  D iv i­
s ion  o f L itto n  S ys­
tems, Ine., where he 
has been em ployed  
fo r the past 12 years.
W hile at Am ecom  he 
was responsib le  fo r 
programs that demon- 
stra ted the feas ib ility  o f the B inary Beam P recis ion D irec tion  o f  
A rriva l and Instantaneous Frequency M easurem ent In te rfe ro ­
m eter Techniques. He played a key role in the acq u is itio n  and  
developm ent o f a num ber o f m ajor e lec tron ic  warfare system s  
in c lu d in g  the Passive Detection System [A N /A LR -59 ] fo r  the  
Navy's E-2C A irbo rne  Early Warning A ircra ft, and the A N /A L Q -  
125 Tactical E lectron ic  Reconnaissance Sensor [TE R E C ] fo r  the 
A ir  Force's RF-4C figh te ra ircra ft. He has also d irec ted  A m e co m ’s 
Independent Research & Development [IR A D ] p rog ram  and  
he lped trans ition  its products in to  D oD -sponsored exp to ra to ry  
deve lopm ent pro jects. Mr. Baron received a B.E.E. from  the C ity  
College o f New York in 1956 and an M.S.E.E. from  the P o ly techn ic  
Ins titu te  o f B rook lyn  in 1962. His graduate stud ies em phasized  
com m unica tion  and con tro l systems.

Kenneth P. Davis has
w orked  in the areas 
o f radar and ESM fo r 
live years. He is pres­
en tly  a S en io r Mem- 
ber o f the Technical 
S ta ff at the Am ecom  
Division o f L itton Sys­
tems, Ine., where he 
has been em ployed  
for the past 2xh  years.
He has w orked  w ith  
in te rfe rom ete rs  and  
w ith loca tion  techn i­
ques fo r several p ro j­
ects, in c lud ing  devel- 
op ing  the passive ranging algorithm  fo r the A N /ALR-73, an 
update o f the Passive Detection System fo r the N a vy ’s E-2C  
aircraft. He received BS degrees in M athem atics [1975] and  
E lec trica l E ng ineering [1977] from  M IT and is c u rre n tly  com p le t- 
ing an MSEE from  the University o f M aryland in C o llege Park. ■
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Phasen Arrays 
tor ECM Applications

Irwin Bardash
Sedco Systems, Inc. 

M elvi Ile, NY

Introduction
The phased array antenna has 

been applied to just about every 
radar application ranging from 
large multifunction radars to tac- 
tical m issilecontrol 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 
fortheadaptation 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 
phased array probably contributes 
its most significant upgrade for 
ECM applications. By providing 
capabilities such as polarization 
diversity and microsecond beam 
shaping and m odulation, the 
phased array hasadded newdimen- 
sions to the ECM system. High 
effective radiated power is always 
a requirement for radar and/or 
ECM applications. Size, weight, 
and powerconsumption are often 
lim itations on the thermal power 
that can be generated by an ECM 
transmitter Subsystem. Traditional

omnidirectional antennas do not 
provide sufficiënt gain or angular 
discrim ination. Larger mechan- 
ically rotated antennas may have 
required gain but can not provide 
rapid angularcoverage. Switched 
horns sufferfrom high cross-over 
losses and require excessive real 
estate. The phased array overcomes 
these deficiencies and provides 
the high gain and rapid scanning 
over a large coverage sector needed 
Tor present and future high ERP 
ECM systems.

The flexible angular coverage 
available with a phased 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 
beyond that range. Matching tech­
niques 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 stra igh tfo rw ard  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 w ill become avail­
able.

The high switching speed pro­
vided by the latching ferrite phase

sh ifte r a nd /o r d iode phase sh ifte r 
(or sw itch) is idea lly suited for 
ECM a pp lica tions . The  fe rrite  
device can change phase States in 
200 nanoseconds to 5 m ic ro - 
seconds and provide low  loss, 
broad bandwidth performance rela­
tive ly easily. The d iode device can 
also be made broadband and has 
exceptionallygood sw itching speed 
but has h igher insertion  loss.

Receive Array Considerations
The use of a high gain, narrow  

beam transm it phased array in an 
ECM system  requ ires  tha t the 
location of the th re a t em itte r must 
be determ ined to an accuracy 
related to the beam w idth o f the 
transm it aperture. Several d iffe r­
ent techniques may be used fo r 
this d irec tion -find ing  app lica tion . 
These include: (1) an instan tan ­
eous DF m ultibeam  subsystem ; 
(2) a m onopulse DF array subsys­
tem; and (3) an in te rfe rom eter 
subsystem. In some cases the 
same aperture can be used fo r 
DF purposes as well as fo r high 
gain jam m ing. On the o the r hand, 
there are certain advantages to 
locating the receive DF subsys­
tem rem otely from  the transm it 
phased array, p rim arily  being able 
to s im u lta ne o us ly  rece ive  and 
transm it. Figure 1 illus tra tes  sim- 
p lified schem atic d iagram s of the 
three receiver Subsystems men- 
tioned above.

The IDF m ultibeam  subsystem  
shown in Figure 1a uses an array
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ID PATTERNS

/ ~ > o o < r \  2D PATTERNS 

4D PATTERNS

DF LOGIC CIRCUITRY

a) IDF MULTIBEAM 
SUBSYSTEM

PHASE/AMPLITUDE RECEIVER

b) MONOPULSE 
DF SUBSYSTEM

c) INTERFEROMETER 
DF SUBSYSTEM

D
D
C
0
D
0
D
D
I
I 
D 
D 
D 
D 
0 
D 
0
II 
I

Fig. 1 ECM receiver Subsystems block diagrams.

of elements which feed in to a 
passive multibeam network. Re- 
qu ired  precision determ ines the 
num ber of rad ia ting  elem ents 
needed fo r properly pointing the 
transm it antenna. For example, if 
a large, narrow  beam width trans­
m it array is used, then a relatively 
large receive array must be used. 
Conversely, a smaller, broader 
beam width receive aperture may 
be used if a lower gain, broader 
beam width transm it antenna is 
em ployed.

The m ultibeam  network may be 
a B utle r m atrix or a multibeam 
lens. The Butler m atrix produces 
a num ber of spatial beams using 
an assortment of quadrature coup- 
lers and fixed phase shifters. 
Each output port has a unique 
antenna pattem and beam-pointing 
d irection  created by an associated 
phase taper w ith in  the Butler 
matrix. As such, the beam-pointing 
d irec tion  scans with frequency 
s im ila r to all phased arrays. The 
m ultibeam  lens also produces a 
num ber o f spatia l beams but 
em ploys optica l properties. Since 
d iffe ren tia l path lengths create 
the ind iv idua l 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 m ulti­
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 c ircu itry 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 comparison com- 
putations between adjacent beams 
provides finer DF accuracy. It is 
possible to achieve between 1/4 
and 1/8 beamwidth accuracies us­
ing this technique.

The receive sensitivity of the IDF 
subsystem isdetermined 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

82

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 
determ ine instantaneously the 
direction-of-arrival of all incom­
ing signals over a very broad fre­
quency range. Its success in 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 d irection-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 RFcomparatorfollowed 
by sum-and-difference phase and 
amplitude comparison circuitry, 
the accuracy of an emitter loca­
tion can be determined, nominally, 
to betterthan 1/20 of a beamwidth. 
The receive sensitivity of the 
monopulse DF array subsystem is 
determined primarily by the mixer- 
preamp characteristics and is gen- 
erally in the range between -65 to 

[Continued on page 84] 
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-75dBm. Inth istype 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 moresignificantly, eliminates 
array DF errors caused by instal- 
lation effects or parallax associated 
with separately located receive 
and transmit apertures. 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 DFsubsystem 
approach is illustrated in Figure 
1c. For this example, four un- 
equally spaced elements are used 
to create a m ultip lic ity  of equiva­
lent beams in 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 c ircu itry 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-element array 
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 two incom- 
ing RF signals in each pair of ele­
ments. This is the amplitude com­
parison interferometertechnique. 
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 “ righ t” . 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 
“ le ft” and “ righ t" parts of the

broader patterns. S im ple logic 
circu itry can then bë used to  split 
the coverage secto r in to  fou r 
unambiguous zones. S im ilarly, 
the next narrower beams can be 
used to split the coverage sector 
into eight unam biguous zones 
and so on. The required angle-of- 
arrival precision determ ines how 
many elements and “ sector-splits”

is that it is re la tive ly s im ple and 
inexpensive, and can p rov ide  
angle-of-arrival In fo rm ation  on a 
single received RF pulse w ith fa irly  
attractive system sensitiv ity.

We have seen tha t a num ber of 
receive array approaches may be 
used to determ ine the d ire c tio n - 
of-arrival of incom ing  RF s ignals 
fo r ECM system app lica tions. No

$ - 4 PHASE
SHIFTERS

POWER DIVIDER

TRANSMITTER

£  OUTPUT 
AMPLIFIERS

POWER DIVIDER

AMPLIFIER FEED
____ I____
LOW LEVEL 

SOURCE

MULTI - BEAM 
LENS

MULTI-THROW
SWITCH

LOW LEVEL 
RF SOURCE

a) PHASED ARRAY 
ECM ANTENNA

b) PHASED ARRAY WITH 
COHERENT AMPLIFIERS

c) ACTIVE ELEMENT MULTI­
BEAM ARRAY ANTENNA

Fig. 2 Transm it phased array configurations.

must be implemented. It should 
be noted that the inter-elem ent 
spacing used fo r this example 
was chosen fo r purposes of ex- 
planation and not to suggest an 
optimum configura tion .

The system sensitiv ity  provided 
by the interferom eter DF subsys­
tem is determ ined by the mixer 
front-end and the antenna/com - 
parator losses. Because of the 
power Splitting required fo r the 
comparator and the lack of antenna 
gain, system sensitivity w ill be 
nominally between -50 and -60 
dBm. Subsystem accuracy is af- 
fected by m ultipath, installation 
configuration, and internal com ­
ponent phase errors. The firs t two 
effects are caused by the large 
field-of-view of each element in 
the antenna, effects which do not 
impact the perform ance of the 
previously described receive sub- 
systemssincetheirantenna beams 
are focused by the ir tota l aper­
tures. The major advantage of the 
interferometer receive subsystem

single approach can be des ig - 
nated as optim um . The app ro p ri- 
ate subsystem is determ ined a fte r 
all performance requirem ents and 
trade-off analyses have been com - 
pleted. The p rim ary facto rs that 
influence the fina l se lection are: 
required system receive sens itiv ­
ity; and required DF precis ion  fo r 
properly red irecting  the transm it 
phased array.

Transmit Array Considerations
Several d iffe rent array co n fig u ­

rations can be used to generate 
high gain and high ERP fo r ECM 
system app lica tions . F igure  2 
shows sim plified b lock d iagram s 
of three d iffe re n t basic a rray 
approaches.

The conventional ECM phased  
array antenna is illus tra ted  in F ig­
ure 2a and cons is ts  of a s ing le  
input from the h igh pow er trans- 
m itter into a pow er d iv ider w h ich  
feeds a num ber of phase sh ifte rs 
and radiating elements. L inear 
arrays using th is con figu ra tion

[C on tinued  on page 86]
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only $3195 (5-24)

IN STOCK... IMMEDIATEDELIVERY

•  micro-miniature, pc area only 
0.5x0.23 inches

• RF input up to +14dBm
Fig. 3 Phased array and transm itte r portion of high ERP ECM system.

• guaranteed 2 tone, 3rd order 
intermod 55 dB down
at each RF tone OdBm

• flat-pack or plug-in mounting
• low conversion loss, 6.2dB
• hi isolation, 40 dB
• MIL-M-28837/1A performance*
• one year guarantee

*Units are not QPL listed

TFM-2H SPECIFICATIONS

FREQUENCY RANGE, (MHz) 
LO, RF 5-1000
IF DC-1000
CONVERSION LOSS, dB TYP. MAX.
One octave from band edge 6.2 7.0
Total range 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 17

SIGNAL 1 dB Compression level +14 dBm min
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provide from 10 to 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 
th a n  1dB ) o v e r v e ry  w id e  
bandwidths.

Recent improvements in diode 
phase shifter performance such 
as increased 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 powerdividers must 
be designed with suffic iënt mar-

gins of safety to insure re liab ility  
in an operational environm ent. 
The ferrite  phase sh ifte r has been 
demonstrated to be exceptiona lly  
reliable and capable of handling 
very high power levels, more than 
ever encountered on a per-element 
basis. The diode phase sh ifter 
may p rov ide  a de q ua te  pow er 
handling capacity but has not 
been proven operationally. The 
sw itch ing speed of the fe rrite  
device, when operated in a la tch­
ing mode, is abou t 200 nano- 
seconds while diode phase sh if­
ters can switch under 100 nano- 
seconds.

Figure 2b illustrates a phased 
array with coherent amplifiers  used 
togenerate very high ERP.The con­
figuration  incorporates a num ber
of high power am plifie rs w ith in  
the array feed. The ou tpu t from  a 
low-level source is divided by a 
simple feed which provides RF to 
each of theh igh  pow eram plifiers. 
T rave ling-w ave-tube am p lifie rs  
are ideally suited for this applica- 
tion since they operate over broad 
bands and can generate substantial 
power pertube. Using this approach 

[C on tinued  on page 88]
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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 fo r application to the 
phase shifter located behind each 
radiating element. These phase 
shifters perform beam-steering 
for the array. The fu ll ERP of this 
subsystem is obta ined by the 
coherent addition in space of the 
power radiated from each element.

A typ ica lexam pleof this phased 
array subsystem is shown in Fig­
ure 3 which is a photograph of a 
system developed and built by 
Sedco for the A ir Force W right 
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 fo r determ ining the 
azimuth and elevation coordinates 
of an emitter. The TWT transm it- 
ter modules are located under- 
neath the phased array apert ures. 
Figure 4 is a composite of antenna 
patterns covering a ±45° azimu­
thal sector. This system is capable 
of providing ERP in excess of 500 
kilowatts. Four TWT dua l-type  
modules generate 1600 watts of 
thermal power while the antenna 
provides more than 25 dB of gain.

[From page 86] PHASED ARRAYS

A more detailed descrip tion  of 
th is  system  m ay be fo u n d  in 
Reference 1.

The active elem ent m u ltibeam  
antenna is shown in Figure 2c. 
This subsystem em p loysan am pli- 
fier behind each rad ia to r in the 
array. M ini-TW Ts have been de­
veloped for this app lica tion  and 
provide nom inally 30 to 40 w atts 
per device across bandw id ths in 
excess of an octave. The input 
from  a low -leve l r.f. so u rce  is 
applied to any one of the  lens 
input ports w ith a m u lti-th ro w  
diode switch. This sw itch iscapa - 
ble of providing sw itch ing  speeds 
of less than 50 nanoseconds 
which means that beam sw itch ing  
from one angle to  ano the r is 
extrem elyfast. The m u ltip le  beam 
lens optically crea testhe  required 
phase and am plitude at each o u t­
put port to generate a d iffe ren t 
transm it beam fo reach  input port. 
There is a fixed beam -po in ting  
angle associated w ith each input 
port of the m u ltip le  beam lens. 
Each am plifier must operate co- 
herently at Saturation in o rde r fo r 
the system to func tion  properly. 
One of the features of this approach 
is that r.f. losses in those com po- 
nents located on the inpu t side of 
the TWT am plifiers do not reduce 
the output radiated pow er and 
therefore the system is very e ff i­
ciënt fo r producing very h igh ERP 
for ECM applications.

Fig. 4 H igh ERP system azimuth scan sector com posite antenna patterns.

[C on tinued  on page 90)
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• low insertion loss, 1.5 dB

• flat coupling, ±1.0  dB
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one octave band edge 0.8 1.4
total range 1.5 2.3
DIRECTIVITY dB TYP. MIN.
low range 30 20
mid range 27 20
upper range 22 10

IMPEDANCE 50 ohms

For complete specifications and performance 
curves refertothe 1980-1981 Microwaves Product 
Data Directory, the Goldbook or EEM
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Another attractive characteris- 
tic of the Active Element M u lti­
beam Antenna is that the lens 
characteristics are frequency in- 
sensitive and therefore cause no 
beam steering across the band. A 
com plete d e sc rip tio n  o f th is  
antenna and its application to an 
operational system may be found 
in Reference 2.

Recent Concepts
Polarization has recently become 

a significant parameter fo r ECM 
applications. Instantaneously, every 
radar system radiates a specific 
polarization and itsantenna char­
acteristics may be affected by 
receive r.f. 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. As an 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 p rim ary po lariza tion  
Excitation of these Condon lobes 
with the appropriate polarization 
can cause a radartracking system 
to produce error signals w ith in its 
detection subsystem.

Another polarization ECM tech­
nique involves the sidelobe char­
acteristics of a threat 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 
s lightlyabovethe maximum side­
lobe of the primary antenna. Pri­
mary antenna sidelobes are sup­
pressed with simple logic c ircu itry 
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

[From page 88] PHASED ARRAYS

guard  antenna are essen tia lly  
random. Hence, false targets can 
be generated in the threat system 
by illum inating  its sidelobes with 
cross-polarized RF signals.

B ipolarized phased arrays have 
been developed for sensing and 
transmitting arbitrary polarizations. 
Relatively simple polarization con- 
tro l networks may be used to 
measure incom ing polarization 
and to generate an appropriate 
response. Figure 5 is a block d ia ­
gram of such a Polarization C on­
tro lle r that conta ins an am plitude 
contro l unit and two phasers. 
Each phase sh ifte r is connected 
to the vertical and horizontal ele­
ments in a b ipo la r array. The 
am plitude contro l unit is used to 
vary the tangent y func tion  and 
the phase shifters are used to 
contro l the 0 factor, (y  and 0  are 
defined in the figure.) By sensing 
the phase and am plitude of r.f. 
signals received at the input side 
of the am plitude contro l unit, the 
polarization of the received signal 
can be uniquely determ ined. Con- 
versely, these same Controls can 
be used to establish any a rb itra ry 
transm it polarization. The b ipolar 
phased array with a polarization 
contro lle r can be used to gener­
ate the totally polarization-diverse 
phased array ECM system.

Radar cross-section of ECM 
anten nas is becom ing more s ign i­
ficant as the RCS of operational 
a ircra ft is reduced. It is therefore 
im po rtan t to design an ECM 
antenna with a m inim um  RCS. 
One of the advantages of using 
nonreciprocal fe rrite  phase sh if­
ters in an ECM phased array sys­
tem is its nonreciprocal behavior. 
This causesthe receive and trans­
mit patterns of an array using 
these devices to  point in d ifferent 
d irections except at boresight. 
Hence, when a phased array with 
ferrite  phase sh ifters is transm it-

POLARIZATION = TAN YU*

TO

PROCESSOR & h 
TRANSMITTER ° “

AMPLITUDE
CONTROL

UNIT

l— r

&  [

TAN i
0 RELATIVE PHASE 

BETWEEN Ev & E„

O
- < E„

Fig. 5 Polarization con tro lle r block diagram.
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ting in a given d irection, its receive 
RCS is reduced by a facto r asso- 
ciated with its sidelobe level. Fig­
ure 6 is a graph illustra ting the 
array cross-section fo ra  12 square 
inch aperture. The VSWR at its 
input port is a rb itra rily  chosen as 
2.5:1 and its array sidelobe level 
has been a rb itra rily  chosen as -16 
dB. The cross-section o fth isa rray  
would range from  0.15 to 0.60
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•tiny...on ly 0.23 x 0.5 x 0.25 in.
• can be mounted upright 

or as a flat pack
• low insertion loss, 0.8dB (typ.)
• hi isolation, 25dB (typ.)
• hermetically-sealed
• excellent phase/amplitude 

balance
• 1 year guarantee 

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

200-400 MHz 0.8
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IMPEDANCE 50 ohms
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square meters over the frequency 
range of 10 to 20 GHz if it employed 
reciprocal phase shifters, whereas 
its cross-section would rangefrom 
.004 to .015 square meters if it 
contained nonreciprocal phase 
shifters. This is a very im portant 
design consideration in today’s 
environment where antenna RCS 
isbecoming increasingly significant.
Conclusion

The phased array provides an 
optimum link from the ECM Sys­
tem to the environmentas required 
to counter modern threat scena- 
rios, and, therefore, it is not sur- 
prising that v irtua lly  all new ECM 
systems are being designed with 
phased array anten nas. 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.TheALQ-161 ECMsys- 
tem built by the Eaton Corpora­
tion AIL Division fo r the B1-B 
Bomber contains a number of 
phased array receive and transm it 
antennas. The ALQ-172 system, 
in its final stages of development

by ITT Avionics D ivision, con ta ins  
phased arraysand w ill be insta lled 
in the B-52 Bom ber in the no t- 
too-d istant future.

As phased array com ponen ts  
are made smaller, lighter, and less 
expensive, the phased array antenna 
w ill be used more and m ore in a ir- 
borne and ground-based ECM 
Systems. In an tic ipa tion  of the 
deployment of m illim e te r threat 
systems, ECM phased arrays are 
being developed at h igher and 
higherfrequencies. Multi-megawatt 
andh igherE R P E C M  system s w ill 
become a reality using phased 
array technology. It is safe to say 
that all future soph istica ted ECM 
system s needed to  m eet the 
demands of existing and an tic i- 
pated threat environm ents w ill 
rely on the phased array antenna 
to provide required ERP, cover­
age, bandwidth, speed, and new 
techniques.
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Miniature i-watt
7-15 BHZFET Amputier

Technical Feature

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 com bin ing tech­
niques1’2. However, many Systems 
applications do not allow sufficiënt 
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 /urn, see Figure 
1. The 500/um FET is an AVANTEK 
AT8251 with an lDss of 130 mA. 
The 800 and 1600 jum FET’s are 
Raytheon, via-hole FET’s with 380 
and 500 mA lDss 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 füll 7-15 
GHz band. The performance of the 
amplifiers was very satisfactory 
allowing a successful set of sys­
tem tests. Table I 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:

• FET Characterization
• Computer Aided Design
• FabricateandTestSingle-Ended 

Modules
• Fabricate and Test Balanced 

Modules
• Fabricate and Test M u ltip le  

Stage Amplifiers

Fig. 1 Miniature 1 watt amplifier. 

FET Characterization
Thisconsistsof dcand small sig­

nal S-parameter measurements as 
well as optimum output impedance 
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 fo r  RF 
matching.

Each FET type wasevaluated. At 
least two FET’s from each wafer 
used were chosen for evaluation. 
Table II 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’sare mounted. 
As can be seen, as the gate periph­
ery increases, the Sn and S22 
become more d ifficult to match 
and the Gumax (maximum unilat­
era l tra n sd u ce r pow er g a in )

decreases. It was found that the 
Gumax at 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 gain is 1 to 2 dB 
below Gumax for maximum gain 
designs. For m axim um  pow er 
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 output impedance 
fo r maximum power was obtained 
by an approximate method. This 
method is to assume that the large 
signal S22 is equal to the small 
signal value of S22 at the knee of 
the los versus VDs curve. 
Thisassumption was tested a num­
ber of times using various gate 
periphery FET’s and the easily 
tunable circu its discussed below. 
In all cases the circu it based on the 
approximate large signal S22 gave 
maximum output power across the 
band. W hile  approx im ate , th is 
method has the obvious advantage 
of reduced design time when com ­
pared with the various large signal 
m easurem ent te ch n iq u e s  d is ­
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 o u tp u t m atch ing  c ircu its . 
O ptim un output im pedance for 
maximum power is also consid- 
ered here.
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TABLEI
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 -1 5  GHz

Small Signal Gain (Nominal) 11.5 dB 12 dB

Small Signal Gain (Tracking) 
(Worst Case) ±1.5 dB ±1 dB

SAT Power @ 11GHz 30.5 dBm 32 dBm

SAT Power Tracking 
(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) ±1.05 dB ±1 db

Phase Tracking ±25° Full Band 
±19° for 85% of Band ± 1 5 J

Power Added Efficiency 
(Nominal) 12.5% 13%

Power Added Efficiency 
(Best) 17% 13%

TABLE II

FREQ

MEASURED S-PARAMETERS AND CALCULATED GUMAX. 
AVANTEK 500/um FET STAGE 1

Sn 0° S21 0° S ,2 0° S22 0° GUMAX
(GHz)

7 .79/-120
(dB) 

7.2/ 81
(dB)

-23.5/23 .57/- 45 13.2
9 .77/-132 5.9/ 68 -22.5/27 .58/- 50 11.5

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

7 .87/-123
RAYTHEON 800/jm FET STAGE 2 

2.98/ 66 -32 /28 .71 /- 58 12.2
9 .88/-137 1.51/ 44 -28.6/35 .77/- 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

7 .90/-148
RAYTHEON 1600/mi FET STAGE 5 

.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 .0 4 /- 6 -26 /37 .84/-126 7.4
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 circu it 
design is tochoosea topo logyand  
three candidates considered dur- 
ing this program are shown in Fig­
ure 2. The c ircu it in Figure 2b uses 
shorted stubs and consists of series 
transformersand open and shorted

stubs. This circuit is discussed by 
K. Niclas3. The major drawback 
arises from the short circuited stubs 
which are found to be larger and 
more d ifficu lt to tune than the 
shunt lumped indicators of the 
c ircu itin  Figure2a, theonechosen

Fig. 2 RF c ircu it 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 2c 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 n 
gate 600//m FET were used for the 
comparison of the two circuits. 
CAD was used with identical 
optimization goalsforboth circuits. 
As can be seen, the optimized 
results are essentially identical. The 
advantages for the shunt inductor- 
open stub circuit include:

• Fewer tuning elements, 6 com­
pared to 7

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

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

• Smallersize.The high/low series 
impedance circuit is 5 to 6 times 
longer.

• dc bias circuitry can be incorp­
orated w ith in  the RF c ircu it 
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:
• Wider bandwidth at lower fre- 

quencies. Since the bias circuit 
is optimized separately from the

[Continued on page 100]
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inducto r — open stub circuits.

RF circuit, it could be designed 
so that very little low-end roll-off 
in gain occurs. The shunt induc- 
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).

• 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 S22 that gave 

maximum output power was used 
to obtain a circuit that gave a good 
RF match to 50 ohms across the 
frequency band. This output c ir­
cuit was then fixed and the input 
c ircu it optim ized fo r fla t 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 w irestothe 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 
bychanging their length, which in 
turn can be varied by changing 
the FET attachment position on 
the 50 Q line. It was found that two 
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.

The versatility of this c ircu it can
be appreciated from the following
features:

• A common c ircu it layout was 
useable fo r 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.

• The FET evaluation was accom- 
plished using a single-ended 
version of the tw o  c ircu its , 
whereby no pads or inductor 
w ires were used, b ias 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 in d u c to r w ires. In fact, 
tuning elements could beapplied 
one at a time to evaluate their 
separate effects. Considerable 
time was saved because no new 
c ircu its were required to be 
etched, no add itio n a l FET’s 
m o u n te d  o r te s t  f ix tu r e s  
fabricated.

• Another advantage was that the 
low-end of the frequency band

is primarily affected by the shunt 
induc to rs  and the  h ig h -e n d  
affected by the open stubs. The 
middle of the band is affected by 
both. Thus, once an approximate 
c ircu it op tim ization  has been 
generally realized in which one 
portion of the frequency band is 
slightly out of specification, it is 
clear which c ircu it elements are 
to be m od ified . Th is  feature 
allows less experienced per- 
sonnel to perform the test and 
tune operations.

Fabricate and Test 
Single-Ended Modules

Asingle-ended module consists 
of one FET, one input, and one 
output RF matching circu it. 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 c ircu itry  could be 
monitored concerning input and 
output impedance. The3 dB quad- 
rature hybrid couplers prevent the 
Observation of these impedances 
in the balanced c ircu it module 
configuration.

Fabricate and Test 
Balanced Modules

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

Figure 4 compares the predicted 
small signal gain to the measured 
small signal gain of the four bal-

[C on tinued on page 102]
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performancemixers
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1 to 1000 MHz
o n l y  $ 4 3 9 5 (i24)

IN STOCK... IMMEDIATEDELIVERY

• iow conversion loss, 6dB
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C3Mini-Circuits
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World's largest manufacturer of Double Balanced Mixers
2625 E. 14thSt. B'klyn, N.Y. 11235(212)769-0200
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Fig. 4 Predicted gain shows excellent corre la tion 
w ith measured results fo r ou tput stages.

anced output stages used in the 
four amplifiers. The gain is w ithin 
approximately 1 dB of the pre­
dicted results. Stages 1 and 2 sim i- 
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 littlee ffo rt 
being needed for gain flattening. 
Approximately 75% of the gain Var­
iation isduetoindividual FET varia- 
tions, particularly true of the 800 
and 1600/Ltm gate periphery FET’s, 
the remaining 25% is attributable 
to circuit variations.

Two m ajor d if f ic u lt ie s  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 /jm and 1600 
/jm  FET’s. The latter no doubt due 
to the fact that these FET’s were 
among the first wafers of th is type 
to be produced.

Future programs should encoun- 
ter fewer problem s 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 will be improved bysuch 
techniques as a u tom a tic  w ire 
bonding.

Fabricate and Test 
Multiple Stage Amplifiers

The final step is to fabricate and 
test multiple stage amplifiers. This 
consists of checkingeach 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 optim um tracking 
and pow er-output. Presumably, 
this need will be reduced in future 
p rogram s as FET and c irc u it  
improvements are made.

Structural Considerations
The amplifier consists of three 

microwave circu it stages mounted 
inside an aluminum housing with 
coverand 50ohm RFcoaxial 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 
micronsthick. Th isc ircu it provides 
interconnections between external 
voltages and RF power into the 
internal microwave am plifier c ir­
cuit stages. The c ircu it stages are 
made from alumina ceramic and 
bonded to a molybdenum carrier 
for thermal expansion com patib il- 
ity and high thermal conductivity. 
The FET is attached to a central rib 
of the carrier using a gold-tin solder 
preform to ensure a good electrical 
ground and high heattransferfrom  
FET to mounting surface. Each 
stage is independently 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 m ounting surface. The 
thermal design goal wasto prevent 
the maximum channel temperature 
from exceeding 150°C for proper

C71-3 REV.A [C on tinued on page 104]
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Applications
Low-Cost — EFI’s unique 
deposition process provides 
exceptionally high yields.
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state-of-theart performance:
Sheet resistivities from 10 to
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Standard thicknesses i
of 0.010", 0.015", 0.025". ƒ
(ln-house contouring /
and hole-drilling.)

[These substrates are sputtered in 
various combinations of: Ni/Cr, Cr, Mo, 
Vli, Cu, and Au for conductor-only or 
resistor/conductor patterns usable 
lo 20 GHz and beyond. Electroplating 
brovides thicknesses of up to 
B00 microinches. Substrates may 
be metallized on one, two, or six 
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jj>r metallized through-holes.
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over the last 8 years to provide superior 
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Ask for detailed 
Information.
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Fig. 5 3 stage 1-watt FET amplifier. 
A ll am plifiers gave excellent power-out.

Good gain tracking was exhibited.

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

Future amplifiers will haveastiff- 
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 
a m p lif ie r and separa te  pow er 
meters for input 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 fla t but 
this was not considered an im por­
tant design criteria fo r the present 
am plifie rs. Future des igns w ill 

[C on tinued  on page 106]
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FILTERS

T 0 8 -
T 05

26401 Calle Rolando 
San Jüan Capistrano, CA 92675

(714) 493-9501
TWX No. 910 596-1411

LARK
Engineering Co.

LOW PASS 
BAND PASS 
HIGH PASS
Frequency Range

100 MHz to 
6000 MHz
T h e s e  h e rm e t ic a lly  
sea le d  p a c k a g e s  
m a ke  th e m  w e ll 
s u ite d  fo r  m is s ile , 
a irb o rn e  R a d a r and  
sp a ce  a p p lic a t io n s .

For C om p le te  S p e c ifi­
ca tio n s  re fe r to  C a ta log  
#782 o r co n su lt Factory.
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require flat gain.
F igure  7 show s the  phase  

response for each amplifier, w ith in 
±25° C at 14 GHz. U pto  13 GHz the 
spread drops to ±19°C . W ith 
am plifie rl -2elim inated the phase 
spread is ±10° C up to 15 GHz. 
On the other hand ,am p lifie rl -2  is 
best in gain and power over most 
of the band. The output stage of 
amplifier 1 - 2 seemed to have very 
good FET’s but s ign ificantly d if­
ferent tuning when compared to 
the other amplifiers. Presumably, 
with additional tuning the phase

tracking of these am plifiers could 
be improved. As FET technology 
advances, the typical performance 
w ill likely approxim ate am plifie r 
1 - 2. It is very s ign ificant that no 
tuning was performed after the 
am plifier stages were assembled 
into the am plifier housing and that 
the phase Variation w ith  in p u t 
drive was tested and found to be 
insignificant.

Figure 8 illustrates the power 
added e ffic iency fo rthe fou ram p li- 
fiers, amplifier 1 - 2  being signi­
ficantly better than the others.

Fig. 7 A m plifie r design provides excellent phase tracking.

Fig. 8 Power added effic iency vs frequency.
[C ontinued 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 providehighergain.aswell 
as the flexib ility 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 - 1 5  GHz band, 
based on 2 factors, first, three out 
of four amplifiers built tracked 
within ±10° without any tuning 
after am plifie r 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 rep ro du c ib ility  
should reduce this to ±10°.

Four 1 -watt miniature amplifiers 
with instantaneous bandwidths of 
7 -15 GHz have been demonstrated 
which closely fo llow  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 potentia l advantages 
and discusses problem s to be 
solved in the areas of open guided 
wave techniques as applied to 
m illim eter-wave in tegra ted c ir ­
cuits. Several waveguide struc­
tures are first described 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 o f d ie lectric wave- 
guides and printed transmission 
lines. Also discussed are possible 
use of unconventional materials 
such as L iN b 0 3 and YIG films to 
realize contro lling and nonrecip­
rocal devices based on distrib- 
uted interactions. Feasiblities of 
m onolithic approaches in which 
devices and circuits are fabricated 
in-situ in a sem i-conductor mate­
rial are also discussed.

Introduction

One of the key requirements for 
the realization of full Potentials of 
m illim eterwave systems is the

development of low  oost in te ­
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 orig ina lly  
developed for microwaves have 
been extended and applied. Com ­
ponents and circu it arrangement 
of this type resemble those of 
microwave circuits. A lthough rec- 
tangularwaveguidesarestill being 
used, a p re fe rred  way is the 
millimeterwave integrated c ircu it 
based upon printed transm ission 
lines and solid state devices such 
as beam lead d io de s . These 
printed lines include suspended 
microstrips,1 fin-lines2 and even 
microstrip lines.3 As the operat- 
ing frequencies become higher, 
these “ low frequency” techniques 
face increasing challenge as the 
performance of the transm ission 
lines and the solid state com po­
nents generally degrades. It is 
natural to th ink if there  are 
alternati ve approaches to c i reu m- 
vent these problems based on 
those used in optical c ircu its. As 
such, these approaches are more 
suited at higher millimeter-wave fre­
quencies.

There ex is t tw o  b a s ic  a p ­
proaches. One is the ” quasi-op- 
t ic a l”  s tru c tu re  w h ich  is the 
millimeter-wave counterpart of the 
beam opties in w h ich  m irrors,
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polarizers and lenses are used in 
the free space optica l path. This 
approach is particu la rly  favored 
fo r low noise receiver develop­
ment used fo r radio astronomy. 
Many low loss passive com po­
nents have been developed,4 and 
a number of mixers are available 
including m onolith ic ones.5

The other approach is to form  
integrated cirucits by means of 
d ie lectric waveguides, and is con- 
s ide red  as a m illim e te r-w a v e  
replica of integrated opties s truc­
ture. D ielectric waveguides used 
in th is scheme are desired to be 
the ones convenient to realize 
various functional com ponents. 
Lowattenuation constantsshould 
not be the so le  c r ite r io n  fo r  
selecting waveguides.

In th is  paper, we focu s  our 
attention to the d ie lectric  wave­
guide technology. Some of the 
recent progress as well as the 
problems to be solved w ill be 
described. In addition, im portant 
problems of interfacing d ie lectric 
waveguides with o ther transm is­
sion linestructuresand solid state 
devices w ill be addressed. It is 
also attempted to compare some 
accom plishm ents w ith those at- 
tained with more conventional 
techniques. Before going into the 
topics of d ifferent com ponents, it 
should be helpful to b rie fly  de- 
scribethe wave propagation char­
acteristics in some of the d ie­
lectric waveguides.
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Waveguiding Phenomena
Many printed c ircu it transm is­

sion lines have charac te ris tics  
inherent to open structures such 
ascoupling, dispersion and radia- 
tion. However, these characteris­
tics are predom inantly observed 
in d ie lectric waveguides which 
w ill be focused in this section. For 
s trong ly guided rectangular d ie­
lectric  rods or image guides (fig ­
ure 1a), the method developed by 
M arcatili is the simplest and yet 
quite accurate fo r many app lica­
tions .7 To improve the accuracy 
espec ia lly  near the cu to ff, the 
effective dielectric constant (EDC) 
m e th o d  w as  in t r o d u c e d . 8 
Basically, this method provides 
the EDC to replace Region I in 
Figure 1a so that we only need to 
solve the eigenvalue equation fo r 
a hypp the tica l vertica l slab of 
thickness equal to that of Region 
I. This technique can be applied 
toa  weakly guiding structure such 
as the inverted strip  d ie lec tric  
waveguide (Figure 1c).9 A number 
of methods have been introduced 
to further improve the accuracy of 
analytical results.10,11

It was recently pointed out that 
interesting and potentia lly  useful 
leakage phenomena exist in a dass 
of die lectric waveguides.12,13 The 
leakage is in the form of a surface 
wave propagating in Region II 
awayfrom  thecentral core Region 
I and is caused by the mode 
coupling at the interface between 
I and II. Obviously, this phenom ­
ena c o u ld occur in a waveguide in 
w h ich  Region II cons is ts  o f a 
layered structure which supports 
surface waves (Figures 1b and c, 
but not in Figures 1a, d and e). In 
usual circumstances where the 
a tte n u a tio n  in the w avegu ide  
should be minim ized, th is phe- 
nom enon is undesirab le  as it 
contributes to the loss. However, 
th is 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 filte r o rd iscrim ina to r 
may be constructed.

One of the most undesirable 
characte ris tics  of open wave­
guides is the radiation loss at the 
bends and discontinuities. Some
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attempts have been made to alle- 
viate this radiation problem. One 
possib ility  is to use a dielectric 
waveguide madeof a high permit- 
tivity material to concentrate more 
electromagnetic field inside the 
d ie lectric rod. A trapped image 
guide (Figure 1d) consists of a 
d ie lectric rod placed in a metal 
trough so that the radiated field at 
a bend in a horizontal plane is 
“ re flected” back into the rod by a

side wall.14 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 in tro­
duced.15 As shown in Figure 1e, 
th isstructure resembles that of an 
H-guide. However, the Separation 
of the top and bottom conducting 
piate is such that the field is below 
cu to ff in the air region and above 
cu to ff in the dielectric when the

Fig. 1 Cross sections of typical d ie lectric waveguides.
(a) Image guide, (b) Insulated image guide, (c) Inverted strip dielectric guide 

(d) Trapped image guide, (e) Non-radiative dielectric guide.

Fig. 2 Computed and measured directional coupler performance.

[Continued on page 116] 
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I [From page 114] GUIDING STRUCTURES

Fig. 3 F ilter structures (a) Ring type,
(b) Nonradiative d ie lectric  guide type, (c) E-plane filter.

guide is excited with its E field 
parallel to the conducting walls. 
Because of th is  b e lo w -cu to ff 
nature, no radiation occurs at a 
bend.

Passive Components

Directional couplers and band- 
pass filters 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 
d is t r ib u te d  c o u p lin g  p r in -  
ciple.16,17 These couplers are used 
in many ways including the bal­
anced mixer development. The 
length L needed fo r com plete 
power transfer from port 1 to port 
3 is given by L= rr/Be - B0where/3e 
and ß0 are respectively the prop- 
agation constants of the “ even” 
and “odd” modes in a coupled 
waveguide. The length required 
for a 3 dB coupler is one half of L 
given in this equation. Figure 2 
shows a typical example of a 3 db 
hybrid performance. In general, it 
is necessary to include coupling 
effects between the connecting 
arms for design 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 resonators18 (Figure 
3a). Filter characteristics can be 
tailored by adjusting each ring 
size and Separation between them. 
The design of ring resonator itself 
is quite sim ilar to that of a m icro- 
strip ring except that the radiation 
loss isan importantconsideration 
fo r the die lectric ring realized in 
an image guide type structure. 
The radiation loss can be sub-

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.19

Another interesting structure is 
a two-pole band pass filte r de- 
signed at center frequency of 50 
GHz using Figure 1e structures 
(Figure 3b).19 A pair of die lectric 
chips is inserted between two 
radiative d ie lec tric  waveguide 
ports. Since the top and bottom 
conducting plates are separated 
by less than half a wavelength, 
th is  f ilte r  is s im ila r to  metal 
waveguide evanescent mode f il­
ters. The reported insertion loss 
at the center frequency of 50 GHz 
is 1 dB. It is interesting to compare 
this filter with fin -line filte rs made 
of inductive  s trips  separa ting  
resonators (Figure 3c).20 In this 
structure, the portions with vertical 
metal fins are below cutoff. There­
fore, the resonators are again con­
nected by way of evanescent 
fields. The insertion loss at the 
centerfrequency was found to be 
abou t0 .5dB a t34  GHz and 1.9 dB 
at 65 GHz in the case of 3 resonator 
filters.

In optical structures, a grating

can often be used as a frequency 
selecting device. Th is idea has 
also been tried. F igure 4 shows 
the reflection coëffic iën t of a notch 
grating created in an inverted strip 
dielectric guide.21 Around 15 GHz, 
a strong re flection appears as the 
period of the grating wasdesigned 
to have a stopband there. A more 
de ta iled  ana lys is  o f s topband  
phenomena in a d ie lec tric  wave­
guide has been perform ed.22

Integrated Antennas
Perhaps one of the most useful 

features of d ie lec tric  waveguide 
techniques is a poss ib ility  of real- 
izing h igh-perform ance antennas 
being integrated w ith  the RF fron t 
end. T rave ling  wave an tennas 
made of d ie lectric waveguides are 
especially suited fo r th is  purpose. 
Both surface wave antennas23and 
leaky wave antennas21, 24 have 
been developed and tested. The 
form er is essentia lly a d ie lectric  
rod antenna, radiating p rinc ipa lly  
in the endfire d irection . The latter 
is a m illimeter-wave replica of the 
grating coupler used in integrated 
opties to couple a Gaussian beam 
into or out of a p lanar d ie lectric  
waveguide. As shown in Figure 5,
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Fig. 4 Input reflection coëfficiënt of a grating. Fig. 5 Typica l leaky wave antenna.
[C on tinued  on page 118]
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the main beam em erges in a 
direction by öfrom  the broadside. 
Since this angle is a function of 
theelectrical length of theg ra ting  
period, the beam can be steered 
bychang ing th ise lectrica l length. 
Theeasiest method toaccom plish 
this is to change the frequency. 
Change in the propagation con­
stant is also possible if a dis- 
tributed phase sh ifter is available. 
(Seethesection on Nonreciprocal 
and Control Devices later.) One 
example is the use of ad istribu ted 
PIN diode attached on the side 
wall of the d ie lectric waveguide 
grating antenna so that the bound- 
ary condition can be modulated 
by the diode bias.25 The radiation 
pattern and the sidelobe level can 
be controlled by various beam 
shaping techniques such as the 
use of tapered section in the firs t 
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 m icrostrip patch antenna 
array.26 As shown in Figure 6, the 
radiating elements are made of 
resonant m icrostrip patches. For

Fig. 6 M icrostrip  array 
excited by a d ie lectric guide.

a longer array, the feeder loss is 
much smaller in th is scheme than 
in the conven tiona l m ic ro s tr ip  
array with m icrostrip  feed s tru c ­
tures. O theradvantages inc lude  a 
greater flex ib ility  in con tro lling  
and shaping the radiation pattern 
and ease of fabrica tion  o f a rat her 
com plexarrayconfiguration. More 
attention should be paid to  th is 
type of hybrid approach because 
it may open up new poss ib ilities  
and provide Solutions to the p rob ­
lems which cannot be solved by 
printed line or d ie lec tric  wave­
guide techniques ind iv idually.

Active Components

Development of active com pon ­
ents is more d iffic u lt than o ther 
components. This is m ain ly due 
to the inherent nature of open 
waveguide structures. Any dis- 
continu ity  arising out of im p le - 
mentation of solid state devices 
causes radiation. Therefore, the 
device sees an im pedance con- 
sisting of two resistive parts, one 
due to radiation and ano ther due 
to the loading c ircu it, as well as 
the reactive part. These ju n c tion  
problems need to be characterized 
more accurately. Many earlie r ac­
tive com ponent fa b rica tio n s  a- 
voided direct con fron ta tion  with 
this problem by p rovid ing  a me- 
chanical shield tothedevice . Gunn 
osc illa to rs  and s e lf-o s c illa t in g  
mixers have been developed with 
an image guide in which a Gunn 
diode is inserted vertica lly  and a 
tun ing metal d isk is on the top 
surface to contro l the radiation 
loss.2728

The distributed feedback con-

Fig. 7 D istributed reflection osc illa to r (a) D ielectric guide, (b) Fin-line.
[C on tinued on page 120]
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cept orig inally employed in semi- 
conductor laser development has 
been applied to a Ku-band Gunn 
osc illa to r in an image gu ide29 
(Figure7a). Thegrating structures 
on both sidesof thediode 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 osc illa tion  frequency 
was fa ir ly  stable. The grating 
structure has also been used as a 
distributed feedback mechanism

for a Gunn oscilla tor in a fin -line  
arrangement30 (Figure 7b). Using 
a 250 /um RT/Duroid fin -line  Sub­
strate and an MA Type 49172-138 
Gunn diode, the oscilla tion fre ­
quency of the Ka-band oscilla tor 
agreed with the theory w ith in 2%.

A balanced mixer has been de­
veloped with a 3 dB hybrid made 
of boron nitride image guides and 
with GaAs beam lead d iodes.31 
Metal strip lines are printed on the 
top surface of the image guide in 
order to provide bias input and IF

€p±.
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€ r +_ .01 You can get this kind of control from 
precisely one Company. Rogers. It’s available now.
Ask us about it. Call Mike Norris, 
at (602) 963-4584.

Rogers Corporation 
Chandler, Arizona 85224

output to the d iodes. A typ ica l 
noise figure  at 60 GHz was 13 dB 
including the IF am p lifie r noise 
f ig u re o f3 .5 d B .T h is f ig u re c o m - 
pares reasonably well w ith  the 
oneatta inable in a balanced m ixer 
developed w ith p rin ted  c irc u it 
techniques. For instance, planar 
balanced mixers made of fin -lines 
and suspended m ic ros trip  lines 
on RT/Duriod Substrate exh ib it 
the typical conversion loss of 7 dB 
at Ka-band and 10 dB at w -band.32

A hybrid constuction  of a quasi- 
optical detector has been accom - 
plished in which a d ie lec tric  sur­
face wave antenna is com bined 
w ith  a p lana r s lo t d e te c to r.3 
Bismuth bolom eters have been 
installed in d ie lec tric  waveguide 
structures by way of s trip line  type 
V-couplers.34 It is expected that 
these approaches w ill eventually 
a llow  m onolith ic  construc tion  of 
recieverfrontends with Si orG aAs 
material.

As discussed in the paragraph 
concerning Gunn oscilla tors, d ir­
ect im plem entation of devices in a 
d ie lectric waveguide may not at- 
tempts have been made to develop 
hybrid structures in w h ich  both 
d ie lectric waveguides and printed 
lines are coupled and a device is 
installed in a p lanar line env iron­
ment. Solbach used slots created 
in an image guide w ith metallized 
d ie lectric Substrate fo r a detector 
m ount.35This metalized Substrate 
is used a s th e g ro u n d p la n e o fth e  
image guide and at the same time 
fo r accom odating the low fre ­
quency coplanar line connecting  
the slot and the ou tpu t patch. A 
detector diode is insta lled in the 
slot and the image guide rod is 
placed on top of it.

Nonreciprocal and 
Control Devices

Relatively few w orks have been 
done in the area of nonreciprocal 
devicedevelopm ent. A Y -junction  
c ircu la tor operating in the d ie lec­
tric  waveguide medium was re­
cently developed at 35 GHz with 
8% bandw idth.36 The device is 
made of NiZn fe rrite  as the gyro- 
magnetic material and magnesium 
titanate as the d ie lec tric  wave­
guide. The la tte r is phys ica lly  
supported on a Rexolite plate. 
The insertion loss was less than 1 
dBand the iso la tion m ore than  15

Circle 87 for immediate need [C on tinued  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-d iagona l 
permeability tensor elements. To 
make maximum use of weak non- 
rec ip roc ity , use of d is tribu ted  
structure may be a possible solu- 
tion. A fie ld  displacement isolator 
was tested in which a resistive 
card is placed near a ferrite loaded 
dielectric waveguide.37 When a dc

m agneticfie ld isapplied , the field 
displacement occurs. The wave 
propagating in the d irection fo r 
which the displacement is toward 
the resistive card is absorbed more 
than the wave propagating in the 
opposite d irection for which the 
shift is away from  the card (see 
Figure 8). The problem of this 
structure is that the insertion loss 
increases if an increase in isolation 
is attempted, because the lossy 
film  affects the waves sh ifted  
in either direction.

Fig. 8 Field d isplacem ent isolator.

Two new types o f d is tribu ted
nonreciprocal devices have been 
proposed recently.38, 39 They rely 
on nonreciprocity of the propa- 
gation constants in a fe rrite  d i­
e lectric waveguide w ith nonsym - 
m etric  cross se c tion . In such 
structures, when the fie ld  is d is- 
placed by a dc m agnetic fie ld , the 
p ropaga tion  c o n s ta n ts  o f the  
guided waves tra ve lin g  in the 
opposite d irections are d iffe ren t 
as the fields of these waves are 
transversely displaced in d iffe ren t 
directions. When a gra ting  w ith  
an appropriate period is created 
on th is  n o n s y m m e tr ic  fe r r ite  
loaded d ie le c tr ic  g u id e , it  is 
possible within a certain frequency 
rangeto make the wave p ropagat­
ing in one direction leaky, whereas, 
the one in the opposite  d ire c tion  
is still guided as a surface wave. In 
this w ay,ad istributed iso la to rcan  
be constructed.38

Another structure w h ich  looks 
more promising than the grating 
type is the one based on non ­
reciprocal coupling phenom ena. 
As discussed above, the p ropa­
ga tion  cons tan ts  o f the  wave 
traveling in opposite d irections in 
a nonsymmetric ferrite  waveguide 
are d iffe ren t, say ßt+ and /?r. 
Suppose we create an iso trop ic

Fig. 9 Nonreciprocal leakage isolator.
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d ie le c tr ic  w avegu ide  w ith  its 
propagation constant ß d (inde ­
pendent of the direction of p rop­
agation) equal to that of one of 
the waves in the ferrite guide, say 
Pï ischosen.and place this guide 
near the nonsym m etric  fe rr ite  
guide. The distributed coupling 
takes place for only one d irection 
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 term ination 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.39, 40 A 
design example for a 200 GHz 
device indicated the insertion loss 
of 1 dB and the 15 dB iso lation 
bandwidth of 5 GHz if a metal 
backed ferrite  (47rMs = 5kG, e = 
10-j0.005) layer of 190 /zm and a 
dielectric layer ( e =  10.3-j0.005) of 
180/um are coupled through a low 
dielectric layer (e = 2) of 670 fjm. 
The device length of 15 mm was 
used forcalcula tion.39 High purity 
epitaxial YIG film s deposited on 
gadolinium gallium garnet may 
be used fo r realization of this 
distributed isolator.

The surface plasmon effect in a 
high purity GaAs may be another 
candidate fo r distributed nonre­
ciprocal devices. Recent modeling 
studies indicated suffic iënt pro- 
mise fordevelopm ent of such de-

41vices.
In the area of control devices, 

we have already mentioned the 
distributed PIN diode in conjunc- 
tion  with scannable d ie le c tr ic  
antennas.25 The electrooptic effect 
in crystals has been used to create 
modulators and phase shifters in 
optical circuits. Recently, the feasi- 
b ility of using LiNbOa and L iT a03 
at 94 GHz has been studied.42 
Dielectric waveguide structures

co n ta in ing thesee lec troop tic  ma- 
teria ls may be an in teresting  top ic 
of study.

Conclusion
In this paper, we reviewed recent 

advances in o pen  w a ve gu id e  
s truc tu res  as app lie d  to  m il l i­
meter-wave in tegrated c ircu its  by 
way of illustra ting  several exam - 
ples. Here, we try  to address some 
of the im portant areas of fu rthe r 
investigation to make the die lectric 
waveguide technique more p racti­
cal.

— Interfacing problems
Hybrid structures in which both 

d ie lectric waveguidesand printed 
transm ission lines are used may 
alleviate some of the problem s 
which otherw ise are d ifficu lt to 
handle. We have shown several 
examples in th is  paper. Investiga­
tion of this approach is especia lly 
im portant fo r active com ponent 
development, because the device 
must be supplied w ith  at least two 
conductors fo r dc bias o r low 
frequency signals.

— Active devices
Many active devices available 

today have been developed for 
metal waveguides and printed c ir­
cu it structures. It ise a s ie rto  build 
d ie lectric waveguide active com ­
ponents if there are semi-conductor 
devices created fo rth is techn ique . 
Perhaps, the m ono lith ic  approach 
should be looked into as the de­
vices can be created in situ  in the 
d ie le c tr ic  w avegu ide  m ade of 
semiconductor.

— Optim ization of waveguide 
structure

As the wave in teractions with 
matters generally become weaker 
with increasing frequencies, we 
need to find the waveguide struc­
ture which makes the best use of 
phenomena w ithou t s ign ifican tly  
increasing the loss. This study is 
especially im portant in thearea of
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distributed nonreciprocal and con­
trol devices.

— Fabrication techniques
Mostof thedielectric waveguide 

structures require some forms of 
machining process. For greater 
accuracy, other fabrication tech­
niques should be adopted. At 
higher frequencies, the size be- 
comessmallerand 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 
all the works which haveappeared 
in lite ra tu re . There are many 
excellent works not referenced 
here. Also, some opin ions ex- 
pressed in the paper are quite 
subjective. * 1
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tntroduction

The Integrated O perational 
Nuclear Detonation (NUDET) Detec­
tion System (IONDS) Global Seg­
ment (IGS) is a NUDET detection 
and digital com m unication net­
work which provides space sur­
veillance capability for NUDETS. 
The space related portion of IGS 
is a part of the Global Positioning 
System satellite. The L-Band trans- 
mitterdeveloped and spacequali- 
fied for this system incorporates 
thequadriphase m odulatorthat is 
the subject of this paper. The 
paper describes a useful c ircu it to 
providefourdiodesw itched quad- 
rature spaced output phase sig­
nals depending on the bias ap­
plied tothediodes. 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 d iffer­
ence (which isfrequency insensi- 
tive) of the backward wave coupler. 
In this case the backward wave 
coupler is realized as a Lange, 
interdigitated m icrostrip device. 
The inherent 3 dB power loss with 
this configuration is of no conse- 
quence since amplitude leveling 
by an AGC circu it preceding the 
QPSK modulator is 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 by0,90, 
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, 
fourPIN diodes and two TTLcon- 
trolled drivers. Two ports of two of 
the hybrids are loaded with shunt 
mounted PIN diodes followed bya 
shorted quarter wave transmission 
line. The phase shifting isachieved 
by switching the diodes “ on" and 
“ o ff.”

To clearly understand the Opera­
tion of the QPSK modulator, the

phase sh ifting  effect of the quad­
rature hyb rid  loaded w ith  PIN 
diodes and the ir re la tionship  with 
the shorted quarter wave trans­
mission lines is b rie fly reviewed.

Fig. 1 L3 transm itter.

Consider the network shown in 
Figure 2 where an ideal 3 dB 
quadrature coupler111 and two iden­
tical c ircu its , each consisting  of a 
shunt mounted PIN diode followed 
by a A l4 shorted stub, connected to 
Ports 3 and 4. Defin ing Sn as the 
reflection coëffic iënt of the c ir­
cuits connected to Port 3 and 4 
and under the conditions when 
the coup ling  coëffic iën t K of the 
coupler is .707, the RF ou tpu t at 
Port 2 is depicted and sum m ar- 
ized in Table 1. That is, when the 
diodes switch from open to short 
c ircu it, the reflection coëffic iën t

TABLEI
DESCRIPTION OF OPERATION OF HYBRID COUPLED PHASE SHIFTER

Diode
S„

Retl. coeff. of Input Signal Output Signal
State DiodeTerm. Stub at Port 1 at Port 2

Diodes ON 1 /18 0° 1 /_S1 1 /  90°

Diodes OFF 1 LSI 1 /_SZ 1 / - 9 0 °
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Sn of diode term inated stub trans- 
forms from 1Z180° when the diodes 
are on, to 1Z0° when they are 
off. Viewing from the output (Port2) 
Sn is transform ed to 1Z90° when 
the diodes are on, and 1Z-900 
when the diodes are off.

The output of the QPSK modu­
la tor utilizesa W ilkinson hybrid,<2) 
a 3 -p o rt n e tw o rk  of the form

js „  4-

K = .707

I /Q°

TABLE II
AMPLITUDE AND PHASE 

RELATIONSHIP AT VARIOUS PORTS

Input Port Port 1 Port 2 Port 3

Port 1 1 10° .707/ -90 .707/-90°

PORT 2 .707/ -90° 1 /JL° -

PORT 3 .707/-90 - 1 /JT'

M  4

Mn

"1

Fig. 2 B lock diagram of hybrid coupled phase shifter.

data word supplied by the logic 
network to the two TTL control led 
drive rs.<3)

To clearly follow the phasing of 
the QPSK modulator, refer to Fig­
ure 4 and tracé 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 
.707Z0° and .707Z-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 ,5Z0°, 
but upon conversion by the shorted 
diode termination, it is .51-180°. 
Propagating toward Port C, it is 
.3531-270°. At D3, the signal com­
ponent from A is reduced to 
.5Z-90°. D3 being a shorted diode 
term ination, adds -180° so that it 
is .5Z-2700. Propagating toward 
the output to Port C, it is .353Z- 
270°. Summing both signal com­
ponents from D3 and D4, we get 
.7077.-270° at Port C. Finally, div- 
iding equally at Port C between 
the resistorand theoutput 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 
“ o ff” , the signal output at Port E 
from the LHS equals .51-270°. 
Summing both signal components 
from LHS and RHS, we get .7077.45°.

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

n

D
D
D
0

0

D
D
I

I

D
show n in F igure  3. W ilk inson  
hybrid  is characterized as follows. 
An RF input at Port 1 divides 
equa lly between Ports 2 and 3 by 
the virtue of the symmetry. The 
resulting fie lds of these two ports 
are equal in 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°, 
w hile  the other half is lost in the 
resistor. Correspondingly, an RF 
input at Port 3 propagates to Port 
1 w ith a phase lag of 90° while  the 
other half isdissipated in the resis­
tor. A table of the am plitude 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 m odulator is rapidly 
phase-shifted between one of four 
orthogonal positionsby the binary Fig. 4 QPSK m odulator block diagram.

[Continued on page 134) 
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mination is lagged an additional 
180°. D1 and D2are 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.

IGS’s QSPK Modulator Circuit
The QSPK m odulator shown in 

Figure 5 was fabricated on micro­
strip on a 2" x 2" x .025" alumina 
Substrate. The input RFfrequency 
is L-band at +10 dBm level. The 
PIN diodesare fast switching. HP- 
3305 ceram ic package device 
requiring low drive current sup- 
plied by the ultra high-speed

diode drivers at 10.23 MHz bit 
rate.

Fig. 5 QPSK m odulator fabricated on 
m icrostrip of alum ina substrate.

In the previous analysis, it was 
assumed that the transm ission 
line, hybrid balance, PIN diodes, 
Ä/A line spacing, port match is ideal 
and lossless. In actuality, the sum 
total of the losses am ounted to  1.3 
dB and this added to  the theo- 
retical 3.0 dB loss am ounted to 
4.3 dB loss fo r the m odulator. 
Actual test data, Figure 6, show the 
quadriphase perform ance to less 
than 2° from the desired quad 
phase. The unit was tested envi- 
ronm entally from  -24° C th rough  
+71° C with the quad phase Sepa­
ration v irtua lly unchanged. From 
the cold to the hot extrem e, there 
w asacounte rc lockw ise  d isp lace­
ment of —3°, but all quad phase 
moved synchronously to maintain 
the o rig in a l q ua d rip h a se  p e r­
formance.

Besides quadriphase pe rfo rm ­
ance, it was also required tha t the 
output magnitude of the QPSK 
m odulator remain constant w ith in  
a small tolerance of 0.3 dB. The 
reason for this requirem ent is that 
in the IGS system, the m odula tor 
output feeds a cascade of dass  C 
am plifiers. Class C am plifie rs , 
depending on bias level, are ex- 
tremely sensitive to AM /PM  m od- 
ulation. For m in im um  insertion 
phase shift, the class C stages are 
biased at Saturation. Therefore, to 
maintain the system quadriphase 
performance, the am plitude  Vari­
ation is contro lled to less than 0.3 
dB Variation between quad States.

Modification For Realization of 
Production Modulators

The concep t o f a q u a rte r-  
wavelength shorted te rm ina tion  
from  a reference 0° po in t to 
achieve 180° phase sh ift iss im p le  
and stra ightforward. Yet in prac- 
tice, when biased PIN d iodes and 
b lock ingch ipcapac ito rsare  used, 
the presum ption of ideal shorts 
and lossless b lock ing  does not 
hold true. Furtherm ore, to lerance 
on com ponents con tribu tes  to 
phase d iffe rences beyond the 
accepted 3° to lerance per quad 
between units. If we can m anipu- 
late the quarter wave stub section  
by adding positive or negative 
susceptance, th is  p ro b le m  is 
alleviated.

Figure 7a shows a Ä/4  d iode 
term inated stub, where the stub

TABLE III
DESCRIPTION OF QPSK MODULATOR OPERATION

Diodes Voltage at E Voltage at E Voltage
On/Off From D From C at E

1 All Diodes Off .5 / -270° ■5 /  -180. ' .7 0 7 /1 3 5 °

2 RHS Diodes On .5 /  -270° ■5/0° .707/452

3 LHS Diodes On •5 /  -90° ■5/-180° .707 /-1 3 5 °

4 All Diodes On .5 /  -  90° ■5/0° .707 /  -45°

QPSK MODULATOR TRANSMITTER 
10458-516-1

Freq
MHz

Phase 
2 Rel 1

Phase 
3 Rel 1

Phase 
4 Rel 1

RTN Loss 
Meas 1

RTN Loss 
Meas 2

RTN Loss 
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 17.51 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
MHz

RTN Loss 
Meas 4

___________
Loss-DB 
Meas 1

__________
Loss-DB 
Meas 2

Loss-DB 
Meas 3

Loss-DB 
Meas 4

1376.050 16.67 4.37 4.19 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
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.

[C on tinu ed  on page 136] 
MICROWAVE JOURNAL •  SEPTEMBER 1982134



[From page 134] MODULATOR

0

power
splitter/

combiners
4 way 0°

10 to 500 MHz
only $7495 (i-4)

AVAILABLE IN STOCK FOR 
IMMEDIATE DELIVERY

• rugged 11/4 in. sq. case
• BNC, TNC, or SMA connectors
• low insertion loss, 0.6 dB
• hi Isolation, 23 dB

ZFSC 4-1W SPECIFICATIONS

FREQUENCY (M H z) 10-500
INSERTION LOSS, dB  
(above 6 dB)
10-800 MH7

TYP.
0.6

MAX.
1.5

A M PLITU D E U N B A L , dB 0.1 0.2
PHASE UNBAL. 1.0 4.0
(degrees)

ISO LATIO N, dB TYP. MIN.
(adjacent ports) 23 20
ISO LATIO N, d b 23 20
(opposite ports)
IM PED AN C E 50 ohms.

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

For Mini Circuits sales and distributors listing see page 133.

finding new ways.. .  
setting higher Standards

C3Mini>Circuits
A Division of Scientific Components Corporation 

World's largest manufacturer of Double Balanced Mixers
2625 E. 14th St. B’klyn, N .Y. 11235 (212) 769-0200

83-3 REV. ORIG,

has 50 ohm characteristic impe­
dance. In an ideal case this stub 
will result in a 180° phase shift. 
However,in p rac tice .due tod iode  
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 circu its 
(MIC), the line is etched 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 w ithout 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 term i- 
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 
the line width. The amount of cor- 
rection is restricted to small phase 
deviation, generally less than 10°. 
or else other com plications, such 
as mismatch loss, become a factor.

Figure7c illustrates this method 
in detail where a phase error of 6° 
is corrected by chang ing  the 
impedance of the stub. That is, 
assume the 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 =  Ysc/Yo =  -j cot B1. 
where
Ysc =  unnormalized short c ircu it 
admittance
Y0 =  characteristic admittance 
B  = 2 tt/A

I = length of transmission line 
section.

In Figure 7b, let y0i = .0222 and 
yo2 = .02 with h and I2 = A/8 at 
1.381 GHz. On the Smith Chart 
(admittance), starting at y = j«=, 
the physical short postion, we 
traverse CW a distance of A/8 to 
-j 1.0. We next renormalize, - j1 .0 x

.0222/.02 = - j1 .11, show n as Point 
A in figure  7c. C on tinu in g  CW for 
another A /8, we reach po in t B (- 
j.05). The resultant phase shifts 
show 174° fo r these com posite 
A/8 sections. Next, add the 6° due 
to parasitics and we obta in the 
desired 180° phase shift.

Diode yo; = .02 [ y= l°°

y =i°|----------------äh ----------------------1

(a)

Fig. 7 Phase co rre c tio n  by stub 
im pedance ad justm ent.

A notherw ay to a d d  small phase 
com pensation is to use open c ir ­
cuit shunt stub. Small sections of 
islands are etched next to the pin 
diodes as shown in figure 8a. 
Assume that I1 is s lig h tly  less than 
180° and l2 is required to com pen- 
sate fo r the d ifference. That is,

ycomp — ysc “F y oc 
where

yComp =  norm alized com posite 
adm ittances of short 
c ircu it and open c ir- 
cuited stubs.

ysc =  normalized adm ittance of 
short-c ircu it stub 

Yoc =  j tan B1 = norm alized
adm ittance of open-c ircu it 
stub

Let l2 = A l80

Then yoc = j tan —— = j.078,
^ 80

Shown in F igure 8b on the 
Smith Chart, h is less than A l4 
and l2 is required to  compensate 
for the difference.

Finally, as m entioned earlier, 
the magnitude balance between 
all quad States must be constant 
to w ith in  0.3 dB at the output. To 
alleviate this problem  we add a 
Provision to selectively mismatch 

[C on tinu ed  on page 138]
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Fig. 8 Phase correction  by open c irc u it 
shunt stub ad justm ent.

either of the resistive ly coupled 
portsofthe Wilkinson powerdivider. 
Small islands to  add capacitive 
susceptance are generally su ffi­
ciënt to balance the m odula tor 
output to w ith in  0.3 dB fo r any of 
the quad States. Actual loss data 
shown in Figure 6 dem onstrates 
th a t th e  m a g n itu d e  b a la n c e  
achieved fo r the m odu la to r was 
less than 0.25 dB.
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Gunn Effect Devices 
Move up in Frequency and 
Become More versatile

Technical Feature

F. B. Fank and J. D. Crowley
Varian Associates, Ine.
Santa Clara, CA

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 fo r oscillators of all 
types across the microwave spec­
trum. Most of the firs t broadband 
microwave solid state sweepers 
used YIG-tuned Gunn oscillators, 
and many present radarand com- 
m unication systems use fixed- 
tuned Gunn oscillators for low 
noise, local oscillators. The ma- 
jo rity  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 fo r 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 m icrostrip c ir­
cuits. With the present practical 
upper frequency lim it 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 oscilla tor applica­
tions where its low FM and AM 
noise characteristics are essen­
tia l fo r  system  perfo rm ance .

Radarsand many com m unication 
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 below30 GHz will be 
limited to these low noise applica­
tions. It isatthefrequenciesabove 
30 GHz, where the m illim eter­
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
tics is helpful. This article w ill d is- 
cuss the development of Gunn 
Effect devices above 30 GHz and 
some specific applications at m illi­
meter-waves. Also, a forecast of 
where the Gunn device w ill u lti- 
mately be used is also given.

Comparison of GaAs and InP 
Gunn Characteristics

It is well known that both GaAs 
and InP materialswith properdop- 
ing characteristics w ill exhib it the 
transferred electron effect. Thus, 
both GaAs and InP devices can be 
used insim ilarapplications. 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:
• The transferred e lectron e ffect 

is calculated to be effective to 
about tw ice the frequency o f 
GaAs.

• The e ffic iency of InP is about 
tw ice as high as that o f GaAs.

• The noise measure o f InP is 
approxim ately 6 dB low er than 
GaAs.

• The threshold fie ld  in InP is 
about three times tha t o f GaAs. 
S im ply speaking, InP is b e s tfo r

h igh-frequency applications, i.e., 
m illim eter waves, as both an osc il­
la tor and an amplifier. The e ffi­
c iency curves of GaAs and InP 
versus frequency, shown in F ig­
ure 1, summarize the ca lcu lated 
osc illa to r characteristics. Experi­
mental data to date are in good 
agreement with these curves.

The optim um  noise measure of 
a practical InP Gunn d iodecan  be 
expected to be less than 10 db

Fig. 1 Predicted transferred e lectron 
device effic iency vs frequency.

TABLE 1
RF PERFORMANCE OF 

FIXED FREQUENCY  
InP GUNN OSCILLATORS

DEVICE FREQUENCY
(GHz)

OUTPUT
POWER

(mW)

EFFICIENCY
<%)

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

DEVICE TYPE F Po n
(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 2.4
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 am plify- 
ing device fo r all m illim eter wave 
frequenciesthrough 100GHz. Be- 
cause of this, s ign ificant empha- 
sis of development work at m illi- 
meter-waves has been placed on 
InP materials, devices, and com ­
ponents in recent years.

Millimeter-wave Oscillators
The development of InP mate­

rial fo r oscilla tor devices over the

Operation of a Gunn Effect device. 
Design effort has been concen- 
trating on reliable current lim iting 
cathode contacts and “ two-zone” 
cathodes for highest efficiencies. 
The best CW results of the devel­
opment work at 60 GHz are shown 
in Table 1. The highest CW pow- 
ers in the 50 to 60 GHz range are 
also still somewhat lim ited by 
thermal considerations as well as 
skin effect losses and these areas 
are under development to further

TABLE 3
RF PERFORMANCE OF 2 AND 4 
DIODE COM BINING CIRCUITS

DIODES F
(GHz)

Po
(mW)

n
(%)

j?comb
(%)

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-31

EE271B-26
EE271B-24 90.6 260 1.6 92.85

EE268-22 
EE 268-6

EE268-26 
EE268-15 90.8 230 1.4 106.5

last several years has been primar- 
ily  at 60 and 94 GHz. Work has 
continued on the developm ent of 
the InP Gunn diode design to in­
crease the effic iency and power 
ou tpu t at these frequencies. The 
e ffec t of the ca thode on the 
“ launch ing” of e lectrons into the 
active region has been shown to 
be the critica l design facto r in the

increase the efficiency and power 
of these CW Gunn diodes. Pres­
ent designs use a40,um 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 /jm  or less.

O sc illa to r-type  c ircu its  have 
been developed for both mechan-

ical and electronic tuning at 60 
GHz. Mechanical tuning of a CW 
oscilla tor is shown in Figure 2. 
Ten percent tuning bandwidths 
are ach ievab le  w ith  reduced- 
height waveguide cavities. Elec­
tron ic  tuning of 60 GHz oscilla­
tors is achievable over nearly the

Fig. 2 O utput power and frequency vs 
slid ing short position for a mechanically- 

tuned InP Gunn oscillator.

same bandwidth, but the power 
output isconsiderably 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 date is 125 mW 
with an efficiency of 3.27%. One 
of the most promising develop- 
ments in this area has been the 
s tra igh tfo rw a rd  app lica tion  of 
power combining techniques to 
achieve overa quarter-watt of CW 
power at 90 GHz as indicated in 
Table 3. The use of Standard in­
lin e  h a lf-w a v e le n g fh  spaced 
diodes allows combining efficien­
cies well above 90% in every case. 
T h e u s e o fth e ln P G u n n  diode in 
this manner creates a good me­
dium powercomponent which has 
lo w -n o ise  p ro pe rtie s  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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I 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

I powers at 1% duty cycle with a 0.5 
/jsec pulse w idth are given in 
Table 4.

I M illim eter Wave Low Noise and 
Medium  Power Am plifiers

The initial effort in the develop­
ment of InP Gunn diodes for am-

I plifiers at m illimeter waves was 
for low-noise applications. Speci­
fic designs were centered around 
the development of broad-band

I low-noise amplifiers for useabove 
26 GHz. A drop-in replacement 
for a low-noise traveling wave

I tubeamplifier which operates over 
the entire 26.5 to 40 GHz frequency 
band has been developed using

Fig. 4 Gain and noise figure of an 
all solid state am plifier replacement 

fo ra  low-noise TWT.

InP Gunn diodes in all of the

I amplifier stages. This prototype 
TWT replacement was built as a 
demonstration of the capabilities 
of the InP Gunn diode with the

B results shown in Figure 4. The 
amplifier uses eight stages, with 
approximately 5 dB per stage, 
with each stage essentially cover­

ing the füll bandwidth. The noise 
figures are also shown in Figure4, 
and indicate that it is well w ith in 
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 am pli­
fiers using InP Gunn diodes was 
alsoextended to60 GHz, with typ i­
cal noise measures in the 9 to 12 
dB range. A noise measure of 7.8

dB at 40 GHz is the best ob ta ined 
to date with the n m inus notch  
design. Characteristics o f an am ­
p lifie r which was developed to 
cover the 48 to 52 GHz band are 
shown in Figure 5. The typ ica l 
noise figures were around 12 dB 
fo r this am plifie r w ith an op tim um  
noise figure of 10 dB at 50 GHz. A 
broad-band low-noise am p lifie r 
covering the com plete 50 to  60 
GHz band is now in the p ro to type  

[C on tinued on page 146]

DESIGNING OSCILLATORS 
IS AS MUCH AN ART 

AS A SCIENCE.
In today’s sophisticated world, the designer must 
be concerned with additional parameters which 
are difficult to describe and measure; phase 
noise, AM noise, post-tuning drift, residual 
FM, tuning speed and repeatability are 
just a few of these. Providing 
customers with “State of the Art” 
oscillators takes a manufacturer 
with dedicated people and an 
awareness of our rapidly changing 
technology. EMF SYSTEMS INC. is 
this kind of Company.

Af*.

PHASE LOCKED OSCILLATORS ■  VCO’s 
SYNTHESIZERS ■  MULTIPLIERS 
CRYSTAL OSCILLATORS ■  VCXO’S 
RADAR SIMULATORS

EMF SY STE M S  IN C .
121 SCIENCE PARK 
STATE COLLEGE, PA. 16801 
814/237-5738
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TABLE 4
InP DIODE RF EVALUATION 

(BEST-TO-DATE, PULSED, 75-110 GHz)

FREQUENCY OUTPUT EFFICIENCY
DEVICE (GHz) POWER

(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
BANDWIDTH

(GHz)

MINIMUM  
POWER OUTPUT  

(mW)

MINIMUM  
SS GAIN 

(dB)
NUMBER 

OF STAGES

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

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

A num ber of am plifiers have 
been developed recently for me- 
d ium -pow er applications requir- 
in g am in im u m oflO O  milli watts of 
pow er output. These types of am­
p lifie rs  are being used as ihe out­
put transm itter of a short-range 
Communications system or as a 
d rive r fo r a much higher power 
m icrowave tube. Some specific 
am plifie rs which have been de­
veloped overthe  pastyearare  de­
scribed in Table 5, and the ir char­
acteristics are shown in F igures6, 
7 and 8. A photograph of a 3-stage 
60 GHz am plifie r is shown in Fig­
ure 9. These am plifiers are sim ilar 
in that they use Standard reflec­
tion am plifier design with approxi­
m ately 10 dB gain per stage. For 
the amplifiers in the 35 GHz range, 
GaAs diodes were used in the out­
put stages. Higher power InP Gunn 
diodes will bedeveloped forh igher 
pow er output at these lower fre ­
quencies. In the design of these 
medium poweramplifiers, flat pro- 
fiIe  InP Gunn diodes were used to 
furn ish  the highest power in the 
least num ber of stages. Even

though specific low noise InP 
Gunn diodes were not used, the 
noise figures were typically in the 
15 to 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 upthrough 60 GHz have been 
developed with insertion loss of

0.3 dB across a minimum 6 GHz 
bandwidth. Thesecirculatorsalso 
have a minimum return loss and 
isolation of 15 dB across the same 
bandwidth. Circulators are now in 
development which will cover a 
m inimum 10 GHz bandwidth in 
the 40 to 60 GHz band. Amplifiers 
operating over at least 10 GHz 
can be diplexed to cover the füll 
40 to 60 GHz band in one com­
plete module.

n

Fig. 6 Gain responses of three-stage 
am plifier 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 Figure8, 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 
w ill be done in the near future to 
allow Operation over the complete 
m ilitary environment.

Future of Gunn Effect Devices
From the previous discussions, 

it is apparent that the future of 
Gunn Effect devices is at m illi­
meter-wave frequencies, with both

£-20
2-15
Z 10
a  5 

0
HEAT SINK AT 35°C

28 30 32 34 36 
FREQUENCY (GHz)

38 4

two-stage inK uainn amputier witn 
saturated power greater than 50 mW.

Fig. 7 Small-signal gain of a half band 
am plifier w ith 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 sufficiënt fo r 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 fourtim es typical 
s ing le-d iode  values. Realistic 
values would probably be300 mW 
of CW power and 1.0 watt of peak 
power in power-combined circuits 
at 100 GHz.

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

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

Fig. 9 V-band solid state amplifier.

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 am plifie r 
bandwidth will be limited prim arily 
by circulator characteristics, but 
a 10 GHz bandwidth design should 
be available from 40 to 100 GHz.

Power levels of 100 mW w ill 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

cent. A lthough no pulsed am p li­
fiers have been developed to  date, 
power levels should be consider- 
ably h igher than the CW power 
levels.

Below 30 GHz, Gunn effect 
devices have been used almost 
sole ly as osc illa to r devices, but 
above 30 GHz, the exce llen t low 
noise and broad-band properties 
of the InP diode have made the 
Gunn diode more versatile as an 
am plifie r device as well as fo r 
oscillators. ■

/  \  
M ULTI MAT IC

Connector Bodies
le f you

“put it a ll 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.
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Technical Feature

investigations on the 
Operating Modes ot 

MHiimetre wave Gunn- 
Osciiiators

Helmut Essen
Egon Wennerscheid

Introduction
After the mm-wave Gunn-oscil- 

lator had become a commercially 
available com ponent including 
W-band (75-110 GHz) in recent 
years, a number of publications 
were dedicated to the explanation 
of the operating modes of this 
device1"5. While its Operation at 
W-band frequencies was attributed 
to fundamental oscillations either

in a hybrid mode or thequenched 
space charge mode in earlier pub­
lica tions , m ore recen tly  the 
G unn d ev ices  o s c il la t in g  at 
W-band frequencies have been 
claimed to operate in a harmonie 
m ode1"3

The experiments leading to this 
assumption up to now did not 
take advantage of e lectronic tun­
ing of the G u n n -o s c illa to r by

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

means of the bias voltage w ith  
simultaneous Observation o f the 
spectral com ponents o f the o u t­
put signal. They achieved the tu n ­
ing strictly by m echanical means, 
possibly with a certa in  am ount o f 
load pulling.

Experimental Set-Up

The test set-up, show n in F ig­
ure 1, tried to m in im ize the in flu - 
ence between the ou tpu t chan­
nels du ring  the tu n in g  o f the  
device. As shown in F igure 2, the 
device under test was m ounted 
into a full height W -band wave­
guide with a tunable backshort. 
Abovethediode-position, a cross- 
wise Q-band waveguide in c lu d ­
ing atunable p lunger was coup led 
to the diode by a c ircu la r hole 
with the bias-pin Crossing both 
the Q-band and W -band wave­
guide. The G unn-device was em - 
bedded into a d isc-type resonator 
in a design em ployed usua lly5,6

DC-BIAS

m Ä q -b a n d - Ä » /
fe>W -B A N D - J 
-K ^ W A V E G U ID E M M  \

/ Q-BAND- ^ G U N N - w -b a n d - \
-TbACKSHORT ELEMENT BACKSHORT*

Fig. 2 O sc illa tor set-up.
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Ifor W-band full height waveguide 
Gunn-Oscillators.

In both the Q-band and the

I W-band waveguides, the output- 
signals were down-converted and 
observed on a spectrum-analyzer 
used fo r precise IF-frequency-

I measurement.
From the IF-frequencies the 

oscillator’sspectral Outputs could

Ibe calculated from the known fre­
quencies of the stable local oscil­
lators. The use o f broadband 
mixers allowed the Observation of

I spectral components starting at 
the  c u t-o ff fre q u e n cy  o f the 
Q-band waveguide at about 25 
GHz to above 100 GHz at the

I W-band port.
S im u ltaneous ly , the  o u tp u t 

power in Q-band and W-band were

I m o n ito red . The G aA s-G unn- 
devices which were tested in the 
above set-up had active layer 
length of nominally 2.4/zm (vapour

I phase epitaxy)7.
Experimental Results

I n order to in vestigate the opera-

Iting modes of the device, the oscil­
lator was tuned electronically by 
Variation of the applied bias vol­
tage as well as mechanically by

D Variation of the backshort-posi- 
tion in the Q-band or W-band 
waveguides. During the measure­
ments it turned out that the oper-

I ating mode o f the device was 
strongly influenced by the posi­
tion of the W-band plunger if it 
was in proxim ity of the resonator

Idisc. This is due to the fact that 
the plunger acts as a tuning rod if 
it is suffic iently tigh t to the reso-

I nator disc.
In cases where the W -band 

backshort was sufficiently far away 
from the resonator disc, two spec-

I— 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

I at the W-band port was found at 
94.0 GHz. The bias tuning charac­
teristics of the observed spectral 
components were recorded simul-

I taneously and are shown in Fig­
ure 3. It is apparent that in the 
case under consideration the tun-

I ing behavior of the 47.5 GHz and 
94.0 GHz lines are practically iden­
tical while thegradient of the63.4 
GHz tuning curve differsconsider- 
ably. Assuming harmonie opera-

I

Fig. 3 Bias-tuning characteris tic  fo r the three spectral com ponents near 47 GHz (q i = t), 
64 GHz (q 2 = x) and 94 GHz (w = 0).

Fig. 4 Tuning by Variation o f the Q-band 
backshort position. C ond itions otherwise 

unchanged compared to Fig. 3.

tion of the device the relations fn = 
(n/m) • fm and A  fn = (n/m ). A  fm 
can be used forthe  determ ination 
of harmonie numbers. Under this 
supposition the harmonie num­
ber extracted from  the Q-band 
and W-band spectral components 
is 1.5, indicating th e 63.4 GHz line 
to be the first and the 94 GHz line 
to be the second harm onie of a 
31.24 GHz oscillation. The firs t 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 o f oscillations 
in this frequency region. This

behavior makes the assumption 
of harmonie Operation doubtful 
for the Operation mode under 
consideration.

A sim ilar behavior was observed 
during mechanical tun ing  o f the 
device by Variation o f the pos ition  
of the Q-band backshort under 
otherwise unchanged cond itions . 
The 47.5 GHz and the 94 GHz line 
show the same grad iën t fo r the 
tun ing  ch a rac te ris tic  w h ile  the 
gradiënt o f the 63.4 GHz charac­
teristic is smaller, leading again to 
a harmonie number of 1.5 between 
the 63.4 GHz and 94 GHz o sc illa ­
tion. Figure 4 shows the tun ing  
characteristic fo r Variation o f the 
Q-band backshort-position ; F ig­
ure 5, the ou tpu t pow er when the 
short position is varied.

While V a r ia t io n  o f t h e  Q -band

Backshort position [mm]

Fig. 5 Variation in o u tp u t-p o w e r at 
Q-band and W -band and W -band po rt by 
changing at Q -band backshort pos ition .

[C on tinued  on page 152]
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using MMR's patented MicroM ini- 
ature Refrigerator.

Features
•  Single knob temperature control
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stabilization
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•  Low noise amplifiers and 

microwave devices
•  Most other electronic devices
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•  Thin film  fabrication
•  OEM applications

•Foreign prices are slightly higher.

M M R Technologies, Ine.
1400 Stierlin Road, #A 5  
Mountain View, CA 94043 
(415) 962-9620

backshort position allowed tun­
ing o f 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  fo r m atching the d iode 
towards maximum output power.

A no ther mode of Operation 
could be achieved by bringing the 
W-band plunger into close proxi- 
m ity to the resonator disc. At a 
certain position, a second spec­
tra l line could be observed at the 
W-band port which grewstronger 
while  the first line faded away 
whep 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 
tun ing characteristic in this case 
decrease w ith increasing fre ­
quency of the spectral line, as 
shown in Figure6. This can by no 
means beexplained by a harmonie 
mode of Operation. Figure7shows 
th e  pow e r V a r ia tio n  as th e  
W -band backshort position is

—  

p0
[mW]

100

50

10

4. 5.
BACKSHORT POSITION [mm]

Fig. 7 O utput power at Q-band and 
W-band parts during Variation of W-band 

backshort position.

output power operating at har 
monic modes, but in addition other 
operating modes which deliver 
s u b s ta n tia l o u tp u t pow er at 
W-band can appear when Gunn 
diodes orig inally designed for 
lower frequency Operation are*”  
employed in W-band oscillators
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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 harmonie Operation, but other 
phenomena have also to be taken 
into account. As it was shown else- 
where, Gunn devices can deliver

The authors wish to thank Dr. 
W. Haydl of the Institut für ange­
w andte Festkörperphysik der 
Fraunhofergesellchaft, Freiburg, 
for his Gunn-diode support. * 1 2 3 4 5 6 7
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SimultaneousTpansmission/Reflection 
Measurements Using the 
Hewlett-Packard 84108*

D.E. Bradfield
Stable Energy Sources, Ine.

Lancaster, PA

Application Note-----— ----------------------------------------------------------------------------------------------

(50 O), a reflected wave results. 
The signal at the ou tpu t o f the 
UUT is the transm itted wave. The 
operator selects the signal to be 
m onitored from a sw itch  on the 
front panel of the test set.

The technique fo r m on itoring  
both the transm itted and the re­
flected waves is based on the abil- 
ity to independently sw itch the 
two signals on and off. This Opera­
tion can beaccomplished by using 
two pulse m odulators as shown in 
Figure 2. A 1-kHz c lock  signal is 
applied to a J-K flip -flop , which is 
connected so that the Q and Q 
Outputs com plem ent each tim e a 
clock pulse occurs. The Q output 
p rov ides one m o d u la to r d rive

Fig. 1 S implified RF schematic diagram of HP-8743A reflection/transm ission test unit.

filte r is characterized, it is advan- 
tageous to be able to monitor 
both the transmitted and the re­
flected waves simultaneously. A 
technique fo r m on itoring  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 transm ission/reflection 
test unit (HP8743A).
Theory of Operation

The test system illustrated in 
Figure 1 consists of the HP-8410B 
network analyzer, the HP-8743A
'T h is  paper is based upon work performed 
at COMSAT Laboratories under the spon- 
sorship of the Com m unications Satellite 
Corporation.
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Fig. 3 S implified RF schem atic diagram  of the m odified network analyzer system.

Fig. 2 RF sw itch ing c ircu it.

Introduction
N etw ork ana lyzer measure­

ments play an important role in the 
characterization of microwave cir­
cuits, because they provide mag­
nitude and phase in form ation  
about a circu it at a particular fre­
quency. Them agnitudeand phase 
information is derived by compar- 
ing two sources: the reflected wave 
and the transm itted wave. When a

reflection/transmission test un it1, 
and a sweep frequency generator. 
The sweep frequency generator 
output power is sampled by a 20- 
dB directional coupler. The sam­
pled 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



Signal whilethe 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 
time sample of the two RF sources.

Figure 3 depicts the Hewlett- 
Packard m easurem ent system 
using the technique described in 
the p rev ious pa rag raph . The 
sweeper supplies a blanking pulse 
during the retrace, and this pulse 
isu se d to c lo ck th e flip -flo p . Each 
tim ethe pulse occurs, theoutputs 
of the f l ip - f lo p  co m p lem en t. 
Because the RF input to the first 
modulator is the reflected wave, 
and the inputto thesecond  modu­
lator is the transm itted wave, the 
summation of the two signals re­
sults in a time sample of the trans­
mitted and reflected waves. The 
flip-flop is pulsed onceeach sweep; 
hence, the sample time of each 
wave is equivalent to the sweep 
time. Thus, the display alternates 
from reflection to transmission at 
theendofevery odd num bertrace 
and from transmission to reflec­
tion at theend of every even num­
bertrace. Ifthesw eep ra te ish igh  
enough, the eye cannot detect the 
alternating pattern, and an effec- 
tivesimultaneousdisplay of trans­
mission and reflection information 
results.
Conclusion

A technique fo r an effective 
simultaneous real-time transmis- 
ion/reflection measurement has 
been described that makes the 
tuning of filters easier because of 
its dual tracecapability. This tech­
nique can be expanded to enable 
a greater number of tracés. A 
pulse modulator must be added 
for each signal to be sampled, and 
the flip-flop must be replaced with 
ashift register havingN 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 tracés.
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those who join us. Immediate assignments 
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AT-52 50 (1W)
AT 53 50 ( 25W)
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CD-51 50
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FL-75 75 DC
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18.00 
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5.S0UC Pc i —
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Application Note

tunnel Diode Oscillators
Charles Blaine

Custom Components, Lebanon, NJ

The tunnel diode can be used 
as a m icrowave oscilla tor and can 
deliver output powers greater than 
0.5mW up to frequencies as high 
as 30 GHz. Som etunnel diode os­
cilla tors have been operated at fre­
quencies as high as 100 GHz.

Tunnel diodeoscillators typically 
exh ib it 20 to 30 dB lower noise 
than  that achieved w ith  e ither 
G unn-effect or avalanche oscil­
la tors and they operate at high 
dc-to-R.F. efficiencies under low 
voltage (1.0 volts or less) dc power 
supp lyconditions. In addition, the

GaAs tunnel diode oscillator has 
exhibited extremely long life at 
temperatures as high as 100°C 
arid 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 
availab le  from  germanium and 
produces four times the power 
output for a given negative re­

sistance. The power output of a

Fig. 1 Equivalent c ircu it of a tunnel diode 
oscillator.

Servometer's gold plated contact springs are actually tiny 
bellows with one closed end. They can be: •  Mated to 
diode packages •  Used in blind connections •  Leak 
tested for use in instruments •  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 
and varying contact pressures 
from .02 to .3 oz./.OOI".
Special designs can be made S & m p to  
to your specifications or an(|
Standard items can be CATALOG
modified.

M I N I A T U R E  M E T A L  B E L L O W S

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

OFF THE  
SHELF SOLUTIONS TO YOUR 

RFI PACKAGING 
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• 100 Different Case Sizes.
• Available with or without

Connectors.
•  Custom Configurations to meet

your requirements are off-the- 
shelf.

•  Complete Line of Coaxial
Accessories - terminations, 
adapters, attenuators.

• Complete Line of Accessories -
gaskets, circuit boards, filters, 
feed thrus

Our catalog features the new 
Universal Connector Configurations

279 Skldmore Road 
Deer Park, N.Y. 11729 
Phone (516) 667-3933 
TWX 510-227-1064
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GaAs tunnel diode oscilla tor is 
given by:

Po «* 3/16 (lp - Iv) • (Vv - Vp)

where: fro = --------------------
2 77- |Rml Ci

• ( ^ - 1) ” and 
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 harmonies of a 
low frequency crystal. Cavity stab- 
ilized oscillators at L band have

Fig. 3 Frequency deviation as a func tion  
of tem perature fo r  a GaAs 

tunne l-d iode oscilla tor.

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

Main fea turesofthe tunne l diode 
oscillator are:

• low voltage Operation
• low noise performance
• circuit simplicity
• immune to radiation exposure
• excellent frequency stability
• h ig h  d c - to -R F  c o n v e rs io n  

efficiency
• capable of self oscillation from 

dc to 100 GHz
• operating temperature: -65° to 

100°C ■

Watkins-Johnson 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 Gl Iz?

• Do you need FIJI.1. WAVKGUIDK BANDWIDTH 
Outputs to 60 Gl Iz?

If so, 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.

M odel
Inp u t F requency ' 

(GHz)
O utpu t F requency 

(GHz)
O u tpu t P ow er2 

(dB m )

1204-40 13 to  20 26 to  40 +3 .
1204-41 13.33 to  20 40 to  60 0
1204-43 9  to  13 18 to  26 +7
1204-44 8.66 to  13.33 26 to  40 +3

Notes: 1. Input power 0 dBm minimum.
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 Gl Iz.

ö

For more details, 
call Watkins Johnson Company,
Applications Engineering,
2525 North First Street, San José, CA 95131 Telephone (408) 262-1411,  ext. S07.
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Cover Story
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1 KW Solid State L-Band 
llplink transmitter

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

A fu lly  solid state one kilowatt 
satellite uplink transm itter subsys­
tem has been produced by M /A- 
Com Microwave Power Devices, 
Inc. Operating over the 1750-1850 
MHz band, the m obile or fixed 
transm itte r communicates to an 
o rb iting  satellite via frequency or 
phase-modulated signals. As part 
of the SGLS (Space Ground Link 
Systems) program, the transm itter 
subsystem can be used to contro l 
the satellite 's propulsion system 
fo r orb ita l positioning, the trans­
ponder fo r data retrieval, and var­
ious other contro l functions.

The block diagram of the trans-

m itter subsystem is shown in Fig­
ure 1. The amplifier Chain con­
sists of a 15W, 40 dB gain driver 
am plifie r feeding eight p lug-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 provides23 dB gain. Asshown 
in Figure 2, each “ book” consists 
of a three stage d rive r and a 
balanced intermediate poweram- 
plifier module, followed by four 
balanced poweramplifier modules 
operating in parallel. The four- 
way divider and combinerare 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 am plifier 
devices against high loadVSWR’s, 
including open and short circuit 
conditions.

The output com biner of the 
transm itter subsystem is of the 
air-strip line form, and includes a 
transition into a 1 -5/8” coax flange 
output connector. The combined 
output power is fed thru a low 
pass filte r for harmonie rejection, 
adual directional coupler tom oni- 
tor forward and reflected powers 
and, final ly, a waveguide switch 
which selects the output load c ir­
cuit, e ither the built-in  dummy 
load or external antenna.

The loss from the PA “ book” 
output to the main output of the

n
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Fig. 1 B lock diagram of satellite uplink transm itter subsystem
[Continued on page 160] 
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